1' frontiers

in Sports and Active Living

ORIGINAL RESEARCH
published: 07 April 2021
doi: 10.3389/fspor.2021.618990

OPEN ACCESS

Edited by:
Giuseppe Vannozzi,
Foro ltalico University of Rome, Italy

Reviewed by:

Matteo Cortesi,

University of Bologna, ltaly
Andrew B. Slifkin,
Cleveland State University,
United States

*Correspondence:

Christophe Schnitzler
cschnitzler@unistra. fr
orcid.org/0000-0002-3801-8789

Specialty section:

This article was submitted to
Biomechanics and Control of Human
Movement,

a section of the journal

Frontiers in Sports and Active Living

Received: 19 October 2020
Accepted: 17 February 2021
Published: 07 April 2021

Citation:

Schnitzler C, Seifert L and Button C
(2021) Adaptability in Swimming
Pattern: How Propulsive Action Is
Modified as a Function of Speed and
Skill.

Front. Sports Act. Living 3:618990.
doi: 10.3389/fspor.2021.618990

Check for
updates

Adaptability in Swimming Pattern:
How Propulsive Action Is Modified as
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Strasbourg, Strasbourg, France, ? Cetaps EA3832, Faculty of Sport Sciences, University of Rouen, Normandie, France,
3 School of Physical Education, University of Otago, Dunedin, New Zealand

The objectives of this study were to identify how spatiotemporal, kinetic, and kinematic
parameters could (i) characterize swimmers’ adaptability to different swimming speeds
and (ii) discriminate expertise level among swimmers. Twenty male participants, grouped
into (a) low-, (b) medium-, and (c) high-expertise levels, swam at four different swim paces
of 70, 80, 90% (for 20 s), and 100% (for 10 s) of their maximal speed in a swimming
flume. We hypothesized that (i) to swim faster, swimmers increase both propulsion time
and the overall force impulse during a swimming cycle; (i) in the frequency domain,
expert swimmers are able to maintain the relative contribution of the main harmonics to
the overall force spectrum. We used three underwater video cameras to derive stroking
parameters [stroke rate (SR), stroke length (SL), stroke index (Sl)]. Force sensors placed
on the hands were used to compute kinetic parameters, in conjunction with video
data. Parametric statistics examined speed and expertise effects. Results showed that
swimmers shared similarities across expertise levels to increase swim speed: SR, the
percentage of time devoted to propulsion within a cycle, and the index of coordination
(IdC) increased significantly. In contrast, the force impulse (/) generated by the hand
during propulsion remained constant. Only the high-expertise group showed maodification
in the spectral content of its force distribution at high SR. Examination of stroking
parameters showed that only high-expertise swimmers exhibited higher values of both
SL and Sl and that the low- and high-expertise groups exhibited similar IdC and even
higher magnitude in /*. In conclusion, all swimmers exhibit adaptable behavior to change
swim pace when required. However, high-skilled swimming is characterized by broader
functional adaptation in force parameters.

Keywords: motor control, expertise, force, coordination, spectral analysis, constraint-led approach

INTRODUCTION

Three main categories of constraints shape human movement behavior, namely, the task (which
refers to the task goal), environmental (physical variables in which the behavior takes place),
and organismic constraints (which refers to the person’s characteristics) (Newell, 1986). When
constraints change, behavior changes accordingly. This study seeks to identify how stroking and
kinetic parameters could characterize swimmers adaptability to four different swimming speeds
but also discriminate swimming expertise. As stated by Newton’s second law, for a body with a
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constant mass, the acceleration undergone by this body is
proportional to the resultant of the forces and inversely
proportional to its mass. In swimming, moving forward requires
the generation of propulsive forces (Fprop). However, water is a
dense material (800 times more than air), and moving an object
in water generates in return a drag force (Fgr,g) proportional to
its speed. In the case of human bodies, the relationship between
Fyrag and swim speed can be approximated according to Equation
(1) (Toussaint and Truijens, 2005).

Fdrag ~ k'S'Vl'S_Z'Z (1)

where k is coefficient related to body shape; S, surface presented
toward direction of travel in m? V, speed in m s~!.

When swimming at a constant speed, Equation 2 applies,
according to Newton first law:

Fprop = deg (2)

The implication is that when swimming fast, Fyr,q is high, and
Fprop has to be scaled up accordingly.

Within the swim cycle, speed fluctuations occur (Schnitzler
et al., 2010, 2011b; Barbosa et al., 2013), as Fprop is generated
by arms and legs, which act at different moments within the
swim cycle. In front crawl, the total propulsive time during
one complete cycle is composed of two propulsive phases
performed by the arms (one per arm, subdivided into pull-
and-push phase), with time gap, continuity or superposition
between those propulsive actions, and multiple leg beat kicks
(typically two to six) (Chollet et al., 2000). Each of these propellers
generates force over a short duration within the cycle, called
propulsive impulses. Mathematically, an impulse represents the
time integral of the resultant force acting on a body (Robertson
etal., 2014). According to Alberty et al. (2009) over a swim cycle,
the force impulse, I'T (N - s), is the integral over time of the total
force production (Equation 3).

t1
1+:/ F(t)dt (3)
t

2

with dt corresponding to the propulsive time duration.
Considering propulsive impulse only, Equation 4 applies

It = nX(I+/rightarm + I+/leftarm + I+/rightleg + I+/leftleg) (4)

n: number of cycles during the period considered

+/ +/ +/ + g i
Irightarm + Ileftarm + Irightleg + Ileftleg‘ discrete 1mpulses from

arms (right and left) and legs (right and left) during a swim cycle.
Over this period of n cycles of period T, Equation 5 defines
average force

Fop= Y 1,I0) +/T (5)

where F,, is average force; I(i)+ is force impulse over the ith
swim cycle; T is duration of a swim cycle.

But only part of the force in Equation 5 generates propulsion.
Studies analyzing fluid dynamics showed that part of this force

provides kinetic energy to the water (Kudo et al., 2013). Hence,
Toussaint et al. (1990) proposed to separate the total power
output Py into two components: the power to overcome drag
(P4), and the power wasted in giving a kinetic energy change to
the water (Py), according to Equation (6).

Pt = Py + Pg (6)

As power is a linear combination of force and speed, Equation 7
also applies:

Fav=Fd+Fk (7)

where F,y is the average force exerted by the swimmer, F is force
to overcome drag, and F is force wasted in translating kinetic
energy to move the water.

Should a swimmer need to increase his/her pace, this will
impact upon the required force production as mechanical power
output increases with pace (Toussaint and Truijens, 2005; Seifert
et al,, 2011). In that, when swimming at a faster pace, Fy and
Fay have to be scaled accordingly. According to Robertson et al.
(2014), there are four ways of making such adaptations: (a) by
increasing the amplitude of the individual force impulses, (b)
by increasing the duration of individual force impulses, (c) by
increasing both amplitude and duration, and (d) by increasing
the frequency of the individual impulses.

Both task (i.e., to swim as fast as possible over a fixed
distance) and environmental constraints (i.e., the drag directly
linked to the associated swim speed) influence swim adaptation.
However, task and environmental constraints are only part of
the explanation when studying swimmers’ behavior, as different
levels of adaptability can be observed. Adaptability relates
to a subtle blend between stability (i.e., persistent behavior)
and flexibility (i.e., variable behavior) (Seifert et al, 2014).
Adaptability is a key feature of dexterity (Bernstein, 1996), which
can be defined as the expertise to reach the goal of a task correctly,
quickly, rationally, efficiently, and with resourcefulness. In
competitive swimming, adaptability refers to the ability to modify
the coordination to swim efliciently at different paces (Simbana-
Escobar et al., 2018). Highly skilled swimmers exhibit high
stroke length (SL) and stroke index (SI), with both parameters
linked to swimming efficiency (Costill et al., 1985; Toussaint and
Truijens, 2005). To examine swimmers  adaptability, scanning
tasks in which swim speed is incremented are often proposed
(for example: Schnitzler et al., 2010, 2011a; Seifert et al., 2011;
de Jesus et al., 2016). The literature reveals that this adaptability
may occur at different levels, as both intralimb and interlimb
coordinations are affected (Guignard et al, 2020). Intralimb
coordination also varies as a function of swim condition, which
in return affects temporal parameters of the stroke (Aujouannet
et al., 2006). When swim pace increases, the relative time (in
percentage) devoted to propulsion (PrP%) typically follows the
same trend in proportion to the total duration of the cycle
(Chollet et al., 2000; Seifert et al., 2004; Schnitzler et al., 2011a).
The trajectory of the hand is also impacted, as lateral-medial
trajectory of the hand seems to lose amplitude with speed (de
Jesus et al., 2016), the acceleration pattern is modified (Samson
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etal,, 2015b), and the time lag between two propulsive times from
the arms [measured with the index of coordination (IdC); Chollet
et al., 2000] diminishes significantly. In expert swimmers, these
adaptations are employed to maintain swim efficiency constant
across swim speed repertoire (Schnitzler et al., 2010; Seifert et al.,
2011, 2013; de Jesus et al, 2016). Therefore, it appears that
understanding and analyzing expertise in swimming require the
comprehension of factors related to propulsive force generation
and drag force minimization. In that regard, coordination and
propulsion parameters are of particular interest (Costill, 1992).

The rapid development of theoretical research and swim
technology (sensors and other portable devices) in recent years
helped to get a more in-depth comprehension of swimmers
behavior, as it might potentially capture more data than what
is usually done by motion capture systems. Stroking parameters
were first examined (Craig et al., 1979, 1985), in parallel with
propulsive kinetic parameters (Goldfuss and Arnold, 1971;
Yeater et al., 1981). A method to calculate hand force produced
in the water using force sensors was validated by Takagi and
Wilson (1999) and subsequently improved (Kudo et al., 2013).
The advantage of such empirical data over a model-based
photometric method is the capacity to directly measure the
complex unsteady fluid phenomena occurring during sculling
without reconstruction from a putative model (Kudo et al., 2013;
Takagi et al., 2014). However, testing took place on an artificial
hand, and not in an ecological context (van Houwelingen
et al., 2017). Last, all studies analyzing kinetic parameters (e.g.,
Schleihauf et al., 1983; Takagi and Wilson, 1999; Kudo et al.,
2008; Schnitzler et al., 2011a; Seifert et al., 2011; Barbosa et al.,
2013; Gourgoulis et al., 2015) focused on the analysis of the
time domain (e.g., mean force, peak forces, standard deviation).
In contrast, some experimental studies showed that the analysis
of force in the frequency domain holds value in explaining the
underlying motor control (Slifkin and Newell, 1998, 1999, 2000).
Evidence suggests that systems that display more complexity
are usually more adaptive to perturbations. This complexity
can be assessed through different means; however, measurement
of time-series structures of force signal has been widely used
(Slifkin and Newell, 1998, 2000; Slifkin et al., 2000; Vaillancourt
et al,, 2001; Lipsitz, 2002). These authors showed that when
these time-series structure changes from periodic/regular to
more complex/random, there are related improvements in the
quality of system performance. This was evidenced both in
a case of a laboratory task (Slifkin and Newell, 1998, 2000;
Slifkin et al., 2000) and in the context of system health (e.g.,
Vaillancourt et al., 2001; Lipsitz, 2002). The increases in time—
series complexity are thought to reflect increased system degrees
of freedom that allow for greater flexibility in adaptation to
system perturbations or to task constraints. One way of assessing
time—-series complexity is through spectral analysis. A flatter
and broader power spectrum (tending toward white noise)
reflects increased time-series complexity. In that, examining the
breadth of the force spectrum and its evolution at different paces
might help to determine whether expert swimmers display more
functional adaptability than less capable swimmers.

However, the impact of swim pace and expertise on force
development in the frequency domain remains uninvestigated.

To summarize, when modifying swimming pace, adaptations
of stroking and kinetic parameters are expected. This can be
achieved by increasing stroke rate (SR) and/or SL, or any
combination of these parameters (Craig and Pendergast, 1979;
Seifert et al., 2004; Huot-Marchand et al, 2005; Potdevin
et al., 2006). Finer motor adaptation may also occur, through
coordination changes and/or changes in force production,
adaptations that may vary according to the level of expertise.
We aim to examine swimmer’s adaptation to four different swim
paces by simultaneously analyzing, stroking, coordination, and
kinetic parameters in ecological conditions as a function of three
expertise levels. We hypothesized that (i) to swim faster, front
crawl swimmers increase both propulsion time and the overall
force impulse during a swimming cycle; and (ii) in the frequency
domain, expert swimmers are able to maintain the relative
contribution of the main harmonics to the overall force spectrum.

MATERIALS AND METHODS
Participants

A convenience sample of 20 male swimmers participated in
the present study. We subdivided this group into three distinct
categories: low, medium, and high level of expertise, as a function
of the percentage of world record in 100 m, they individually
reached maximal speed during the test (Table 1). Before the
experiment, a brief interview with each swimmer verified the
absence of injuries and diseases. We also checked if they were
able to swim front crawl. We obtained written informed consent
from participants and (where necessary) their parents before
testing began. We informed participants of all risks, sources of
discomfort, and benefits involved in the study. Procedures were
in accordance with the Helsinki Declaration of 1975, and the
study was approved in advance by the participating institution’s
Human Ethics Committee (reference no. 06/190).

Data Collection

Calculation of vmax and Subvelocities

The swim trials took place in a motorized aquatic flume in a
temperature- and humidity-controlled laboratory environment.
All testing was conducted between 8 and 11 A.M. on weekdays,
and participants were instructed to rest the day before and not
to change their dietary, hydration, or sleep habits prior to the
experiment. All participants were informed they had to complete
the trial in front crawl. They performed a standardized 20-
min warm-up provided by a coach in the flume before the
experiment, which also served as a familiarization period. Prior
to the experiment, their maximal swim speed (vimax) in the flume
was determined. The water flow was set at a velocity between
0.5, 1.0, and 1.2m s~ ! (for low, medium, and high skill level,
respectively), and participants were asked to swim as fast as
possible over a distance of 5 m. Subsequent swim speed v5 was
calculated according to Equation (9).

V5 =5/t (8)

where v5 is the velocity over 5 m relative to the mark on the
floor, and ¢ is the time to complete 5 m in the flume. To calculate
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TABLE 1 | Main characteristics of the participants.

Expertise level Training/wk Age (y) Weight (kg) Height (cm) BMI (kg/m?) Hand Maximal % of world
(h) surface speed record
area (cm?) (m-s™) speed
(100 m)
Low (n = 6) 0.5 32.5+4.0 725+ 13.6 1742+7.0 23.8+3.3 165 + 25 1.24 £0.05 45.4 £ 3.7
Medium (n = 6) 4 27.0+£75 71.56+9.2 1782+ 8.4 224+1.4 172+ 16 1.54 £ 0.1 69.3 +4.9
High (n = 8) 14 18.7+2.9 71.0+4.0 1776 £6.1 225+18 159 + 14 1.82 £0.05 825+26
TABLE 2 | Individual values for maximum swim velocities. second part of testing. During this second part, a minimum of
Subiect Exoort v T v 4 min of rest was imposed between paces.
ubject n° Xpertise . .
! P fow om e Before each swim bout, the water flow was set at the required
’ High 19 71 190  speed. The swimmer was then instructed to hold onto a support
5 High 10 8.0 181 rope in a streamline position at the center of the flume. The
3 High 19 8.2 1g1  start position was standardized when the swimmer’s head was
4 High 1.2 8.2 1gy  aligned above a mark at the bottom of the flume. The swimmer
5 High 19 8.3 1go  Was considered unable to follova the pace once his head passed a
6 High 1o - 1go  second mark placed 1.5m behind the first mark. Once the data
. High 1o . 1go  Wwere collected, the swimmer could then either hold to a rope
8 High o 0 170 Orgoto the side to catch a rail. If any sign of weakness was
9 Medium 1 65 1' o1 observed (i.e., difficulty to maintain the pace, swimmer passing
, ‘ ' the second mark), the experimenter immediately stopped the
10 Medium 1 8.2 1.61 . .
, flume. For security purposes, safety nets were placed 3 m behind
11 Medium 1 8.3 1.60 . s . .. .
i Vedi ; o 150 the swimmers’ feet, which would prevent a collision with the
eadium . . . . .
flume vanes behind the swimmer. However, this problem did not
13 Medium 1 10.4 1.48 . . .
occur during our experimentation.
14 Medium 1 11.6 1.43 . .
§ 0 . ”8 Three underwater 50-Hz digital video cameras were
1 o ° 4 T positioned around the flume from two front angles (45° left
1 Low 05 64 128 and right of the swimmer) and a right profile view. The videos
v Low 05 7 120 and the force signal were synchronized at 50 Hz with the force
18 Low 05 71 120 signal using a digital control unit. More precisely, just before
19 Low 05 . 115 data collection, we pressed a button within the digital control
20 Low 0.5 7.7 1.15

individual maximal swim speed, v5 was added to flume’s water
speed flow according to Equation (8):

Vimax = Vlow +v5 (9)

where v, is the maximal swim speed, v, is the water flow
speed, and v5 is the speed over 5 m relative to the floor. Last,
after 20-m rest, the flume was set at the calculated speed, and the
participants were instructed to stay above a mark at the bottom of
the flume as long as possible. The speed was considered maximal
if participant could maintain their position between 10 and 15 s
with the head above the mark at the bottom of the flume. The
individual results are displayed in Table 2.

Four individual-specific speeds relative to v,y (or paces) were
determined: pace 1 (70%), pace 2 (80%), pace 3 (90%), and pace
4 (100% of vmax). For paces 1-3, we instructed the swimmers to
stay within a delimited zone of 3m at least 20 s to ensure that
they kept following the pace. This duration was reduced to 10 s
for pace 4 due to fatigue. To minimize fatigue effects, participants
had at least 20-min rest between the determination of vy,x and

unit that set a trigger that was visible in both signals (i.e., a
spike in the force signal, a mark on all videos). Using this signal,
we synchronized force and video signal at 50 Hz using Simi®©
motion reality system (Unterschleissheim, Germany) software.
From the video, it was therefore easy to distinguish, within the
force signal, the portion corresponding to the recovery phase and
the portion corresponding to entry, catch, pull, and push phases
with an accuracy of 0.02 s.

We used these synchronized videos to quantify SR and SL. We
calculated each variable based on three complete representative
swim strokes. The SL (in m - cycle™!) and SI [(m? - (s - cycle) ']
were derived from the mean speed (v, in m s™!) and the
movement frequency value (SR, expressed in Hz). We used
Equations 11 and 12 to calculate SL and SI:

SL = v x SR7!
SI = SL x v

(11)
(12)

Coordination Parameters
The mean duration of a complete stroke was the sum of the
propulsive and non-propulsive phases. We derived the IdC as the
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time gap between the propulsion of the two arms as a percentage
of the duration of the complete arm stroke cycle.

We divided arm stroke into four distinct phases:

Phase A: Entry and catch of the hand in the water, which
corresponds to the time between the entry of the hand into the
water and the beginning of its backward movement and by a
sudden increase in the force developed within the water.

Phase B: Pull phase, which corresponds to the time between
the end of phase A and its entry into the plane vertical to
the shoulder.

Phase C: Push phase, which corresponds to the time between
the end of phase B and the exit of the hand from the water or a
null value obtained on the force graph.

Phase D: Recovery phase, which corresponds to the end of
phase C and the entry of the hand into the water.

The total duration of these stroke phases was measured by
two independent operators with a blind technique for each arm
over three complete stroke cycles per pace with a precision of
0.02 s and expressed as a percentage of the duration of a complete
arm stroke.

IdC was the mean of 1dCy and I1dCpgp; (Equations 13
and 14):

IdCleft =

[(Timeend of phase C for left—arm — Timebeginning of phase B for right—arm)

x 100] /durationcemplete cycle (13)
Idcright =

[(Timeend of phase c right—arm Timebeginning of phase b for left—arm)

x 100] /Dur ationcomplete cycle (14)

The total propulsive phase duration was calculated as the
addition of pull-and-push phase duration (in seconds) and
also expressed in relative (PrP%) duration, as a percentage
of the cycle’s time. For each pace, three cycles were analyzed
per swim trial, which corresponded with the cycles taken to
determine stroke (SR, SL) and coordination (IdC, propulsive
phase) parameters.

Kinetic Parameters

The methodology used to determine kinetic parameters
follows the methods from Takagi and Wilson (1999). On the
swimmers preferential hand, we glued four pairs of monoaxial
pressure sensors (Kyowa, Tokyo, Japan, see Figure 1) to the
surface of a glove on both the palmer and dorsal sides of
metacarpophalangeal II, III, IV, and V. The load cell can
transduce oscillations of frequencies over a range from 0 to
1,000 Hz. Force applied to the load cell resulted in changes in
the electrical resistance of strain gauges housed in the load cell.
The sensors were connected via a series of wires to a 12-entry
amplifier, connected itself to a computer to record the force
data, and calibrated in the water. We measured forces in units
of 0.001N (0.1g). The sensors were paired by metacarpus; for
example, the sensor of the palmer side of metacarpus II (PMII)
was paired with metacarpus II of the dorsal side (DMII), as
shown in Figure 1.

The hand plane area was measured. Each swimmer had their
palmar face of the hand scanned, thumb adducted, and fingers
fully extended and packed together. Then, we computed this area
using Mesurim 3.3 software.

We measured pressure differential (P4 ) so that in the absence
of movement: Py = PMII - DMII = 0. We calculated this
difference in pressure for metacarpus III (Pg), metacarpus IV
(Pc), and metacarpus V (Pp). After this first calibration of the
sensor pairs in water, we were able to obtain the mean moving
pressure using the Equation 15 (Takagi and Wilson, 1999).

Pyiean = 0.045Pp + 0.186 Pg + 0.554 Pc + 0.013 Pp
+ 7.558 (15)

The obtained value was then multiplied by the hand plane area
previously determined (m?) to calculate the resultant propulsive
peak-medium force.

Because of technical limitations, we could only measure the
force developed by one hand using Equation 15. In order to
standardize conditions, the dominant hand of each subject was
chosen for the collection of kinetic data. We analyzed force
output over six consecutive swim cycles in both time and
frequency domains, which are two complementary methods to
examine kinetic parameters (Prandoni and Vetterli, 2008). In the

FIGURE 1 | Locations of the force sensors over the hand.
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time domain, and with the help of the swim phases determined
with the video analysis, we computed the force impulse during
propulsive phases per cycle, which captures the magnitude of
the fluctuations. In the frequency domain, we made a spectral
analysis using fast Fourier transforms (FFTs), which measure the
structure of the variability (Slifkin and Newell, 1999).

We superimposed both force and video signals on a single
graphical user interface to calculate force impulse, at the
frequency of 50 Hz. We reconstructed the force signal to only
take into consideration the force developed during propulsive
time (pull-and-push phases) to calculate the propulsive impulse
(I'"). We used the force graph to measure peak pull and peak
push force. Figure 2 shows an example of two force curves and
the correspondence with the swim phases (determined by video,
not shown in this figure for the sake of clarity).

To minimize the error in calculating kinetic parameters, we
examined a period of 6 cycles as a whole (Payton and Bartlett,
1995). We used a MATLAB signal processing toolbox (MATLAB
16, MathWorks, Natick, MA) routine to perform an FFT. The
power spectrum of each trial was divided into 50 equal bins,
ranging from 0 to 10 Hz. On all curves, we manually identified
three main peaks. Each of them represents a specific source of
variation within the force signal. The power in each of these three
specific frequencies bin (Y1, Y2, and Y3) represented the portion
of total power in the overall amplitude of force output oscillation
that could be attributed to the frequency specified by each bin.
Y1 was the fundamental frequency and typically occurred in a
0-3.33-Hz range. Y2 was the second in magnitude and occurred
in 3.34-6.66-Hz range. Y3 was the smallest in magnitude and
occurred in the 6.67-10-Hz range. To provide a measure of the
spread of power in the power spectrum, we divided the peak
power by the total power in the power spectrum. Therefore, we
calculated the ratio between each specific frequency and the total
power (obtained by numerical integration of the power spectrum
curve) to examine the modification of force output according to
pace [see Slifkin and Newell (1999)].

We used means and standard deviations to summarize the
dependent variables as a function of expertise level. The assumed
Gaussian distribution of the data was verified by the Shapiro-
Wilk test and the homogeneity of variance using Bartlett test.
Mixed-design analysis of variance (ANOVA) subject [repeated
measure] X 4 pace levels [70, 80, 90, and 100% of vy ] X 3
expertise levels [low, medium, high] compared the mean values
for each variable. Tukey post-hoc tests were run to detect
significant differences between pairs of condition means. Partial
n* and its 95% confidence interval were used to estimate effect
sizes. We set the threshold for significance at the 0.05 level of
confidence. We used R software (R core team, 2017) for the
statistical analysis.

RESULTS

The results of the three-way ANOVAs for different variables are
arranged in Table 3 (stroking parameters), Table 4 (coordination
parameters), and Table 5 (kinetic parameters). To swim faster, all
participants increased the SR and the SI (Table 3). At pace 2 (e.g.,
80% of Vmax), only high-level swimmers were able to increase
SR and SL simultaneously. High-level swimmers were able to
maintain both high SR and SL, whereas a medium-level swimmer
had a higher SL.

When increasing swim pace, participants decreased the
catch phase and increased pull phase duration, which increases
propulsive phase duration in percentage and, subsequently, the
IdC. Low-level swimmers had significantly longer propulsive
phase duration (both in absolute and relative duration) and
higher IdC, as compared to high- and medium-level swimmers.
Across paces, catch phase (A) decreased significantly, whereas
pull phase (B) increased significantly. Medium-level swimmers
displayed significantly higher values for catch phase (A) and
lower values for pull phase (B) as compared to both high and
low levels. Finally, high-level swimmers presented significantly

higher magnitude at V4 compared to V1.
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FIGURE 2 | Example force time series from a national level swimmer at two different paces (V1 = 1.2m.s™", 70% vs. V4 = 1.8m.s~", 100%), and the corresponding
duration of the swim phases for each pace. The graph illustrates how two cycles can have comparable overall impulses (I*/stroke) whereas Fpull and Fpush are of
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TABLE 3 | Stroking parameters according to pace and expertise level.

Level Pace Speed (m - s7) Stroke index Stroke rate Stroke length
[m2 . (s - cycle)~"] (cycle - min~") (m - cycle™)
High 1 1.29 4 0.01bed 2.81 +0.169 35.75 & 2.24°d 218 +0.13
High 2 1.42 4 0.04204d 3.14 +0.10 38.30 + 2.91¢d 2.22 +£0.11
High 3 1.59 & 0.0920d 3.40 + 0.45 44.70 + 2.3520 214 +0.18
High 4 1.80 4 0.0520¢ 3.60 + 0.262 54.09 + 3.992P 2.00+0.13
Medium 1 1.02 4+ 0.18¢d 2.16 + 0.47 29.93 + 7.62¢ 211 +£0.34
Medium 2 1.2 4 0.112cd 2.60 +0.48 34.15 £ 7.30 217 £0.37
Medium 3 1.33 & 0.072b4d 2.86 +0.54 38.55 + 8.46 2.15+0.43
Medium 4 1.53 4 0.07°¢d 3.11 £ 0.472 46.05 + 6.162 2.08+0.28
Low 1 0.75 + 0.08>°d 1.13 £+ 0.29¢ 30.63 + 3.58° 1.49 £+ 0.26
Low 2 0.91 + 0.08204d 1.41 £ 0.31 36.23 + 5.444 154 +0.27
Low 3 1.01 4+ 0.072Pd 1.62 £0.32 38.64 + 4.74 159 +0.24
Low 4 1.21 4 0.06°¢4d 1.94 +0.292 45.90 + 6.052P 1.61 +£0.22
Pace effect * * * NS
l‘:(gv 68) = 27.39 F(g‘ 68) = 7.09 F(gy 68) = 34.36 F(3, 68) = 0.64
p < 0.001, np* = 0.52 p < 0.01, pp* = 0.20 p < 0.001, np* = 0.06 p = 0.6, yp* = 0.01
Cl1[0.36-0.60] ClI[0.07-0.32] Cl[0.43-0.65] Cl [0.00-0.07]
Expertise effect ©1,2,3 ©1,2,3 01,2
F(gv 68) = 37.04 F(Z 68) = 33.98 F(gv 68) = 7.3 © 2; 3
p < 0.001, np* = 0.50 p < 0.001, np* = 0.48 p < 0.001, yp> = 0.15 Flo, 68y = 19.94
Cl[0.34-0.58] Cl[0.31-0.56] Cl [0.04-0.26] p < 0.001, np* = 0.34
Cl [0.18-0.45]
Pace x expertise NS NS NS NS
Fis, 69 = 0.09 F, 68 = 0.12 Fis, 69 = 0.35 Fee, 68 = 0.36
p =0.99, np* = 0.00 p = 0.99, np* = 0.07 p = 0.90, np* = 0.05 p = 0.90, np* = 0.05
CI [0.00-0.09] ClI [0.00-0.001] CI[0.00-0.04] Cl [0.00-0.04]

Gsignificant difference between 1 (high and medium), 2 (high and low), and 3 (medium and low).

*significant difference among paces.

Within expertise level, significant difference with a: pace 1, b: pace 2, c: pace 3, d: pace 4.

NS, non-significant difference.

higher values for pull phase (C) as compared to both medium
and low levels.

To swim at faster speeds, participants tend to increase pull
and push peak force, whereas the second harmonic of the force
signal decreases significantly. High- and medium-level swimmers
both exhibit higher values in these second (Y2) and third (Y3)
harmonics, and also lower force impulse throughout the trial as
compared to low level of swimmers.

DISCUSSION

Based on Newell (1986) constraint-led approach, the objective of
this study was to provide a systemic view of how swimmers adapt
to water flow (environmental constraints) in front crawl (task
constraint) as a function of expertise (an organismic constraint).
The results show that to swim faster, participants increase SR,
IdC, propulsive phase duration, and force peak and modify the
second harmonic of the force signal in the power spectrum.
Higher SI and SL characterize high-level swimmers, whereas
high-frequency contributions of the force signal were not shown
by the low-level swimmers.

To swim at different swim paces, swimmers modify stroking
parameters. The SI, in particular, increases significantly in all
expertise levels across pace. As swim speed is the product of SR

and SL, this modification is mainly explained by an increase in
SR, whereas SL does not change significantly. Hence, swim speed
is mainly controlled by modifying the SR, in accordance with
past studies (Craig and Pendergast, 1979; de Jesus et al., 2016).
However, coordination parameters show other adjustments
occur as pace increases, as IdC and PrP% significantly increase
over pace. These results are consistent with the current literature
dealing with stroking and coordination parameters: when swim
pace goes from low to high speed, there is a significant increase
in PrP% and IdC toward a “superposition” mode, as catch phase
(A) decreases, while pull phase (B) increases (Chollet et al., 2000;
Seifert et al., 2004, 2011; Schnitzler et al., 2011a). According to
Samson et al. (2015b), this modification in catch phase relative
duration is bound to ensure the optimal horizontal balance of the
body: at a low swimming speed, the hand stretches horizontally,
and the resulting streamlining not only produces minimum
energy expenditure and drag, but also optimizes the propulsive
action of the opposite arm, whereas at high speed, the drag
force generated during catch phase is higher but shorter, allowing
high propulsive forces to be developed during the subsequent
phases. In line with previous findings (Chollet et al., 2000; Seifert
et al., 2004, 2011; Schnitzler et al., 2011a), these results show that
swimmers of all levels were mostly flexible as they increased their
IdC to increase their speed. Seifert et al. (2011) demonstrated that
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TABLE 4 | Coordination parameters according to pace and expertise level.

Expertise level Pace Propulsive phase 1dC (%) Propulsive A (%) B (%) C (%) D (%)
duration (s) phase duration
High 1 0.83 +0.11 —3.4+ 324 48.7 £5.0¢ 29.1 +6.84 25.3 +3.39 23.4+5.0 222 +23
High 2 0.76 + 0.07 —2.3+41 47.6 + 3.6 278+ 7.0 249+ 3.0 22.7 £ £3.9 246+ 4.2
High 3 0.63 + 0.052 —-1.6+3.2 47.3+2.3 28.6 + 3.6 259+1.9 21.8+1.6 23.7+26
High 4 0.61 +£0.122 6.4 +5.6° 56.7 £ 6.92 211 +£7.12 30.3 £ 5.5 26.4 +£3.8 22.2 +£ 31
Medium 1 0.87 £0.19 —8.1+3.894 418+ +3.59 38.8 + 4.14 18.5 4+ 3.8¢ 22.3+3.8 20.4 + 31
Medium 2 0.77 £0.12 —-6.9+54 42.8+3.8 36.4 +4.8 20.4 + 41 223+24 20.8+2.2
Medium 3 0.70 £0.122 —-52+35 443 +£3.8 33.9+6.0 21.6+29 226+26 21.8+29
Medium 4 0.60 + 0.062 —25+452 48.4 +£6.52 28.3 £9.62 24.4 + 49?2 240+26 23.3+338
Low 1 0.98 £0.17 1.2 +6.49 49.9 + 6.49 27.3 +8.59 23.4+284 26.4 +£ 4.3 22.8+3.9
Low 2 0.88 +£0.17 32+75 51.6 + 6.8 2563+ 8.7 251 +43 26.5 + 3.6 23.1+ 3.1
Low 3 0.80 +0.13 42 +9.2 52.8 +£10.0 229 +10.7 26.6 £ 4.9 26.2 £ 6.1 243+21
Low 4 0.76 £ 0.13 7.5+7.02 57.3+7.62 18.8 +£ 6.2 30.0 + 5.0? 274+ 3.5 23.8+2.6
Pace effect * * * * NS NS
F(gy 68) = 6.95 F(gy 68) = 6.60 F(gy 68) = 6.95 F(gy 68) = 5.69 F(gv 68) = 7.75 F(gy 68) = 1.53 F(gv 68) = 0.79
p <0.001,pp>=0.23 p <0.001,9p> p<0.001,90>=  p <0.001,9p> p<0.001,9p> p>0.2np°>= p>0.5
=0.22 =0.20 =0.25 0.06 np* = 0.03
Cl[0.07-0.31] Cl [0.06-0.31] Cl[0.7-0.31] Cl [0.04-0.28] Cl[0.08-0.33] Cl[0.0-0.12] ClI [0.0-0.09]
Expertise effect 02,3 ©1,2,3 ©1,38 ©1,38 ©1,3 02,3 NS
F(Q’ 68) = 37.04 F(Q_ 68) = F(gl 68) = 37.04 F(Q’ 68) = 1‘:(2v 68) = F(2, 68) = 6.63 F(g‘ 68) = 2.5
p < 0.001, np* = 0.52 19.03 p < 0.001, np* = 13.88 13.49 p < 0.01, np* p < 0.09, np*
p < 0.001, np* p < 0.001, yp*> p < 0.001, np? =0.16 =0.06
Cl[0.34 0.58] =0.35 Cl [0.34-0.58] =0.28 =0.28 Cl [0.03-0.25] Cl [0.0-0.14]
Cl[0.18-0.44] Cl[0.12-0.37] Cl[0.11-0.37]
Pace x Expertise NS NS NS NS NS NS
F(S, 68) = 0.37 F(B, 68) = 0.42 F(B, 68) = 0.37 F(B, 68) = 0.15 F(G, 68) = 0.20 F(G, 68) = 0.34 F(G, 68) = 0.78
p =0.99, np*> =0.03 p = 0.86, np* p =0.99, np* = p = 0.98, np* p =0.98, np* p < 0.91 np* p < 0.59, np*
ClI[0.00 0.04] =0.03 =0.01 =0.01 =0.02 =0.00
ClI [0.00-0.04] ClI [0.00-0.04] ClI [0.00-0.01] CI [0.00-0.01] CI [0.00-0.04] Cl [0.00-0.09]

*Significant difference among paces.

©Significant difference between 1 (high and medium level), 2 (high and low level), and 3 (medium and low level).

Within expertise level, significant difference with a: pace 1, b: pace 2, c: pace 3, d: pace 4.

stroke cycle changes in arm coordination are linked to variations
in aquatic resistance, as more overlapping of the two propulsion
phases enables the swimmer to achieve higher swimming speeds.

Interestingly, this study also shows how these speed
adaptations differ among expertise levels. In what concerns
stroking parameters, SL and SI magnitudes are closely associated
with expertise level, revealing underlying differences in swim
efficiency (Costill et al., 1985; Craig et al., 1985; Toussaint, 1990;
Seifert et al., 2011). These differences across expertise levels were
mainly due to longer A and shorter B phase relative duration
in medium-level swimmers. Consequently, the IdC values had
a U-shaped relationship, with low- and high-level swimmers
displaying higher values than average. Indeed, Dadashi et al.
(2016) showed that IdC magnitude only predicts swimming
performance in homogeneous expertise groups. The present data
show that low-level swimmers start their propulsion early by
shortening the catch phase, which might result in a less efficient
positioning of the hand during the propulsive phase. As shown
by Koga et al. (2020), ineflicient propulsion is associated with
a low angle of attack at the end of the catch phase. This is
confirmed by the fact that at low speeds, the impulse force

is higher, and the pull-and-push forces are similar to those of
medium- and high-level swimmers. According to this reasoning,
medium-expertise-level swimmers take more time than low-
expertise-level swimmers to position their hand to improve
the efficiency of the propulsion phase, whereas high-expertise-
level swimmers seem to be able to combine a short catch
phase duration with high propulsion phase efficiency. However,
these proposals have yet to be confirmed experimentally, as the
present study did not measure the efficiency of the propulsion
phase. In line with previous findings (Schnitzler et al., 2010),
low-level swimmers in our study exhibit higher IdCs. Seifert
et al. (2014) suggested that low-expertise swimmers used an
inefficient superposition mode, as they “slip” through the
water, that is, producing insufficient force while increasing
swim frequency. It appears that low-level swimmers “waste”
much of their force production imparting kinetic energy of
surrounding water, with force impulses significantly higher
than high- and medium-expertise groups. Ultimately, these
findings support Seifert et al.’s (2011) assertion that “a relative
lack of skill and technique could lead to lower efficiency of
propulsion generation.”
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TABLE 5 | Kinetic parameters according to pace and expertise level.

Level Pace Force Pull Force (N) Push force (N) Y1/tot power Y2/tot power Y3/tot power
impulse/cycle
(N-s)
High 1 63.4 £ 14.4 58.8 +12.1 73.7+£17.8 0.28 +0.11 0.11 £ 0.05¢9 0.016 £+ 0.007
High 2 68.3 £ 20.2 59.0 +12.1 77.6 £16.0 0.30 £ 0.15 0.07 £ 0.04 0.013 £ 0.004
High 3 65.1 £21.2 66.5 + 13.2 80.1 £13.2 0.32 £ 0.12 0.06 + 0.04 0.013 £ 0.005
High 4 75.4+£22.9 745 +18.4 849+ 229 0.25 £ 0.09 0.03 £ 0.022 0.013 + 0.005
Medium 1 63.2 £ 23.3 55.9 4+ 26.5 65.9 £+ 26.5 0.194+0.10 0.09 £+ 0.05 0.022 +0.016
Medium 2 701 £17.6 68.8 £+ 27.2 79.0 £+ 231 0.254+0.13 0.11 £ 0.05 0.018 £ 0.012
Medium 3 80.6 £+ 20.2 73.424.8 90.8 +£15.5 0.28 +0.14 0.07 £+ 0.03 0.018 + 0.008
Medium 4 82.6 + 15.1 82.2 4+ 30.1 97.9 +£17.3 0.36 &+ 0.25 0.08 + 0.06 0.018 £ 0.013
Low 1 782 +6.8 51.6+16.5 69.6 + 20.3 0.24 +0.13 0.04 + 0.05 0.005 + 0.005
Low 2 879+54 57.4+14.0 80.2 + 23.1 0.28 +0.11 0.04 +0.03 0.002 £+ 0.015
Low 3 86.1 £10.5 60.1 £ 9.4 85.0 + 23.4 0.26 + 0.32 0.02 £ 0.01 0.006 + 0.005
Low 4 83.7 £ 20.9 63.4+17.1 82.6 £ 27.3 0.27 £ 0.27 0.02 £ 0.01 0.007 £+ 0.008
Pace effect NS * * NS * NS
F(gy 68) = 1.64 F(gy 68) = 3.06 F(gy 68) = 3.09 F(g‘ 68) = 0.49 F(gy 68) = 3.45 F(gy 68) = 1.04
p < 0.18, np* p < 0.03, np? p < 0.03, np* p < 0.61, np? p < 0.02, np* p < 0.37, np*
= 0.06 =0.11 Cl =0.11 =0.02 Cl =0.13 =0.04 Cl
Cl [0.0-0.31] [0.07-0.31] Cl [0.07-0.31] [0.0-0.02] CI[0.01-0.21] [0.0-0.09]
Expertise effect 02,3 NS NS NS ©2,3 02,3
F, 68 = 5.23 Fro, 68 =2.25 Fp, 68 = 0.34 F, 68 = 0.2 Fo, 689 = 8.43 F, 68 = 5.09
p < 0.008, np* p < 0.11, np* p < 0.7 np* p < 0.80, np* p < 0.001, np* p < 0.009, np*
=0.13 =0.06 CI[0-0.13] =0.01 =0.005 Cl =0.20 =0.13 Cl
Cl[0.02-0.22] Cl [0.0-0.04] [0.34-0.58] Cl1[0.34-0.58] [0.34-0.58]
Pace x expertise NS NS NS NS NS NS
F, 68y = 0.47 F, 68y = 0.24 F, 68y = 0.45 F, 68y = 0.52 F, 68) = 0.55 F, 68y = 0.63
p < 0.99,np* = 0.03 p < 0.96, np* = p <0.84, np* = p <0.79, np* = p <07, np*= p <0.7,np*=
0.02 0.03 0.03 0.03 0.05
ClI [0.00-0.04] ClI[0.00-0.01] Cl [0.00-0.04] ClI [0.00-0.04] ClI[0.00-0.08] Cl [0.00-0.06]

*Significant difference with a: pace 1, b: pace 2, c: pace 3, d: pace 4.

OSignificant difference between 1 (high and medium), 2 (high and low), and 3 (medium and low).

With regard to kinetic data, prior research had identified
different adaptive modes to changes in swimming speed. Using
hand paddles, Gourgoulis et al. (2008) showed that increasing
propelling surfaces resulted in a concomitant increase in both
force and maximal speed. According to Tsunokawa et al. (2019),
this was attributable to an increase on Froude efficiency when
using paddles. However, Samson et al. (2015a) showed that
propulsive hand forces did not vary significantly across swim
paces. Furthermore, Koga et al. (2020) showed that the adoption
of overmaximal SR did not help swimmers to reach higher swim
speed, as this led to lower angles of attack, which induced lower
hand propulsive force. Therefore, the increase in swimming pace
is explained by the swimmer’s capacity to maintain propulsive
phases on higher stroke frequency rather than increasing force
generation by orienting the hand in a favorable manner before
the propulsive phases begin. Our results are in line with these
studies, as force impulse during propulsive phases did not change
significantly across paces, but low-expertise swimmer exhibited
shorter catch phase as compared to medium-level swimmers.
It is worth noting that pull and push peak forces increase,
which indicates that adaptation nonetheless occurs at kinetic
level. We analyzed force impulse as the numerical integration of

the propulsive time duration of each cycle. As stroke frequency
increases, the total duration of this time decreases, so without
an adaptation, force impulse should follow the same trend.
In line with Samson et al. (2015a), the fact that push, pull,
and peak forces increase with speed suggests that to maintain
these force impulses across different speeds, participants have to
increase the absolute force they apply to water and reach this
peak more quickly, thus delivering more power to the water
during propulsive phases, which explains why the impulse per
cycle did not decrease. This might explain why Morouco et al.
(2018) found that intracyclic force variation increased with swim
speed in tethered swimming conditions. Interestingly, low- and
medium-level swimmers had similar SR. If the athletes who
produce a greater speed should increase the absolute force they
apply to water, the impulse of the medium-expertise level should
be greater. This is not the case because the impulses of low-
level swimmers are greater than those of medium- and high-
level swimmers, suggesting that it is not generally increased force
production but rather swimming efficiency that is the key to
differentiating between levels of expertise.

We aimed to extend these kinetic analyses and examine
measures of the structure of force variability through the analysis
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of the power spectrum of the force-time series. Spectral analysis
decomposes a signal into its component frequencies so that the
power assigned to each frequency in the spectral profile provides
an index of the portion of total amplitude variability that can
be attributed to each frequency. A modification in the profile
spectrum provides insight about the frequency structure. Here,
the power spectrum exhibited three clear peaks within the 0-
12-Hz bandwidth. In each case, the first peak corresponded to
the stroke frequency. What represents the second and third peak
needs to be determined experimentally. Our results show that
increasing swim pace modifies the relative duration of each of
these phases. In the same vein, Samson et al. (2015a) outlined that
the acceleration pattern of the hand changed with swim speed.
Hence, the second peak could represent the modification of the
propulsive vs. non-propulsive phase ratio. In what concerns the
third peak, several authors pointed out that there was also a
variation within the propulsive phase (Schleihauf et al., 1983;
Monteil et al., 1994), which could be explained by the change in
orientation between the pull and the push phase. This variation
occurs at a higher frequency within the force signal, and its
importance in explaining the overall signal could be represented
by the third harmonic. Our data show that the power associated
with the second harmonic decreases across pace in all expertise
levels, which is consistent with the coordination data showing
that propulsive phase represents ~50% of the total at pace 1
to more than 67% at pace 4 in both high- and low-expertise
levels. Our data show that the increase in average force is due
to more frequent impulses, whereas coordination flexibility helps
to maintain individual impulses constant, whatever the expertise
level. It is interesting to note that in the Neptune and Herzog
(2000) study, this flexibility occurs between muscles rather than
within muscles, as these authors showed on a cycling task that
pacing-related adaptations occurred through the magnitude of
the electromyographic response rather than through a change in
intramuscular coordination. These data were not available in the
present study, but whether behavioral adaptability responses are
specific to exercise mode is a worthy question for future research
to address directly.

The examination of the kinetic frequency domain introduces
new insight into swim expertise. According to our data, high-
and medium-expertise swimmers exhibit higher second and
third harmonic components, but only high-expertise swimmers
are capable of modifying their second harmonic significantly
with pace. This suggests a flatter and broader power spectrum
as potential indicators of increased complexity within the
force time-series signal. That might reflect the availability of
more degrees of freedom in an expert system. Interestingly,
it appears that this characteristic within the force spectrum,
especially at high frequency, might be a relevant feature to
characterize expertise.

Taken together, these novel results suggest that, independently
of expertise, the modification of inter- and intra-arm
coordination helps to maintain force impulses despite the
shorter absolute duration of swim cycles. However, some
limitations exist in this study. First, we only measured average
force produced F,y, not propulsive force Fy, as the sensors were
not oriented in space to detect the application of propulsive

force. Second, we were not able to account for a complete
description of the force development, as forces were measured
at only one hand, whereas force generation patterns involves
all the arms (Toussaint and Truijens, 2005). Third, active drag
could not be measured, so whether the difference between skill
levels was due to higher propulsive force, lower drag, or any
combination of the two remains inconclusive. Fourth, a glove on
only one hand could have an impact on performance. The glove
could affect propulsion asymmetrically and affect coordination,
as well as change the perception of water. However, we were
still able to outline significant adaptations both at stroking
and kinetic parameters, meaning they could be even larger in
other settings. Fifth, because of technical limitations, only the
force signal corresponding to one hand could be accurately
measured, and we could not account for the role of the legs.
This is problematic in a sense that asymmetries in arm force
production are frequent, although better swimmers tend to be
less asymmetric (Dos Santos et al., 2013). Sixth, the spectral
analysis used in the current study differs from the usual analyses
aimed at assessing time-series complexity. In the current study,
three points were considered (Y1, Y2, and Y3). In contrast, in
studies aimed at assessing time-series complexity, an assessment
of the whole power spectrum is made. Last, these measurements
took place in a flume, which modifies the kinematics of the
stroke. As Guignard et al. (2019, 2020) recently pointed out, the
action of the arms is impacted by the fluid flow in a flume, which
constrains the action possibilities more than in a swimming pool.
Future studies should provide means to estimate simultaneously
the forces produced by both hands to provide a more accurate
measurement of swim efficiency, as well as intralimb and
interlimb coordination parameters. Additionally, it would be of
interest to contrast whether behavioral adaptability to common
features such as speed change is specific to exercise modes (such
as swimming) or if they have general transferable properties as a
function of the environment, whether it is terrestrial or aquatic.

Despite these limitations, this study was an important first
step toward providing a simultaneous analysis of stroking,
coordination, and kinetic parameters in an ecological context
of swimming. It was also the first to examine force dynamics
both in temporal and frequency domains. For the first time in
front crawl swimming, we were able to examine the spectral
content of the force development, which gives an insight into
intrasegmental coordination, as outlined by Slifkin and Newell
(1999). We identified three main frequencies in the spectrograms,
in line with early studies about force development in front crawl
(Yeater et al, 1981), but we showed that medium and high
expertise levels exhibited a flatter and more broadband spectral
content, but also that the adaptation across pace occurs only in
high-expertise swimmers for the third harmonic.

CONCLUSION

This study proposed new insights into how swimmers of
different skill levels adapt to front crawl swimming at different
paces. There are implications in not only sports scientists,
but also practitioners and coaches. The main results showed
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three different levels to take into consideration to perform
such investigations: stroking, which expresses the result of the
underlying motor control strategy used; coordination, which
accounts for this motor control strategy; and kinetic levels,
which shows how this motor control leads to force production.
Continuing to explore the relationship between those three levels
would be of interest in future work. Also, we surmised that these
investigations should be carried out not only in the temporal but
also in the frequency domain. Finally, to swim at different paces,
participants across skill levels shared common characteristics:
they all exhibited flexibility, notably in the stroking and the
coordination levels. But only the more skilled swimmers were
capable of finer intralimb coordination adjustments. In that,
stroking, coordination, and kinetic parameters offer promising
perspectives in characterizing not only expertise but also the
evolution of motor adaptation at an individual level.
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