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Abstract

In swimming propelling efficiency is partly determined by intra-cyclic velocity fluctuations.
The higher these fluctuations are at a given average swimming velocity, the less efficient is
the propulsion. This study explored whether the leg-arm coordination (i.e. phase relation ¢)
within the breaststroke cycle can be influenced with acoustic pacing, and whether the so
induced changes are accompanied by changes in intra-cyclic velocity fluctuations. Twenty-
six participants were asked to couple their propulsive leg and arm movements to a double-
tone metronome beat and to keep their average swimming velocity constant over trials. The
metronome imposed five different phase relations ¢; (90, 135, 180, 225 and 270°) of leg-arm
coordination. Swimmers adjusted their technique under the influence of the metronome, but
failed to comply to the velocity requirement for ¢ = 90 and 135°. For imposed ¢ = 180, 225
and 270°, the intra-cyclic velocity fluctuations increased with increasing ¢, while average
swimming velocity did not differ. This suggests that acoustic pacing may be used to adjust ¢
and thereby performance of breaststroke swimming given the dependence of propelling effi-
ciency on ¢.

Introduction

Swimmers seek to improve their personal bests and set new records. Swimming more effi-
ciently is one of the factors that may help to attain this goal. More efficient swimming implies
converting a higher rate of power into forward speed, rather than into power losses. Efficiency
may be studied in terms of the power balance:

P,=P,+P,=P, +P, +P, )
where P; represents the power generated by the swimmer, P, represents the power losses to

drag forces, and P, represents the power losses related a moving point of push-off (i.e. kine-
matic losses to water set in motion). P, can be divided in a component related to the average
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Fig 1. An exemplary velocity profile of a breaststroke cycle. The profile clearly exhibits intra-cyclic
velocity variations, i.e. pronounced deviations from the average swimming velocity v, as represented by the
horizontal line. The characteristic points from Egs 3 and 2 are indicated as local maxima and minima in the
velocity profile. The profile was obtained by averaging 7 consecutive breaststroke cycles from one individual
measured with automated LED tracking on a normalized time-scale. The standard deviation is indicated by
the dashed lines, reflecting inter-cyclic variations. Note that in this trial the leg-arm phase coordination was
around 210°.

https://doi.org/10.1371/journal.pone.0186160.g001

speed of a swimmer Pv (effectively used power) and to a component related to the velocity
fluctuations Py, [1, 2]. In terms of P, and drag force F; (Py=F;-v ~ Vv 2], velocity fluctu-
ations are inefficient and should be suppressed. However, the propulsive actions in a stroke
inevitably lead to velocity fluctuations. Previous studies concluded that at a certain speed
higher velocity fluctuations resulted in a higher energy expenditure of the swimmer [1, 3-6].
Due to the sequential character of the leg and arm movements in the breaststroke (and butter-
fly), the velocity fluctuations are comparatively higher and the efficiency is lower than in other
stroke types [1, 3, 7]. In this study, the focus will be on the breaststroke, because the velocity
fluctuations are comparatively high and because of the clear sequential nature of the stroke.
This implies that there might be more opportunities for improving swimming efficiency by
reducing the velocity fluctuations, by changing the coordination between the legs and the arms
for instance. In Fig 1 a typical velocity profile of a breaststroke cycle is shown.

The velocity profile is bi-modal; the increase to the first local maximum is related to the
propulsive phase of the legs and the increase to the second maximum is related to the propul-
sive phase of the arms. The strong reduction in speed is caused by the leg and arm recovery
phase, which is accompanied by large drag forces. The slight decrease of the velocity after leg
propulsion is associated with the glide phase of the stroke in which the swimmer extends the
arms and legs [6, 8-11]. The velocity fluctuations of the breaststroke will be quantified by the
intra-cyclic velocity variability IVV [4, 10, 11], given by:

IVV = Ymax.L —Vmin,L tVmax,A ~Vmax.T

; ) (2)

with v,,,,, 1 representing the maximal velocity after the leg propulsion, v,,;, ; the minimal
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velocity before leg propulsion, v,,,,, 4 the maximal velocity after arm propulsion, v, rthe
local minimum in the velocity profile between leg and arm propulsion and v the mean velocity.
These characteristic velocities are indicated in the velocity profile shown in Fig 1. Previous
studies on breaststroke have shown that at a given speed higher IVV impose higher energy
costs [4] and that the IVV was greater for low speed swimming conditions [11]. The IVV seem
to be dependent on technique, since the IVV for undulating styles are smaller compared to a
flat style, due to (de)acceleration of body parts above the water [12]. Moreover, it has been
observed that the minimum hip velocity is higher for elite swimmers while the maximum
velocity is similar, which suggests lower IVV [13]. However, it has also been found that the
IVV of elite swimmers are higher, due to higher peak velocities needed to perform at higher
speed and similar minimum velocities compared to non-elite swimmers [10].

The leg-arm coordination is an important performance determining factor. Previous stud-
ies have shown that the timing of the leg- and arm-propulsive phases, the glide phase and the
recovery phase differs for different swimming levels [10, 13, 14] and events [9, 13]. For exam-
ple, it has been reported that recreational swimmers do not employ a glide phase at all, while
competitive swimmers can switch from a gliding coordination towards an overlapping coordi-
nation with increasing speed [11, 13, 14]. In this study the leg-arm phasing is quantified as the
ratio of time spent between the onset of leg and arm propulsion t; 4 and the total cycle time t,,.:

6 = 143600, (3)

tot

The t; 4 is indicated in Fig 1, corresponding to a ¢ of ~ 210°. It is assumed that the onset of
leg and arm propulsion coincides with the local minima in the velocity profile [10] (see also
the video in the supplementary material, S1 Movie).

It appears that there should be a relation between the relative phasing of the leg and arm
movements and the IVV. It has already been suggested that optimizing the stroke cycle might
be important for efficient breaststroke swimming [15]. The purpose of this study is to explore
whether one’s preferred stroke cycle can be changed by a simple acoustic intervention and to
examine the effects of the thus induced changes in coordination on the IVV. It is not yet evi-
dent which phasing between the legs and arms is optimal in breaststroke. Considering that low
IVV are more efficient and that elite swimmers generally have lower IVV at specified speeds,
determining the phase relation with the lowest IVV at a given speed, and training swimmers to
coordinate their leg-arm coordination correspondingly, can help in optimizing the breast-
stroke performance. The modification of the phase relation of the leg and arm movements
within the breaststroke might be achieved by a double-tone acoustic pacing signal. Inspired by
more basic coordination dynamics studies examining acoustic pacing as a means to stabilize
coordination [16, 17] and modulate the execution of cyclic movements [18-20], acoustic pac-
ing for guiding cyclic movements has been employed to stabilize cadence in running and to
effectively modulate stepping frequency and stepping phase of walking [21, 22]. Acoustic pac-
ing in swimming has already been used as an accurate method to pace swim speed, in the
sense that sounds at regular time intervals had to coincide with the swimmer progressing a cer-
tain distance [23]. It has also been used to constrain the stroke rate, in order to stabilize and
slightly change the motor organization of swimmers in time to exhaustion tests [24, 25]. Fur-
thermore, adding constraints (by instruction), for example about the glide duration, seemed a
fruitful way to access the coordination adaptability. Finally, it has been concluded that the self-
selected glide pattern showed less IVV and energy costs [26, 27]. Whether acoustic pacing can
be used to modify the phase relation between leg and arm movements is still unknown.

The research questions for this study were thus twofold, namely:

PLOS ONE | https://doi.org/10.1371/journal.pone.0186160 October 12, 2017 3/13


https://doi.org/10.1371/journal.pone.0186160

@° PLOS | ONE

Pacing the phasing in breaststroke swimming

o Can the phase relation between leg and arm movements within the breaststroke cycle be
influenced using acoustic pacing while keeping the average swimming speed constant?

« And, if so, how do the imposed changes in the leg-arm coordination affect the intra-cyclic
velocity variability?

Method
Participants

Twelve female and fourteen male swimmers, competing at the Dutch regional level or higher
over at least the past four years, volunteered to participate in this study. Participants were

20.0 + 3.3 years of age (mean + standard deviation), 177.9 + 8.5 cm tall, weighed 71.0 + 10.6
kg, had 10.9 + 3.8 years of experience and practised 5.4 + 4.1 hours per week. Their personal
bests on the 50 m breaststroke were 40.8 + 3.8 s for the women and 35.1 + 3.4 s for the men.
All participants were healthy and had no injury, because this could have influenced swimming
technique. Prior to the experiment, participants gave their written informed consent. The
study was approved by the ethics committee of the Faculty of Behavioural and Movement Sci-
ences of the Vrije Universiteit Amsterdam.

Apparatus

The experiment was performed in the 50 m indoor training pool of the Tongelreep in Eindho-
ven, the Netherlands. During all trials, participants wore an underwater MP3-player (FINIS,
Neptune) attached to their swimming goggle, transmitting the sound through bone conduc-
tion. Via this MP3-player a double-toned metronome beat was presented to prescribe the
stroke frequency and the required phase relation (¢) between leg and arm movements. The
beat for the onset of arm propulsion and onset of leg propulsion was identified by a high and
low tone, respectively. The time interval between similarly pitched beeps was kept constant,
corresponding to one’s preferred stroke frequency. However, the time interval between the
high and low pitched beeps was varied to impose the following arm-leg phase relations: ¢ = 90,
135, 180, 225 and 270°. These double-toned metronome beeps were generated in Matlab
(Mathworks release 2012a) for each individual swimmer.

Three cameras (Basler, sc1400gc, 50 fps, resolution: 788 x 524) positioned at 35, 40 and 45
m from the beginning of the lane, at a depth of 0.55 m in the side wall of the pool, were used
for recording the swimmer’s motion in the sagittal plane (see Fig 2). The total recording range
at the level of the swimmer (in the middle of the second lane from the side wall, ~ 3.75 m)
measured 17 m, which proved to be sufficient for capturing approximately seven swimming
cycles.

A white LED light, placed at the swimmer’s hip, was used as a marker to track the horizon-
tal and vertical position and instantaneous velocity of the swimmer. Although there is a differ-
ence between the velocity profiles of the hip and the true swimming velocity (measured at the
center of gravity), the similarities for breaststroke are high and we therefore considered the hip
velocity as a good estimate of the forward velocity profile [28, 29]. The position and velocity
data were obtained using an automated tracking algorithm (in-house code in Matlab: devel-
oped by J. van Houwelingen, A.P.C. Holten (TU Eindhoven)). Sometimes there were indica-
tions of marker occlusions at the edge of the camera view. Due to overlapping views of the
camera, the data were often not interrupted at relevant points. If data were interrupted, the
affected stroke could be skipped during the analysis. Innosportlab de Tongelreep made avail-
able the calibration of the cameras for post-processing the data. On average 7 + 2 stroke cycles
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Fig 2. Setup for velocity tracking of the LED marker. Top view of the swimming pool with the synchronized
cameras placed in the side wall of the pool. The cameras (at 35, 40 and 45 m) recorded the swimmer’s
motion, using a LED marker on the hip.

https://doi.org/10.1371/journal.pone.0186160.9002

were averaged to obtain the mean velocity profile. An example of an averaged velocity profile
of a single participant obtained with this tracking algorithm was provided in Fig 1. As the
application of the calibration required a selection of the vertical plane of interest parallel to the
side of the pool (here chosen half-way the second lane at 3.75 m), deviations of the LED
marker from this plane resulted in a small error in the velocity signal. However, since the IVV
is a normalized quantity the effect on the final result is very limited.

A stopwatch (Elite sports) was used to measure lap times.

Protocol

Prior to the experiment, participants did an individual warming up in the water. After the
warm-up participants were instructed to swim 50 m breaststroke at maximal pace. 70% of this
maximal velocity was determined as the exertion level for the remainder of the experiment, a
pace that is commonly used in technique training. As a baseline test, participants were
instructed to swim 50 m breaststroke at 70% of their maximal velocity. The preferred phase
relation (¢,) and stroke frequency could be determined from this trial, as well as an indication
for the lap time at the associated exertion level. The preferred stroke frequency was used for
generating the metronome beats for the experimental trials. Next, the participants were
instructed to practice the synchronization of the leg and arm movements to the metronome
beats for two times 50 m (¢; = 160 and 230°) at 70% of their maximal speed. Specifically, they
were asked to synchronize their arm propulsion with the high tone and their leg propulsion
with the low tone. These trials were excluded from the analysis.

For the experimental trials the participants were instructed to swim ten trials of 50 m
breaststroke at a constant speed corresponding to 70% of the maximal velocity. Five different
phase relations (¢);), ranging from 90 to 270° in increments of 45°, were imposed in random-
ized order. Each ¢; was imposed twice in succession. The first trial associated with each pacing
regime experienced was treated as a practice trial, which was not used in the analysis. The par-
ticipants did not receive prior information about the ¢; during the trials. In the end, the partic-
ipants were instructed to swim a final trial at 70% of their maximal velocity, without acoustic
pacing.
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Directly after each trial, the participants were asked to indicate how fatigued they felt, i.e.
rate of perceived exertion (RPE), and how difficult the imposed phase relation (Dg) was, both
assessed using a Borg scale [30]. Between trials they rested for a couple of minutes while they
were informed about their lap time.

Data analysis

After capturing the position data in pixels for each camera using the tracking algorithm (see
supplementary material for an exemplary video, S1 Movie), the data were converted to world
coordinates in meters (m) using the calibration, differentiated to obtain the instantaneous
velocity (in m/s) and combined into a single velocity array. Single stroke cycles were selected
by manually selecting the area of characteristic peaks within the velocity profile. Peaks were
then automatically picked using the local minimum. Stroke cycles were time-normalized in
order to obtain a mean velocity profile per trial. The phase relation ¢ and the intra-cyclic veloc-
ity fluctuations IVV were determined from this mean velocity profile, by determining the char-
acteristic points as indicated in Eqs (3) and (2) similar to the peak picking criteria for single
stroke cycles. The intra-individual standard deviation o4 was determined by taking the stan-
dard deviation over the ¢ over all strokes in a trial. The average velocity v was calculated based
on the position and time of the start of the first stroke cycle and finish of the last stroke within
the camera view.

Statistical analysis

The effect of imposed phasing (5 levels: ¢; = 90, 135, 180, 225, 270°) on the mean executed
phase relation (¢,), the intra-individual standard deviation of the executed phase relation over
the included swimming cycles (o), intra-cyclic velocity fluctuations (IVV), mean swimming
velocity (v), rate of perceived exertion (RPE) and rate of perceive difficulty (D4) was examined.
All statistical tests were conducted in IBM SPSS statistics 23. Values are given as (inter-individ-
ual) mean + standard deviation. The effects were considered significant at p < 0.05. The @,, o4,
IVV and ¥ were examined using a 1 x 5 analysis of variance (ANOV A) with repeated measures.
Effect sizes are represented as partial eta squared values (17;2,) and were considered low, moder-
ate and high for 1) ~ 0.02, 0.13 and 0.26 respectively. When the sphericity assumption was
violated, the degrees of freedom were adjusted using the Greenhouse-Geisser adjustment (if

€ < 0.75) or the Huyn-Feldt adjustment (if € > 0.75). For analysing the pairwise comparison
within different conditions a Bonferroni adjustment was applied. Because of their ordinal
scale, the subjective ratings of the Borg scales (score 6-20) were examined using a non-
parametric Friedman test. When the Borg scales varied significantly over the conditions, Wil-
coxon-signed-rank tests were conducted to compare differences between conditions. A Bon-
ferroni correction was applied to correct for the number of tests and for potential false-
negative outcomes (p < 0.005). The outcomes of unpaced trials before and after the block of
paced trials were compared with dependent ¢-tests.

Results

In Table 1 the statistical effects of the dependent variables are summarized.

In Table 2 the results of the comparison of the baseline and final trial are summarized.

All dependent variables were significantly affected by the imposed phase relation ¢; as
shown in Table 1. The results of the dependent variables are presented later in this section.

In Fig 3a the means of the executed phase relation ¢, per ¢; are shown. The dashed horizon-

tal line with shaded area shows the mean preferred phase relation (ESP = 205.2 £ 27.0°
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Table 1. Summary of the statistical results. On the left side the results of the ANOVAs and on the right side the results of the non-parametric Friedman
tests executed on the dependent variables as function of the imposed phase relation ¢;.

Dependent variable F p A P p
3. F(1.857, 46.431) = 52.989 10.001 0.679 RPE 22(4) = 26.579 10.001
0, F(2.670, 66.749) = 3.985 <0.05 0.137 D, 22(4) = 48.685 10.001
v F(2.457, 61.435) = 25.461 10.001 0.505
vv F(1.993, 49.832) = 16.902 j0.001 0.403

abbreviations: ¢, = mean executed phase relation ¢,, 0,4 = intra-individual standard deviation of ¢, V = mean velocity, /VV = intra-cyclic velocity fluctuations,
RPE = rate of perceived exertion, D = rate of perceived difficulty

https://doi.org/10.1371/journal.pone.0186160.t001

resulting from the unpaced baseline trial. The dashed diagonal represents the line of identity,
where ¢, equals ¢;. To illustrate the effect of imposing phase relations with acoustic pacing, Fig
3c shows the mean velocity profile of a participant for three conditions. The velocity profile is
clearly affected by ¢;, and therewith #; 4 and ¢..

A post-hoc test showed all ¢,’s differed significantly from each other, indicating a signifi-
cant increase with ¢;. As can be appreciated from Fig 3a, the participants’ leg-arm coordination
deviated from the imposed phase relations for all but ¢; = 180°, where ¢, was 182.4 + 19.1°,
with larger deviations for ¢, further away from 180°. Post-hoc analyses for the intra-individual
standard deviation o (a measure for the variation of ¢, over stroke cycles of an individual, see
Fig 3b) revealed that o, was significantly larger for ¢; = 90° (14.3", p < 0.05) compared to ¢; =
180°. Paired-samples ¢-tests for the two unpaced conditions showed that the preferred phase
relation ¢ , of the baseline trial (205.2 +27.0%) differed significantly from that of the final trial
(195.9 £23.2°: #(25) = 4.065, p = 0.000).

Fig 4a shows the results of the mean velocity ¥ per ¢;. In the conditions with ¢; = 90° and
135° v was significantly lower compared to the mean velocities in the other conditions
p < 0.01 and p < 0.05, respectively, which were not significantly different from each other.

In Fig 4b the results of the mean IVV are depicted. Post-hoc tests showed that IVV for ¢; =
225 and 270° were significantly higher than ¢; = 90° (p < 0.05 and p < 0.01, respectively), ¢; =
135° (p < 0.01 and p = 0.000, respectively) and ¢, = 180° (p = 0.000 and p = 0.000, respectively).
All other pair-wise comparisons were not significant.

In Fig 4c the results of the rate of perceived exertion RPE, expressed in a mean Borg score,
are shown. The post-hoc test showed that the RPE for the ¢; = 90° condition compared to 180°
(p < 0.005) and 90° compared to 225° (p < 0.005) were significantly different from each other.
Opverall, the participants found the condition ¢; = 90° (12.12) the most exerting and the condi-
tions ¢; = 180° (9.65) and 225° (9.96) the least exerting.

Table 2. Results of the unpaced trials. Mean values and standard deviations, as well as the outcome of the dependent t-test of the baseline and final trial
are given.

Dependent variable Baseline Final t p
b, 205.2+27.0 195.9+23.2 (25) = 4.065 j0.001
v 0.94 +0.08 0.93+0.10 (25) = 1.008 0.323
v 1.68+0.19 1.70+0.21 f(25) = -0.968 0.342
RPE 9.50+1.50 9.69+2.22 f(25) = -0.680 0.503

abbreviations: ép = mean preferred phase relation ¢,, v = mean velocity, /VV = intra-cyclic velocity fluctuations, RPE = rate of perceived exertion

https://doi.org/10.1371/journal.pone.0186160.t002
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Lastly, the results of the rate of perceived difficulty Dy, expressed in a mean Borg score, are
depicted in Fig 4d. Following the result of the post-hoc test, Dy for all conditions were signifi-
cantly different from each other (p < 0.005), except for the comparisons between the condi-
tions ¢; = 135° and 270°, between 180° and 225° and between 180° and 270°, indicative of a
parabolic relation with a minimum close to ¢,. The participants found ¢; = 90° significantly
more difficult (14.44) to perform than all other ¢;.
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Discussion

The aim of this study was twofold. First of all, it was determined whether the participants were
able to adjust their leg-arm coordination to acoustically imposed phase relations ¢,. Based on

the results (Table 1 and Fig 3), it can be concluded that the executed phase relations ¢, were

significantly affected by acoustic pacing, and that ¢, increased with increasing ¢;. Participants
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adhered to the ¢; = 180°, which was close to participants’ self-selected leg-arm coordination
¢y as observed in the two unpaced trials.

However, participants did not succeed in reproducing imposed leg-arm coordinations
other than 180°, presumably due to a competition between following the imposed pattern and
maintaining the participant’s preferred leg-arm coordination. Since the latter type of coordina-
tion stems from the interplay between neural (e.g., different central pattern generators) and
biomechanical constraints (e.g., different eigenfrequencies of leg and arm movements), it is
understandable that such a competition may occur, especially when large deviations are
imposed. This was indeed the case for ¢; = 90°, with an imposed pattern deviating most from
the participant’s self-selected leg-arm coordination, for which o was significantly larger sug-
gesting less stable leg-arm coordination. Correspondingly, the participants’ rating of perceived
difficulty Dy, (Fig 4d) was significantly higher for ¢; = 90° than for all other conditions.

The second aim was to examine if imposed changes in leg-arm coordination affected intra-
cyclic velocity fluctuations (IVV). Since IVV is dependent on the average swimming velocity ¥
[11], it is imperative for a proper comparison of the data that ¥ remains constant across condi-
tions. This requirement was not met for ¢; = 90 and 135°, where ¥ was significantly lower than
in the three other conditions (Fig 4a). Therefore, the interpretation of the effect of ¢ on IVV
will be restricted to the ¢; = 180, 225 and 270" conditions. For these conditions, the IVV for ¢,
= 180" was significantly lower than those for ¢; = 225 and 270" (Fig 4b). Based on the theoreti-
cal assumption that propelling efficiency might be enhanced by reducing IVV at a given swim-
ming velocity, it can be concluded that swimming with a ¢ around 180° is optimal (i.e. among
the examined conditions complying to the velocity requirement).

Note that in the present study the most efficient imposed phase relation was close to the
participants’ self-selected ¢, observed in the unpaced trials. This is consistent with the findings
of Seifert et al. [26, 27], who observed that the self-selected glide pattern resulted in the lowest
IVV. Does this imply that our participants already attained the most efficient leg-arm coordi-
nation? Although the results of the ratings of perceived exertion and difficulty (Fig 4) point in
that direction, the significant difference in self-selected leg-arm coordination between the
baseline and final unpaced trials is worth mentioning. That is, at baseline, participants’ self-
selected leg-arm coordination was 205.2°. After executing different acoustically imposed leg-
arm coordination patterns, participants changed their self-selected leg-arm coordination to
195.9°, that is, closer to the ¢; = 180° for which we observed the lowest IVV. However, no sig-
nificant effect was observed for ¥, IVV and RPE) (Table 2). This immediate learning effect may
be related to the concept of differential learning [31]. According to this notion, motor learning
benefits from invoking larger than usual variations in task execution during practice allowing
the actor to experience the differences among operating in different parts of the coordinative
work space in order to help discover optimal solutions. Such variations may be brought about
through task instructions or by manipulating organismic and/or environmental constraints
(e.g., fatigue, or the surface or medium). Likewise, acoustic pacing of the leg-arm phasing may
be exploited to expose the swimmer to different leg-arm coordination patterns, providing
essential information to a swimmer about the manner in which the breaststroke can be per-
formed best. Given the emphasis on drills in current swim training, it would be interesting to
explore this possibility in greater detail in future work, along with imposed variations in fre-
quency and speed.

In this study, a fairly wide range of ¢ was explored. For a follow-up study it is recommended
to vary ¢; in the direct vicinity of ¢, and to use smaller increments of ¢; to determine the opti-
mal ¢. Moreover, it is recommended to pace the velocity (using visual feedback) to gain a bet-
ter control over the velocity throughout the different trials. In the present study the swimmers
were examined while swimming at 70% of their maximal velocity, a pace that is commonly
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used in technique training. Note that IVV are highly dependent on v [10, 11]. In contrast to
previous studies [11], we found that the IVV were lower for slower velocities (in the ¢; = 90
and 135° conditions). This might be explained by the particulars of our study, in which a tech-
nique variation was acoustically imposed, whereas previous studies allowed participants to
swim at different velocities without stroke constraints. It would be of interest to examine the
effects of acoustic pacing on propelling efficiency when swimming at different paces (e.g. race
pace). The same holds for the level of expertise of the swimmer.

The velocity profile is a result of the propulsive actions of the legs and arms. Throughout
this study it is assumed that the onset of the propulsive actions of the legs and arms coincides
with the minima indicated in Fig 1, on the basis of which we determined the executed leg-arm
coordination (Eq 2). We did not quantify auditory-motor coordination [21], as this requires
knowledge about beat onsets in relation to the velocity profile, which was not available since
the measurement devices were not synchronized. Nevertheless, the key finding of our study
stands, i.e. leg-arm coordination and thereby IVV can be readily modulated using acoustic
pacing.

Conclusion

Within certain margins, breaststroke swimmers can adjust the phase relation between their leg
and arm movements to an acoustically prescribed phase relation ¢. It was not possible to draw
a clear-cut conclusion about the optimal ¢ regarding intra-cyclic velocity fluctuations, because
the average velocity varied significantly over pacing conditions, with slower velocities for
imposed phase relations of 90 and 135°. The average swimming velocity did not differ for
imposed phase relations of 180, 225 and 270°, with the former being the most efficient coordi-
nation among the studied patterns, yielding significantly lower IVV. Exposure to different leg-
arm coordination with pacing resulted in a change in participants self-selected leg-arm coordi-
nation towards the most efficient pattern in a subsequent unpaced condition, suggesting that
pacing the phasing may be a fruitful entry point for coaches in discovering optimal swimming
techniques.

Supporting information

S1 Movie. An exemplary movie of the automated tracking algorithm.
(MP4)

S1 File. Datasheet used for the statistical analysis.
(SAV)

S1 Archive. Zip-file with tracking data.
(Z1P)

Acknowledgments

This project was supported by the STW (‘Stichting Technische Wetenschappen’) research pro-
gram Sport (project #12868). Thanks go to Innosportlab de Tongelreep for providing the facili-
ties for the experiments.

Author Contributions
Conceptualization: Josje van Houwelingen, Melvyn Roerdink, Peter J. Beek.

Data curation: Josje van Houwelingen, Alja V. Huibers, Lotte L. W. Evers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186160 October 12, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186160.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186160.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186160.s003
https://doi.org/10.1371/journal.pone.0186160

@° PLOS | ONE

Pacing the phasing in breaststroke swimming

Formal analysis: Josje van Houwelingen, Alja V. Huibers, Lotte L. W. Evers.
Funding acquisition: Peter ]. Beek.

Investigation: Josje van Houwelingen, Melvyn Roerdink, Alja V. Huibers, Lotte L. W. Evers,
Peter J. Beek.

Methodology: Josje van Houwelingen, Melvyn Roerdink, Alja V. Huibers, Lotte L. W. Evers,
Peter J. Beek.

Project administration: Josje van Houwelingen, Alja V. Huibers, Lotte L. W. Evers.
Software: Josje van Houwelingen.
Supervision: Josje van Houwelingen, Melvyn Roerdink, Peter J. Beek.

Validation: Josje van Houwelingen, Melvyn Roerdink, Alja V. Huibers, Lotte L. W. Evers,
Peter J. Beek.

Visualization: Josje van Houwelingen.
Writing - original draft: Josje van Houwelingen.

Writing - review & editing: Josje van Houwelingen, Melvyn Roerdink, Peter J. Beek.

References

1. Barbosa TM, Bragada JA, Reis VM, Marinho DA, Carvalho C, Silva AJ. Energetics and biomechanics
as determining factors of swimming performance: updating the state of the art. Journal of Science and
Medicine in Sport. 2010; 13(2):262-269. https://doi.org/10.1016/j.jsams.2009.01.003 PMID: 19409842

2. Toussaint HM, Beek PJ. Biomechanics of competitive front crawl swimming. Sports medicine. 1992; 13
(1):8—24. https://doi.org/10.2165/00007256-199213010-00002 PMID: 1553457

3. Nigg B. Selected methodology in biomechanics with respect to swimming. Biomechanics and Medicine
in Swimming. 1983; p. 72-80.

4. Vilas-Boas JP. Speed fluctuations and energy cost of different breaststroke kinematic variables in
national and elite male and female 100-m and 200-m breaststroke swimmers. Journal of Sports Sci-
ences. 1996; 18(6):421—443.

5. Barbosa TM, Keskinen KL, Fernandes R, Colaco P, Lima AB, Vilas-Boas JP. Energy cost and intracyc-
lic variation of the velocity of the centre of mass in butterfly stroke. European Journal of Applied Physiol-
ogy. 2005; 93(5-6):519-523. https://doi.org/10.1007/s00421-004-1251-x PMID: 15605282

6. Barbosa TM, Marinho DA, Costa MJ, Silva AJ. Biomechanics of competitive swimming strokes. InTech;
2011.

7. Barbosa TM, Fernandes RJ, Keskinen KL, Colago P, Cardoso C, Silva J, et al. Evaluation of the energy
expenditure in competitive swimming strokes. International Journal of Sports Medicine. 2006; 27
(11):894-899. https://doi.org/10.1055/s-2006-923776 PMID: 16612740

8. Holmér I. Analysis of acceleration as a measure of swimming proficiency. Swimming lIl. 1979; p. 118—
124.

9. Chollet D, Seifert L, Leblanc H, Boulesteix L, Carter M. Evaluation of arm-leg coordination in flat breast-
stroke. International Journal of Sports Medicine. 2004; 25(7):486—495. https://doi.org/10.1055/s-2004-
820943 PMID: 15459828

10. LeblancH, Seifert L, Trouny-Chollet C, Chollet D. Intra-cyclic distance per stroke phase, velocity fluctu-
ations and acceleration time ratio of a breaststroker’s hip: A comparison between elite and nonelite
swimmers at different race paces. International Journal of Sports Medicine. 2007; 28:140-147. https://
doi.org/10.1055/s-2006-924205 PMID: 16835822

11. Komar J, Sanders RH, Chollet D, Seifert L. Do qualitative changes in inter-limb coordination lead to
effectiveness of aquatic locomotion rather than efficiency. Journal of Applied Biomechanics. 2014; 30
(2):189-196. hitps://doi.org/10.1123/jab.2013-0073 PMID: 23878208

12. ColmanV, Persyn U, Daly D, Stijnen V. A comparison of the intra-cyclic velocity variation in breast-
stroke swimmers with flat and undulating styles. Journal of Sports Sciences. 1998; 16(7):653—665.
https://doi.org/10.1080/026404198366461

PLOS ONE | https://doi.org/10.1371/journal.pone.0186160 October 12, 2017 12/13


https://doi.org/10.1016/j.jsams.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19409842
https://doi.org/10.2165/00007256-199213010-00002
http://www.ncbi.nlm.nih.gov/pubmed/1553457
https://doi.org/10.1007/s00421-004-1251-x
http://www.ncbi.nlm.nih.gov/pubmed/15605282
https://doi.org/10.1055/s-2006-923776
http://www.ncbi.nlm.nih.gov/pubmed/16612740
https://doi.org/10.1055/s-2004-820943
https://doi.org/10.1055/s-2004-820943
http://www.ncbi.nlm.nih.gov/pubmed/15459828
https://doi.org/10.1055/s-2006-924205
https://doi.org/10.1055/s-2006-924205
http://www.ncbi.nlm.nih.gov/pubmed/16835822
https://doi.org/10.1123/jab.2013-0073
http://www.ncbi.nlm.nih.gov/pubmed/23878208
https://doi.org/10.1080/026404198366461
https://doi.org/10.1371/journal.pone.0186160

@° PLOS | ONE

Pacing the phasing in breaststroke swimming

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

Takagi H, Sugimoto S, Nishijima N, Wilson B. Swimming: Differences in stroke phases, arm-leg coordi-
nation and velocity fluctuation due to event, gender and performance level in breaststroke. Sports Bio-
mechanics. 2004; 3(1):15-27. https://doi.org/10.1080/14763140408522827

Leblanc H, Seifert L, Chollet D. Arm-leg coordination in recreational and competitive breaststroke swim-
mers. Journal of Science and Medicine in Sport. 2009; 12(3):352—-356. https://doi.org/10.1016/j.jsams.
2008.01.001 PMID: 18358780

Manley PK, Atha J. Intra-stroke velocity fluctuations in paced breaststroke swimming. Biomechanics
and Medicine in Swimming Vi. 1992; p. 151-160.

Fink PW, Foo P, Jirsa VK, Kelso JAS. Local and global stabilization of coordination by sensory informa-
tion. Experimental Brain Research. 2000; 134:9-20. https://doi.org/10.1007/s002210000439 PMID:
11026721

Kudo K, Park H, Kay BA, Turvey MT. Environmental coupling modulates the attractors of rhythmic coor-
dination. Journal of Experimental Psychology: Human Perception and Performance. 2006; 23(3):599—
609.

Balasubramaniam R, Wing DA A M. Keeping with the beat: movement trajectories contribute to move-
ment timing. Experimental Brain Research. 2004; 159:129-134. PMID: 15365663

Kelso JAS, DelColle JD, Schéner G. Action-perception as a pattern formation process. In: Attention and
Performance XllI: Motor Representation and Control, edited by Jeannerod M., N.J. Hillsdale: Erlbaum;
1990. p. 139-169.

Roerdink M, Ridderikhoff A, Peper CE, Beek PJ. Informational and neuromuscular contributions to
anchoring in rhythmic wrist cycling. Annuals of Biomedical Engineering. 2013; 41(8):1726—1739.
https://doi.org/10.1007/s10439-012-0680-7

Roerdink M, Bank PJM, Peper CLE, Beek PJ. Walking to the beat of different drums: Practical implica-
tions for the use of acoustic rhythms in gait rehabilitation. Gait & Posture. 2011; 33(4):690-694. https:/
doi.org/10.1016/j.gaitpost.2011.03.001

Bood RJ, Nijssen M, van der Kamp J, Roerdink M. The power of auditory-motor synchronization in
Sports: Enhancing running performance by coupling cadence with the right beats. PloS One. 2013; 8
(8):€70758. https://doi.org/10.1371/journal.pone.0070758 PMID: 23951000

Thompson KG, MacLaren DPM, Lees A, Atkinson G. Accuracy of pacing during breaststroke swimming
using a novel pacing device, the Aquapacer™. Journal of Sports Sciences. 2002; 20(7):537-546.
https://doi.org/10.1080/026404102760000044 PMID: 12166880

Alberty MR, Potdevin FP, Dekerle J, Pelayo PP, Gorce P, Sidney MC. Changes in swimming technique
during time to exhaustion at freely chosen and controlled stroke rates. Journal of Sports Sciences.
2008; 26(11):1191-1200. https://doi.org/10.1080/026404 10801974984 PMID: 18608844

Alberty MR, Potdevin FP, Dekerle J, Pelayo PP, Sidney MC. Effect of stroke rate reduction on swim-
ming technique during paced exercise. The Journal of Strength & Conditioning Research. 2011; 25
(2):392-397. https://doi.org/10.1519/JSC.0b013e3181b94a51

Seifert L, Komar J, Crettenand F, Dadashi F, Aminian K, Millet GP. Inter-limb coordination and energy
cost in swimming. Journal of Science and Medicine in Sport. 2014; 17(4):439—-444. https://doi.org/10.
1016/j.jsams.2013.07.003 PMID: 23932428

Seifert L, Komar J, Crettenand F, Millet GP. Coordination Pattern Adaptability: Energy Cost of Degener-
ate Behaviors. PloS One. 2014; 9(9):e107839. https://doi.org/10.1371/journal.pone.0107839 PMID:
25255016

Maglischo CW, Maglischo EW, Santos TR. The relationship between the forward velocity of the center
of gravity and the forward velocity of the hip in the four competitive strokes. Journal of Swimming
Research. 1987; 3(2):11-17.

Costill DL, Lee G, D’Acquisto L. Video-computer assisted analysis of swimming technique. Journal of
Swimming Research. 1987; 3(2):5-9.

Borg G. Borg’s perceived exertion and pain scales. Human kinetics; 1998.

Schollhorn W, Beckmann H, Davids KW. Exploiting system fluctuations. Differential training in physical

prevention and rehabilitation programs for health and exercise. Medicina (Kaunas). 2010; 46(6):365—
373.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186160 October 12, 2017 13/13


https://doi.org/10.1080/14763140408522827
https://doi.org/10.1016/j.jsams.2008.01.001
https://doi.org/10.1016/j.jsams.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18358780
https://doi.org/10.1007/s002210000439
http://www.ncbi.nlm.nih.gov/pubmed/11026721
http://www.ncbi.nlm.nih.gov/pubmed/15365663
https://doi.org/10.1007/s10439-012-0680-7
https://doi.org/10.1016/j.gaitpost.2011.03.001
https://doi.org/10.1016/j.gaitpost.2011.03.001
https://doi.org/10.1371/journal.pone.0070758
http://www.ncbi.nlm.nih.gov/pubmed/23951000
https://doi.org/10.1080/026404102760000044
http://www.ncbi.nlm.nih.gov/pubmed/12166880
https://doi.org/10.1080/02640410801974984
http://www.ncbi.nlm.nih.gov/pubmed/18608844
https://doi.org/10.1519/JSC.0b013e3181b94a51
https://doi.org/10.1016/j.jsams.2013.07.003
https://doi.org/10.1016/j.jsams.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23932428
https://doi.org/10.1371/journal.pone.0107839
http://www.ncbi.nlm.nih.gov/pubmed/25255016
https://doi.org/10.1371/journal.pone.0186160

