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Abstract

This study aims to identify the stroke mechanics regulations that
underlie pacing optimization and differentiate final performance
in the 400 m front-crawl across different performance levels. 157
all-out 400 m trials from trained to elite swimmers equipped with
a sacrum worn IMU were analyzed. Hierarchical generalized ad-
ditive models were fitted to describe (1) the technical predictors
of final performance, through the interrelationships between av-
eraged kinematics (i.e., stroke rate (SR), stroke length (SL), jerk
cost (JC)) and mean speed, and (2), the profiles of pacing and as-
sociated stroke mechanics regulations leading to performance.
These models depict both the common patterns shared by all
swimmers and the specific group deviations by performance level
(G1 -slowest- to G4 -fastest-) from population trends. All swim-
mers shared a reverse-J-shaped pacing (p < 0.001). The fastest
swimmers reduce pacing variability with a relatively slower start,
a minimized drop in speed in the middle of the race, and a greater
end-spurt than the population trend (p < 0.05). Their stroke me-
chanics are effectively adapted to the requirements of such spe-
cific race sections, both through a U-shaped JC with higher mag-
nitude (p < 0.001) and a continuous adaptation of the SR (p <
0.01) and SL (p < 0.01) combination. A high average SL (i.e., at
least 1.50 m.stroke™"), coupled with an SR close to 70 strokes.min”
! and maximizing stroke smoothness at race pace, are critical
technical abilities for optimizing final performance. Technical
training should prioritize the reduction of intra-cyclic acceleration
variations at race pace as a key driver of 400 m performance de-
velopment. The best performers lower pacing variability by am-
plifying the magnitude of kinematic regulations, particularly in
terms of stroke smoothness management. Such underlying adap-
tations in stroke mechanics play a pivotal role in continuous speed
control throughout the race. The findings of this study enhance
the technical understanding of discriminative 400 m pacing skills
for coaches and swimmers.

Key words: Swimming, kinematics, modeling, performance
analysis, stroke smoothness.

Introduction

Pacing strategies are associated with the subsequent appro-
priate management of energy expenditure during exercise
and substantially impact sports performance (Abbiss and
Laursen, 2008). In swimming, effective pacing is espe-
cially important due to the resistive properties of water,
which result in low mechanical efficiency (Zamparo et al.,
2020). Consequently, adequate pacing may be more im-
portant in swimming than in land-based sports, and its op-

timization represents a crucial step towards elite perfor-
mance (Menting et al., 2023). However, helping swimmers
to create their individual performance template (Foster et
al., 2009) requires an understanding of their pacing behav-
ior (McGibbon et al., 2020). In this sense, the effectiveness
of pacing appears to be highly dependent on the underlying
swimming technical abilities that allow for the continuous
and essential refinement of stroke mechanics throughout
long-distance pool race (Bouvet et al., 2025). Therefore,
assessing stroke mechanics (e.g., length and frequency) in
relation to swimming speed and expertise seems to be of
paramount importance to improve the comprehension of
discriminative pacing skills. This necessitates a more de-
tailed investigation of the ongoing regulation of stroke me-
chanics that drives the fine-tuning of pacing.

In the 400 m freestyle, previous research has iden-
tified a specific pacing pattern described as parabolic or
fast-start and even profile, in both elite (Taylor et al., 2016;
Zacca et al., 2019; Skorski et al., 2014; Barroso et al.,
2021) and age-group swimmers (Tijani et al., 2021). Even
pacing, which maintains speed throughout the race, seems
to be a valuable strategy, as it would be beneficial to mini-
mizes drag and conserves energy for a strong final end-
spurt (McGibbon et al., 2018). More generally, for 400 m
and longer races, conserving energy at the start and main-
taining a steady pace through the mid-sections, followed
by a speed increase, is crucial for success (Morais et al.,
2019; Lipinska et al., 2016b). Nevertheless, while success-
ful pacing strategies have been identified in middle and
long-distance swimming (Demarie et al., 2023), there is a
critical lack of kinematic explanations of these strategies in
terms of the underlying and essential regulation of stroke
mechanics. Therefore, pacing strategies should be evalu-
ated in the light of the associated mechanisms of technical
regulation that continuously adapt stroke mechanics during
the race.

However, the continuous regulation of stroke me-
chanics underlying pacing behavior remains unclear, and
the biomechanical mechanisms involved can only be spec-
ulated upon (Demarie et al., 2023), limiting our technical
understanding of effective pacing strategies. Previous stud-
ies have shown that the ability to maintain swimming
speed, based on stroke rate (SR) or stroke length (SL), di-
rectly and positively impacts performance (Lipinska,
2011). However, studies on kinematic patterns of middle
and long-distance swimmers have mainly focused on split
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times and limited performance levels (Lipinska and Hop-
kins, 2020; Lipinska et al., 2016a). Moreover, small sample
sizes have hindered comparisons between performance
groups (Correia et al., 2020) and weakened the robustness
of inferential statistical analysis (Correia et al., 2023), lead-
ing to sparse data modeling. This has led to limited tech-
nical insights in terms of stroke mechanics regulation and
performance analysis across a broad range of expertise lev-
els. Regarding the 400 m freestyle, the kinematic descrip-
tion and quantitative summary that supports the compre-
hension of which parameters reflect actual performance,
has not yet been explored (Correia et al., 2023). While it
has been shown that a higher SR, despite a reduced SL,
helps swimmers maintain or increase speed towards the
end of the race (Strzata et al., 2007), few studies have
linked stroke mechanics to pacing across different perfor-
mance groups. This gap in knowledge restricts the kine-
matic understanding of pacing profiles in terms of stroke
mechanics and specific swimmers' performance levels
(Morais et al., 2019). Therefore, in order to profile the tech-
nical regulations and stroke patterns underlying pacing and
differentiating 400 m performance, establishing kinematic
benchmarks from a large database of stroke mechanics
seems to be of utmost importance.

In addition to SR and SL, jerk cost (JC) also pro-
vides valuable insights into technical abilities and can be
an important indicator for monitoring swimming perfor-
mance and expertise. JC quantifies stroke smoothness, a
universal characteristic of skilled and efficient movement
that can be used as a window into motion proficiency
(Kiely et al., 2019). This stroke mechanics metric has re-
cently been applied to a variety of swimming events, rang-
ing from the 50 m freestyle to the 10 km open-water event.
It has been used to evaluate sprint technique (Ganzevles et
al., 2023), discriminate biomechanical abilities (Bouvet et
al., 2024), assess pacing effectiveness in 5 km pool swim-
ming (Bouvet et al., 2025), and profile stroke regulations
associated with open-water success (Bouvet et al., 2023).
Although interpretations of JC are event-specific and there-
fore not generalizable due to differing constraints and
evolving performance determinants, combining it with
conventional stroke parameters could reveal the kinematic
prerequisites that underpin optimal 400 m pacing. Specifi-
cally, it may improve the comprehension of the interactions
between stroke mechanics regulation and pacing, while fa-
cilitating the development of pacing skills by highlighting
the related technical abilities.

The objective of this study was to analyze the con-
tinuous interrelationships between stroke mechanics regu-
lation and pacing optimization in the 400 m freestyle across
different performance levels, with the ultimate aim of iden-
tifying the technical requirements that underlie pacing and
differentiate final performance.

Methods

Participants

A total of 127 subjects (49 women, age: 18.7 + 6.39 y.o0.;
height: 164 = 7.47 cm; mass: 54.8 = 8.31 kg; 78 men, age:
22.9 + 8.89 y.o.; height: 179 + 7.67 cm; mass: 66.8 £+ 8.57
kg) were included in this study and were classified accord-
ing to Ruiz-Navarro et al., (2023): level 5 (n = 74, 400 m

freestyle short-course best performance: 5’53 + 5873,
World Aquatics Points: 297 + 95.4), level 4 (n =49, 400 m
freestyle short-course best performance: 4’29 + 1371,
World Aquatics Points: 548 = 51.2), level 3 (n =3, 400 m
freestyle short-course best performance: 4’00 + 2741,
World Aquatics Points: 691 +20.8) and level 2 (n= 1, 400
m freestyle short-course best performance: 3°47). All par-
ticipants provided informed consent in accordance with the
French Ethical Committee (approval reference 2021-
A00250-41).

Data collection

Data were collected during a 400 m all-out front-crawl wall
start in a 25 m pool. Swimmers competed in heats of 3 to 6
athletes of similar ability in separate lanes, allowing head-
to-head racing. The final dataset includes 157 trials (96
men, 61 women). Eighteen swimmers performed 2 trials,
and 4 swimmers performed 3 trials, resulting in an averag-
ing of 1.24{1.15;1.33] + 0.51 trials per swimmer, with each
trial separated by at least 6 months. Participants wore a wa-
terproof 3D IMU (Xsens DOT, Xsens Technologies B.V,
Enschede, The Netherlands) sampled at 60 Hz, with the ac-
celerometer set to 16 g and the gyroscope to 1000 deg.s.
The sensor was attached to the sacrum with double-sided
tape and secured with waterproof medical adhesive (Te-
gaderm, 3M, Cergy-Pontoise, France). The IMU defined a
coordinate system with the x-axis pointing cranially, y-axis
laterally, and z-axis posteriorly.

Data processing

Participants were divided by sex into quartiles based on
their final time, resulting in four balanced performance
groups. G1 consisted of 40 swimmers (16 women: age:
19.248.12 y.o.; height: 157 £ 12.2 cm; mass: 49.2 + 8.57
kg, and 24 men: age: 23.8 + 11.4 y.o.; height: 168 + 12.0
cm; mass: 55 £ 12.8 kg), G2 (women: age: 18.8 +6.28 y.0.;
height: 162 + 8.85 cm; mass: 53 + 11.2 kg, men: age: 24.0
+ 9.42 y.o.; height: 169 + 9.15 cm; mass: 59.8 + 11.1 kg),
G3 (women: age: 19.4 + 7.48 y.o.; height: 169 = 4.73 cm;
mass: 65.0 £ 5.00 kg, men: age: 22.5 + 7.09 y.o.; height:
174 £ 6.37 cm; mass: 67.7 = 5.82 kg), and G4 (women:
age: 17.2 £ 1.32 y.o.; height: 168 + 2.50 cm; mass: 59.5 +
2.65 kg, men: age: 19.3 +3.33 y.o.; height: 180 £5.07 cm;
mass: 68.2 + 4.60 kg) had each 39 swimmers (15 women,
24 men). Average speeds for the groups were
1.00[0.97;1.04] £ 0.11 m.s”!, 1.19[1.17;1.21] + 0.06 m.s™!,
1.27[1.25;1.29] + 0.06 m.s™' and 1.38[1.35;1.42] + 0.10
m.s™!, corresponding to final time of 6’44 + 46”5, 5’37 +
1772,5°15+ 1574 and 4’51 + 2173.

Raw IMU data were filtered using a second-order
Butterworth low-pass filter with a 10 Hz cut-off frequency.
The algorithm from Delhaye et al., 2022 was used for hu-
man activity recognition and to compute swimming speed
based on lap time (LT) assessment over each 25 m pool
length. For each lap, stroke count (SC) was identified
through a zero-crossing on the mediolateral acceleration,
filtered with a second-order Butterworth band-pass filter
between 0.1 and 1 Hz (Ganzevles et al., 2023). SR and SL
were expressed in strokes.min”!' and m.stroke™! (note that
two strokes equal one cycle), respectively, and computed
as follows:
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SC.60
SR =

Where tg,im = LT —

tswim
tunderwater

and

_ 25— dunderwater

SL =
SC
_ 25
Where dunderwater = tunderwater-ﬁ

Note that tgyim and tyngerwarer are assessed using the human activity
recognition model from Delhaye et al., (2022) and represent the duration
of the front-crawl phase and underwater phase, respectively, while
dynderwater Yefers to the distance traveled during the underwater phase.

Finally, JC was calculated as the lap average of the squared
jerk signal derived from the acceleration Euclidean norm
after applying a second-order Butterworth band-pass filter
between 0.1 and 5 Hz (Ganzevles et al., 2023). A low JC
indicates a smooth stroke pattern, while a high JC suggests
a jerky one.

Statistical analysis

Statistical analyzes were performed using RStudio (Ver-
sion 4.2.2, RStudio, Inc., Boston, MA, USA). The signifi-
cance level was set at p < 0.05. Data are presented as mean
+ standard deviation per 50 m and averaged over 400 m,
with 95% confidence intervals indicating uncertainty. Pair-
wise comparisons using t-test and Bonferroni correction
were used to assess differences between performance
groups. Effect size, which indicated the magnitude of dif-
ferences, was interpreted using Cohen’s d, with thresholds
0f 0.20, 0.50, and 0.80 for trivial, small, medium, and large
effects, respectively (Cohen, 1988). To adequately de-
scribe pacing skills and the underlying profiles of technical
regulations, it is necessary to analyze time-series of stroke
mechanics parameters (i.e., speed, SR, SL, and JC) while
preserving their functional form through functional data
analysis. Additionally, the data analysis pipeline should
model flexible and specific relationships that may vary
across performance groups (i.e., modeling intergroup vari-
ability), and assess whether a global relationship holds for
all swimmers. Hierarchical Generalized Additive Models
(HGAMs) were used for this purpose and fitted using the
mgcv R package (Wood, 2011; 2017). These models show
how kinematics evolve continuously in the whole database
(i.e., common functional response) and how they vary be-
tween performance groups (i.e., specific deviations from
the common functional response) (Pedersen et al., 2019).

Kinematic determinants of final 400 m performance
HGAMs were used to describe and compare the relation-
ships between each averaged kinematic variable and final
performance in G1 to G4. HGAM models non-linear func-
tional relationships between covariates (i.e., averaged
stroke mechanics: SR, SL, JC) and outcome (i.e., average
swimming speed), with function shape varying between
performance groups (Pedersen et al., 2019). The models
provide a simultaneous representation of the relationship
between stroke mechanics and 400 m performance, for the
whole database and the four performance groups, by
modeling both common functional responses (i.e., popula-
tion trends) and intergroup variability (group-specific de-
viations).

Stroke mechanics and pacing regulations throughout
the 400 m

To evaluate and compare pacing profiles (i.e., speed man-
agement) and underlying technical regulation mechanisms
over the 400 m in G1 to G4, HGAMs were fitted with speed
or stroke mechanics variables as a function of laps. The
continuous evolution of kinematics during the 400 m was
then described, modeled based on the common functional
response shared by all swimmers (i.e., population trend)
and intergroup variability, characterized by specific devia-
tions according to performance groups.

Model specifications

To capture both the global functional response shared by
the entire population, as well as group-specific deviation
effects, we fitted HGAMSs under the Gl formulation de-
scribed by Pedersen et al. (2019). Then, intergroup varia-
bility was modeled as individual partial effects, applying
penalties separately to each smoother. This resulted in each
smoother having its own smoothing parameter and wiggli-
ness level. Parameters were estimated using restricted
maximum likelihood, balancing model fit against exces-
sive complexity (i.e., assessed through the effective de-
grees of freedom of the smoother), to ensure an optimal
trade-off between flexibility and overfitting. The smooth
terms were expressed as thin-plate regression splines with
10 basis functions (Wood, 2003), and the penalty matrix
was based on the integral of the squared first derivatives
(Wood, 2017). A random effect for the intercept was added
to improve model deviance explained (RZ, ;)- Model inter-
pretation was based on the significance of global and
group-level smooth terms, as well as the random intercept,
assessed through F-tests and visualizations of the fitted
models, including smooth terms (i.e., summed effect)
and/or component smooth functions (i.e., partial effect), al-
lowing classification by curve shape (Taylor et al., 2016;
Casado et al., 2021).

Results

Speed, SR, SL and JC over 50m laps by performance group
and pairwise comparisons are shown in Figure 1. Table 1
presents these data averaged over the 400 m.

Relations between average stroke mechanics and final
performance

Figure 2 presents the modeled relationships (i.e., summed
effect) between final performance and mean stroke me-
chanics (i.e., SR, SL, JC) for each performance group.
These models had Rﬁdj values of 0.77, 0.85 and 0.77, re-
spectively.

The relationship between final performance and SR
across all swimmers showed a non-significant negative lin-
ear association (F(1.23) =0.35, p = 0.75; panel A in Figure
2). Despite this non-significant trend, G4 exhibited an in-
teresting deviation from the global relationship, with per-
formance maximization occurring around 70 strokes.min!
(F(4.39) =2.03, p=0.33; red color in panel A of Figure 2).
Additionally, the random group intercept was significant
(F(2.98) =129, p <0.001), as indicated by the significantly
lower mean SR in G2 compared to G3 (see Table 1).
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Figure 1. Boxplots of speed (A), stroke rate (B), stroke length (C) and jerk cost (D) by 50 m laps across 400 m and categorized
by performance groups. * p <0.05, ** p < 0.01, *** p < 0.001, **** p <0.0001.

Table 1. Means [95% Confidence Intervals] + (Standard Deviation) over the 400 m for speed (m.s™), stroke rate (strokes.min
1), stroke length (m.stroke™) and jerk cost (g%.s?x10") according to the performance groups.

Speed (m.s™) SR (strokes.min™!) SL (m.stroke™) JC (g2.57x107)
Group 1 1.00[0.97;1.04] £ (0.11) " 64.6[62.6,66.6] £ (6.28)®  1.08[1.02;1.13] £ (0.16) 1  11.3[9.87;12.7] = (4.41)°
Group 2 L19[1.17;1.21]% (0.06) " 67.1[64.9;69.2] £ (6.55)7¢  1.27[1.22;1.32] % (0.06)®  13.4[11.2;15.7]  (6.91)%¢
Group 3 1.27[1.25;1.29]  (0.06) ¢ 71.5[69.0;74.0] £ (7.74)*  1.30[1.25;1.35] % (0.15)f¢  17.1[14.6;19.6] + (7.84) ®
Group 4 1.38[1.35;1.42] + (0.10)  73.0[70.0;76.0] = (9.30)  1.39[1.32;1.45]+(0.20)  19.1[16.1;22.0] % (9.18)

SR: stroke rate; SL: stroke length; JC: jerk cost *, 7, ¥, ¥ indicate swimming speed, stroke rate, stroke length and jerk cost, respectively, as significantly
lower than those of the following performance group. %, %, ¢, ¢ indicate the magnitude of the differences as trivial, small, medium and large, respectively.
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Figure 2. Relationships between final performance (i.e., average speed over the 400 m) and mean stroke mechanics (i.e., average
stroke rate (panel A), average stroke length (panel B) and average jerk cost (panel C)) for each performance group, based on
the summed effects of the fitted HGAMs.



Bouvet et al.

895

Partial Effect
o
S

Partial Effect
o
S

Lap

B. Stroke rate

A. Speed
0.15
0.10 5.0
8 8
] b
3 0.05 = 25
5 &
o g— SN
Performance
Grou
0.0 5 P
T T T y 2.5 T ~—— G1 deviation
4 8 12 16 4 8 12 6
Lap Lap = G2 deviation
= G3 deviation
C. Stroke length D. Jerk cost
= G4 deviation

= Population trend

Lap
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D)) across the 400 m, based on the partial effects of the fitted HGAMs.

The population trend of the relationship between final per-
formance and SL described a significant logistic shape
(F(3.68) = 25.1, p < 0.001; panel B in Figure 2), with in-
flection points at 1.25 and 1.50 m.stroke™!, and no specific
deviation in any of the four performance groups. Further-
more, the random group intercept was significant (F(2.97)
=89.4, p <0.001), as confirmed by the significantly lower
mean SL in G1 compared to G2, and G3 compared to G4
(see Table 1).

The relationship between final performance and JC,
consistent across the entire database, exhibited a signifi-
cant linear positive association (F(1.00) = 6.00, p < 0.05;
panel C in Figure 2). Additionally, a significant group-spe-
cific deviation was observed for G1 (F(3.56) = 17.2, p <
0.05; green color of panel C in Figure 2). This deviation
tends to mitigate the common population trend, as evi-
denced by a flatter slope of the performance-JC function,
with a notable performance maximization area around 11
g2.52x107. Moreover, the random group intercept was sig-
nificant (F(2.97) = 83.9, p <0.001), as substantiated by the
significantly lower mean JC in G2 compared to G3 (see
Table 1).

Pacing and regulations of underlying stroke mechanics
Figure 3 presents the common population trend and the
specific deviations by performance group (i.e., partial ef-
fects) for pacing and the associated stroke mechanics reg-
ulation over 400 m. The respective RZ; ; values for the
models were 0.93 for pacing, 0.89 for SR, 0.92 for SL, and
0.85 for JC.

A significant reverse-J-shaped profile was high-
lighted as the population trend for pacing (F(8.06) =197, p

< 0.001, panel A in Figure 3). A significant deviation from
this common pattern was observed for G3 (F(3.70) = 1.96,
p <0.001, blue color of panel A in Figure 3). Specifically,
G3 swimmers followed the shared reverse-J-shaped pacing
with a rightward shift in their speed curve until 200 m, but
then deviated from the population trend, maintaining a rel-
atively lower speed than expected compared to the com-
mon pacing profile for the remainder of the 400 m. Inter-
estingly, a significant opposite deviation was observed for
G4 (F(1.85)=0.69, p <0.05, red color of panel A in Figure
3), resulting in a more balanced pacing between the two
halves of the 400 m.

A significant reverse-J-shaped profile was identi-
fied as the common population trend in the SR regulation
across the 400 m (F(8.37 =82.2, p <0.001, panel B in Fig-
ure 3). Notably, significant opposite deviations were ob-
served for G1 (F(5.54) = 2.97, p<0.001, green color of
panel B in Figure 3) and G4 (F(2.17) = 0.90, p < 0.01, red
color of panel B in Figure 3). Indeed, G1 swimmers miti-
gated the global reverse-J-shaped pattern, adopting a more
stable SR profile (i.e., relatively higher SR up to 225 m,
followed by a relatively lower SR compared to the shared
profile). In contrast, G4 swimmers exacerbated the popu-
lation trend, resulting in greater variations in SR regulation
throughout the 400 m.

A significant positive profile (i.e., a reduction pat-
tern) was found as the common population trend in the reg-
ulation of SL across the 400 m (F(8.36) = 77.0, p < 0.001,
panel C in Figure 3). Strikingly, significant opposite devi-
ations were again observed for G1 (F(5.97) = 5.09, p <
0.001, green color of panel C in Figure 3) and G4 (F(5.20)
= 1.71, p < 0.01, red color of panel C in Figure 3). The
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fitted values of the group-level smoother indicate that G1
swimmers started the 400 m with a relatively elevated SL
during the first two laps. They then decreased their SL until
250 m, before finally increasing it towards the end of the
race, compared to the expected values defined by the pop-
ulation trend (see the green curve shape in panel C of Fig-
ure 3). In contrast, G4 swimmers exhibited an almost op-
posite pattern: they moderated both the high SL expected
in the early laps and the SL reduction observed in the com-
mon profile until 350 m, and then accentuated the shared
SL decrease in the final 50 m (see the red curve shape in
panel C of Figure 3). Furthermore, G3 swimmers demon-
strated a significant deviation, characterized by a steeper
decline in SL over the 400 m (F(2.01)=0.73, p <0.05, blue
color of panel C in Figure 3). This led to increased variation
in SL regulation for G3 swimmers, with both higher and
lower SL values than expected from the population trend
in the first and second halves of the race, respectively.

A significant U-shaped profile was identified as the
common population trend in JC regulation over the 400 m
(F(8.03) =50.5, p <0.001, panel D in Figure 3). It is note-
worthy that a significant deviation from the global trend
was observed exclusively for G4 (F(6.49) = 7.30, p <
0.001, red color of panel D in Figure 3), characterized by a
pronounced steepening of the U-shaped JC regulation.

Discussion

This study aimed to investigate the continuous regulation
of underpinned stroke mechanics in relation to pacing pat-
terns in 400 m freestyle across different performance lev-
els. To achieve this, a hierarchical functional data analysis
framework was applied to a comprehensive database of
kinematic time-series. This research identified both com-
mon trends (i.e., shared by all swimmers), and specific
group-level deviations, providing insights into the kine-
matic determinants of 400 m performance, related pacing
strategies, and the associated continuous stroke mechanics
regulation throughout the race. Although this study was
conducted under training conditions rather than in official
400 m competitions, it contributes to two key issues in
swimming. First, it advances the technical understanding
of discriminative pacing skills in the 400 m freestyle. Sec-
ond, it provides valuable stroke mechanics benchmarks
from simulated races with in-water starts, which may help
coaches design tailored training plans and inform the elab-
oration of race strategies.

Kinematic predictors of performance

The relationship between SL and speed indicated an in-
creasing influence of average SL on final performance.
Similarly, mean SL increased significantly from G1 to G2
and from G3 to G4, emphasizing its importance in middle-
distance front-crawl events (Costill et al., 1985). At shorter
distances, swimmers racing under 50 seconds in the 100 m
freestyle exhibited longer SL than those over 50 seconds
(Pla et al., 2021). The logistic SL-performance curve
demonstrated two inflection points that define benchmarks
of averaged SL on performance. In the range below 1.12
m.stroke!, an increase in SL was largely beneficial to the
final 400 m performance. Interestingly, the average SL of

the G1 swimmers (i.e., 1.09 m.stroke™) closely matched
this first inflection point, suggesting that improving swim-
ming technique to increase SL to 1.12 m.stroke™! would be
a key primary training goal to improve 400 m performance
in this group of lower performers. Such an increase in SL
may be related to technical improvements in propulsive
ability (Havriluk, 2009). From 1.12 to 1.50 m.stroke™!, the
effect of increasing SL on performance gains remained
positive but to a lesser extent (i.e., the slope of the SL-
speed curve was attenuated). This may indicate that under-
lying technical factors (e.g., production of high pressure
drag (Vorontsov and Rumyantsev, 2000), insufficient
amount of propulsion generated to overcome such high
drag (Craig et al., 1985)) may be disrupting this relation-
ship. Moreover, it is striking that the mean SL of G2 (i.e.,
1.27 m.stroke™!) was not significantly different from that of
G3 (i.e., 1.30 m.stroke™), indicating that switching from
third to second performance quartile then relying on the
evolution of other stroke mechanics parameters (e.g., SR
and JC as discussed below). Finally, above the second in-
flection point at 1.50 m.stroke™!, further increases in SL
lead to substantial improvements in performance. How-
ever, only 17 male swimmers in the whole database (i.e., 3
from G2, 4 from G3 and 10 from G4) are able to achieve
such a range of averaged SL values. Furthermore, the gen-
eration of swimming speed by increasing the distance per
cycle is an effective kinematic regulation, as it is associated
with a small increase in energy cost (C) and then energy
saving (Barbosa et al., 2008). Therefore, the ability to reach
at least an average SL of 1.50 m.stroke™! seems to be one of
the decisive characteristics of stroke mechanics to maxim-
ize performance in 400 m races, and then an ongoing pur-
pose to guide training. This could be explained by the cru-
cial interest in targeting arm stroke efficiency for 400 m
performance, which is directly related to SL and inversely
related to the SR (Peterson Silveira et al., 2019).

In this sense, the relationship between SL and final
performance should be interpreted together with SR, as
their interplay defines speed production through an optimal
combination (Morais et al., 2023a). SR only differed sig-
nificantly between G2 and G3. This showed that such an
increase in SR may allow for performance improvements
(Huot-Marchand et al., 2005), while the population trend
of the partial effect of SR on overall 400 m performance
was negative. Although this trend was not significant, it re-
inforces the idea that a polarized mechanical stroke profile
(i.e., relatively high SL and low SR for a given speed)
should be a targeted technical skill during training sessions.
Moreover, such a technical adaptation seems to be the pre-
ferred average kinematics to maximize 400 m perfor-
mance. Indeed, an increase in swimming speed based on a
higher SR leads to a higher C (Komar et al., 2012). In this
sense, the discriminant ability of G4 swimmers to have a
non-significant SR than G3 swimmers, despite better per-
formance and higher SL, illustrates a desired reorganiza-
tion of stroke mechanics, with potentially relevant implica-
tions for C (Zamparo et al., 2020). Interestingly, the better
performers exhibited a specific deviation from the popula-
tion trend with an optimal frequency range around 70
strokes.min”!. Despite this deviation was not significant,
such a value can be used as a data-driven benchmark to
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orient training. Indeed, on average, aiming for the higher
possible SL for a SR of around 70 strokes.min™! appeared
to be the optimal range for maximizing 400 m perfor-
mance. Such technical management of stroke mechanics
may lead to faster swimming, which can be explained by
the propulsion generated by the swimmers. More precisely,
by maintaining a given propulsion intensity throughout the
underwater phase of the stroke cycle, this can lead to a
longer SL, while maintaining or slightly increasing the av-
erage SR (Morais et al., 2022).

Global JC has an increasing impact on swimming
performance, with averaged values rising significantly be-
tween G2 and G3, supporting findings that higher JC can
enhance speed, with adequate technical skills (Ganzevles
et al., 2023). Increase JC, however, is associated with
greater intra-cyclic accelerations fluctuations. While a
jerky stroke pattern may reflect higher force application in
water, it also results in increased energy expenditure (Fer-
nandes et al., 2023). Thus, targeting performance improve-
ment solely through JC increases may be counterproduc-
tive, as it risks reduced stroke efficiency (i.e., C impairing)
and unsustainable metabolic power demands (Zamparo et
al., 2020), ultimately compromising 400 m performance.
In that sense, stroke smoothness, which was not signifi-
cantly different within G1-G2 and G3-G4 groups, under-
scores the critical role of technical ability (i.e., distinctive
“feeling of the water” (Leblanc et al., 2007)) to convert in-
tra-cyclic accelerations into speed, reflecting a proficient
movement (Kiely et al., 2019). This skill appears particu-
larly important for enhancing 400 m performance across
both lower (i.e., G1-G2) and higher (G3-G4) groups. Such
discriminative power of mechanical efficiency aligns with
findings on higher stroke smoothness in optimal perform-
ersin 5 km (Bouvet et al., 2025) and top international open-
water rankings (Bouvet et al., 2023). Therefore, technical
training should prioritize smooth stroke patterns at race
pace as a key driver in performance development.

Pacing and stroke mechanics regulations leading to
performance

All performance groups exhibited a reverse-J-shaped pac-
ing pattern, consistent with the parabolic strategy reported
in the literature (Taylor et al., 2016; Mauger et al., 2012;
Barroso et al., 2021; McGibbon et al., 2018). G3 swim-
mers showed a greater speed variability than the population
trend, by accentuating the fast start and mitigating the mag-
nitude of the end-spurt. This overstated fast-start may lead
to excessive accumulation of fatigue causing deterioration
in mechanical efficiency and drag increase (Mytton et al.,
2014). Such an aggressive pacing strategy then appears
sub-optimal, as a large end-spurt is an important factor in
400 m performance and is allowed by a control at the start
of the race (Mytton et al., 2015). In contrast, G4 swimmers
adopted a more conservative strategy, reducing speed fluc-
tuations throughout the race. Consequently, this relatively
slower start directly increases their end-spurt ability during
final laps, compared to the population trend. This finding
is consistent with the literature on middle and long-distance
freestyle, where a fast start strategy is detrimental (McGib-
bon et al., 2018). The ability of G4 swimmers to reduce the
global speed drop in the middle of the race (i.e., towards a

U-shaped pacing) seems appropriate, as the 100 m to 300
m laps are most strongly related to performance (Robertson
et al., 2009). Such a reduction in pacing variability helps to
conserve energy to launch a substantial end-spurt and max-
imize 400 m performance. Pacing consistency therefore
appears to be a discriminative skill of higher performers
that needs to be targeted during training.

In that respect, one may wonder what technical reg-
ulations support this effective pacing. Across the popula-
tion, SR over 400 m mirrors speed, following a reverse-J-
shaped profile. Thus, SR increases sustain velocity mainte-
nance, as demonstrated in elite 800 m freestyle (Morais et
al., 2019). However, the lowest and highest performers de-
viate from the shared pattern in opposite ways. Slowest
swimmers exaggerate high SR at the start, but mitigate its
progressive increase mid-race, resulting in a relatively
lower SR than the population trend. Conversely, fastest
swimmers adopt a relatively reduced SR at the start, fol-
lowed by a pronounced increase after 250 m compared to
the common regulation, enabling their substantial end-
spurt. This strategy, supported by their greater SL, helps to
preserve C by delaying fatigue-related deterioration in
stroke mechanics (Zamparo et al., 2020). The opposing de-
viations in SR profiles, with respect to the global pattern,
highlight the critical role of SR regulation in 400 m perfor-
mance. This aligns with the identification of SR as the pri-
mary determinant of clean swimming speed in the 1500 m
freestyle (Morais et al., 2023b), and the ability of elite 400
m swimmers to increase SR throughout the last 300 m to
sustain speed as much as possible (Laffite et al., 2004).
Hence, the expression of an exacerbated SR reserve up to
250 m supports successful pacing and differentiates higher
performers. This kinematic skill, previously identified in
open-water swimming (Bouvet et al., 2023), provides val-
uable technical benchmarks for swimmer performance de-
velopment and reinforces the importance of widely manage
SR to support successful pacing.

Furthermore, regulating SL throughout the race is
also essential to achieve desired pacing and final perfor-
mance. The common trend reveals an ongoing decline in
SL throughout the race (i.e., all-out profile), which may be
attributed to fatigue-induced impairments in effective force
application in the water (Ruiz-Navarro et al., 2020). As a
consequence, it results in a progressive decline of the arm
actions effectiveness through decreases of Froude effi-
ciency (Peterson Silveira et al., 2017). Like SR regulation,
the highest and lowest performers exhibit opposing devia-
tions from this population trend, particularly during the fi-
nal 50 m. Slowest swimmers mitigate the SL decline, while
fastest swimmers accentuate it compared to the global pat-
tern. Although counterintuitive, as SL is a key determinant
of swimming performance, this highlights the importance
of continuously adjusting SR-SL combination across the
race (Morais et al., 2023a), aligning with pacing expecta-
tions of particular race sections (Bouvet et al., 2025). This
finding supports prior research showing that SL. mainte-
nance could negatively affect 1500 m elite performance,
whereas slight SR increases may present a meaningful en-
hancement (Morais et al., 2023b). Accordingly, better per-
formers specifically reduce SL during the end-spurt while
increasing SR to maximize speed, showcasing their
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discriminant kinematic ability underlying effective pacing.
In contrast, G1 swimmers show technical limitations
through the inability to effectively adapt their stroke me-
chanics, resulting in a pacing with high speed variations.

The relationship between JC and laps follows a U-
shape, reflecting stroke smoothness regulation that sup-
ports a conservative race strategy and reverse-J-shaped
pacing. Interestingly, this conservative control shared sim-
ilarities with smoothness regulation observed in open-wa-
ter races (Bouvet et al., 2023) and 5 km indoor events
(Bouvet et al., 2025), as they require high stroke efficiency
despite the substantial differences in duration between 400
m and 5 — 10 km. Indeed, the U-shaped population trend
reveals two tipping-points. Firstly, the end of the fast start
towards a stroke economy period that maximizes the con-
version of acceleration variations into speed with econom-
ical technique. Secondly, the progressive increase in intra-
cyclic acceleration leading to end-spurt launching. Interest-
ingly, only the fastest swimmers deviate from the common
pattern by accentuating the U-shape profile, highlighting
the decisive value of this stroke mechanical control. Such
jerk cost regulation targets to enhance stroke smoothness
during the mid-race, by saving energy with less intra-cyclic
kinematic variability (Zamparo et al., 2020), and execute a
powerful end-spurt using a jerky stroke pattern. This find-
ing highlights the importance of specific management of
stroke smoothness, continuously over the course of the 400
m and adapted according to the different race moments, as
a critical technical skill to support successful pacing.

A limitation of this study is the lack of anthropo-
metric data in interpreting kinematic profiles between per-
formance groups, which may influence stroke mechanics
and subsequent preferential kinematic regulation. Future
research could investigate how these differences affect
pacing, as well as the timing and magnitude of stroke reg-
ulation. This would support the refinement of race strate-
gies for optimized performance and provide individualized
technical benchmarks for training guidance. Additionally,
the findings of this study are based on training conditions
involving an in-water start and the computation of stroke
mechanics benchmarks from IMU data processing. There-
fore, caution should be exercised when comparing them to
those from standardized analyses using (semi)-automated
video analysis during official swimming competitions
(Raineteau et al., 2023).

Conclusion

This study investigated the distinctive regulation of stroke
mechanics underpinning pacing patterns in the 400 m free-
style event across different performance levels. By com-
bining pacing and technical profiling with an embedded
sensor and modeling with HGAMS, the study highlighted
both the common kinematic regulation patterns shared by
all swimmers, as well as the group-level deviations that
specifically differentiate performance. These insights re-
fine the technical understanding of 400 m pacing strategies.
Reducing variability within the common reverse-J-shaped
pacing profile was identified as crucial for performance,
with underlying stroke regulations playing a decisive role.
Shared patterns across the database included an all-out SL

profile, a U-shaped JC profile, and a reverse-J-shaped SR
profile. However, performance groups diverged in the
magnitude and direction of their deviations from this com-
mon technical framework. Slower swimmers struggled to
maintain effective SR-SL adjustments, resulting in in-
creased pacing variability. Intermediate swimmers exag-
gerated the fast start, which compromised their mid-race
control and end-spurt capacity. In contrast, the fastest
swimmers adopted a more economical pacing style, with a
relatively slower start and a minimized mid-race speed
drop, resulting in a stronger end-spurt than the population
trend. This dual picture of shared patterns and group-spe-
cific deviations clarifies how pacing consistency and the
regulation of stroke mechanics jointly discriminate 400 m
performance.

The best performers aligned their technical skills
with the pacing demands of each race section, managing
stroke smoothness and continuously adapting the SR-SL
combination. This adaptive ability in stroke mechanics is a
distinctive characteristic of the fastest swimmers and
should be developed in training. Notably, they mitigated
the common variability in reverse-J-shaped pacing by am-
plifying the magnitude of U-shaped jerk cost regulations,
thereby adopting a smoother stroke pattern and sustaining
mechanical efficiency up to 250 m. They then shifted to a
progressive end-spurt involving greater acceleration fluc-
tuations, although this may require higher metabolic
power. Such technical control emerges as decisive for ef-
fective pacing.

The technical benchmarks identified - an average
SL of 1.50 m.stroke! combined with an overall SR of
around 70 strokes.min™! - appear critical for optimizing 400
m performance. To meet these criteria, coaches and swim-
mers should focus on technical development aimed at max-
imizing stroke smoothness (i.e., reducing intra-cyclic ac-
celeration variability) at race pace. This distinguishing kin-
ematic ability stands out as a key driver of performance
improvement. Overall, the study provides actionable in-
sights for designing training plans that develop technical
expertise and enhance 400 m pacing.
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Key points

e Technical understanding of distinguishing pacing skills in
the 400 m freestyle is enhanced by highlighting the associ-
ated regulations of stroke mechanics, providing insights for
performance development.

e Pacing strategy and final performance are underpinned by
effective stroke smoothness management and a continuous
adaptation of the stroke rate (SR)-stroke length (SL) combi-
nation, tailored to the demands of specific race sections.

e An average SL of 1.50 m.stroke™! coupled with an SR close
to 70 strokes.min”! and maximizing stroke smoothness at
race pace are critical kinematic abilities.
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