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Abstract: Despite the increasing importance of the underwater segment of start and turns in com-
petition and its positive influence on the subsequent surface swimming, there is no evidence on
how the transition from underwater to surface swimming should be performed. Therefore, the aim
of the present study was to examine the role of segmental, kinematic and coordinative parameters
on the swimming velocity during the pre-transition and transition phases. A total of 30 national
male swimmers performed 4 x 25 m (one each stroke) from a push start at maximum velocity while
recorded from a lateral view by two sequential cameras (50 Hz), and their kinematic and coordinative
swimming parameters were calculated by means of two-dimensional direct linear transformation
(DLT) algorithms. Unlike pre-transition, backward regression analysis of transition significantly
predicted swimming velocity in all strokes except breaststroke (R? ranging from 0.263 in front crawl
to 0.364 in butterfly). The inter-limb coordination was a predictor in butterfly stroke (p = 0.006),
whereas the body depth and inclination were predictors in the alternate strokes (front crawl (p = 0.05)
and backstroke (p = 0.04)). These results suggest that the body position and coordinative swimming
parameters (apart from kicking or stroking rate and length) have an important influence on the
transition performance, which depends on the swimming strokes.

Keywords: kinematics; inter-limb coordination; performance; direct linear transformation

1. Introduction

In the last few years, the importance of the underwater segment of the start and
turns in swimming competitions has increased both quantitatively and qualitatively. The
contribution of underwater swimming to the total race distances has considerably increased
over the last 20 years [1] and elite swimmers now spend between 15 and 25% of the 100 m
race distances underwater [2]. Additionally, swimmers achieving the fastest underwater
velocities (especially on 100 m events) or the longest underwater distances (on 200 m events)
have a critical advantage on their performances during World Championships [3]. The
lower drag resistance experienced by swimmers underwater [4] as well as the improvement
on the undulatory techniques [5], allow swimming competitors to achieve the fastest race
velocities and to prioritize these segments over the mid-pool swimming techniques.

The benefits of the underwater swimming for competitive swimmers also include a
transfer of momentum to the subsequent surface swimming during starts and turns [2].
Elite swimmers exhibited 5-10% faster swimming velocities after the start emersion com-
pared to mid-pool swimming, with small increases of both stroke rate (SR) and length
(SL) [2]. After the turn, those swimmers achieving the longest underwater distances
(backstroke and butterfly) also obtained 5-6% faster velocities at emersion compared to
mid-pool [2]. This positive impact of underwater on surface swimming can be achieved if a
correct transition from underwater (the so-called breakout) is performed. Swimmers must
restart their arm propulsion at this point and they no longer maintain the hydrodynamic
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position they adopt during underwater kicking [6]. While doing so, they must optimize
the stroke timing in order to finish the arm pull (and begin their aerial recovery) when
the head reaches the water surface. Additionally, in this phase, swimmers change location
(from fully submerged to emerged at water surface) that could have implications on active
drag [7], associated with an increase in wave drag [8]. The simultaneous (butterfly and
breaststroke) or alternate (front crawl and backstroke) arm stroke techniques, the supine
(backstroke) or prone (front crawl, butterfly and breaststroke) body position and the begin-
ning of the flutter kick versus the undulatory kick [5] are other constraints that swimmers
must handle in this phase.

In relation to the beginning of arm propulsion, previous studies have quantified the
inter-limb coordination by measuring the time gap between the propulsive actions of
arms and/or legs. Chollet et al. [9] found positive correlations between shorter inter-limb
time gaps and the free-swimming velocity, although dependent on the swimmer skill [10],
stroke [11], gender [12] and the use of added resistance [13]. For the swimmers’” body
positions, both body inclination and body depth have been examined as the different
locations of the centre of mass and centre of flotation cause an active rotational torque,
which influences the body projected frontal area [14]. An increased body angle has been
negatively correlated with swimming underwater velocity [15] and surface velocity [16]
due to increased projected area and, therefore, frontal drag [17,18]. On the other hand, body
depth has been correlated positively with underwater velocity [19] due to decreased swim-
ming resistance [20,21]. Finally, for the underwater kicking, Arellano and colleagues [22,23]
indicated that the underwater undulatory swimming (UUS) velocity is dependent on
kicking kinematics (i.e., kicking rate, amplitude, and length (distance per kick)), the kicking
rate being the most important parameter. When competitive swimmers begin the first
UUS cycle underwater, they are located at relatively greater depth (—0.92 m from wa-
ter surface) [24] and display greater kicking rate and amplitude compared to the end of
underwater swimming [25].

Although these kinematic parameters have been examined in the mid-pool swimming
or in the underwater undulatory kicking phases, no information about their role in the
transition from underwater to surface swimming has been explored as yet. For example, it
is unknown whether great depth could be beneficial during transition given that it would
require greater body angles (i.e., higher active drag) to reach water surface in a relatively
restricted distance. Therefore, the aim of the present study was to examine the role of the
segmental, kinematic and coordinative parameters on the swimming velocity during the
pre-transition and transition phases of the push start. Considering the positive influence
of underwater on the subsequent surface swimming, it could be expected that swimmers
would decrease the time gaps between the propulsive arm actions, would minimize body
inclinations and would maximize USS velocity for faster transitioning velocity.

2. Materials and Methods
2.1. Participants

A total of thirty national level male swimmers (16.80 =+ 1.44 years, 1.73 = 0.05 m and
64.56 £ 6.78 kg) with a personal best time in the 100 m front crawl, backstroke, butterfly
or breaststroke events within the 85% of world record (86.03 + 2.34%), volunteered to
participate in this study. Inclusion criteria for the experiment comprised a continuous
attendance to the training sessions (9 in water sessions per week) as well as the absence of
a major injury in the last three months before the experiment. The participants (>18 years)
or their legal guardians (<18 years) signed a written consent document to participate in
the study that was approved by the local Ethics Committee (number 45/2018) and in
accordance with the Declaration of Helsinki [26].

2.2. Procedure

Swimming tests took place from 09:00 h until 14:00 h in a 50 x 25 m pool heated
to 28° C and with 65% humidity. Participants maintained their usual training routine in
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the previous days before data collection and were asked to avoid physical activities (that
were not related to swimming practice) at least 24 h before every session. Additionally,
the participants were asked to avoid heavy food consumption and energy drinks at least
3—4 h before each test session. In a longitudinal lane of a pool, swimmers performed four
repetitions (one of each stroke in a random order) of 25 m at their maximal velocity from
a push start and with a 3 min rest between them. The push start consisted of swimmers
pushing off the wall in-water from an initial position where one arm was in contact with
the starting wall and the other arm was in-water. Swimmers were instructed to start with
their feet at approximately one meter below the water surface and to push off the wall
at the level of the feet to minimize the effect of wave drag [27]. Prior to the trials, black
joint markers of round shape and made of waterproof adhesive tape (diameter 25 mm)
were attached to the wrist, shoulder, hip, knee and ankle joint centers. Then, swimmers
conducted a standardized warm-up which consisted of 10 min of warm-up activities on
dry land and 20 min (=1.0 km) in the water.

2.3. Data Acquisition and Processing

Swimmers were recorded with two cameras placed behind the underwater windows
(JVC GY-DV500E, 50 Hz, 1/1000 s) and with their optical axis perpendicular to the sagittal
plane of the swimmers. Both cameras were located 12 m at the side of the swimmers’
lane, the first camera being at 7.5 m and the second camera at 15 m from the starting wall.
Swimming recordings were manually digitized and temporally coded by an experienced
observer using biomechanical model of four points (shoulder, hip, knee and ankle). Two-
dimensional direct linear transformation (2D-DLT) algorithms [28] were employed to
transform the two dimensional screen coordinates (in pixels) to real meter coordinates. A
rectangular structure of PVC (2 m high and 5 m wide) with known coordinates located in
the swimmer s plane of movement was used for the camera’s calibration prior to recordings
in each camera view. The origin of the reference system was placed on the starting wall
of the pool at the water surface level [29], with the horizontal and vertical axes aligned
towards the starting direction and the above water direction, respectively.

The transitioning from underwater to surface swimming was divided in two phases:
(1) pre-transition—the last underwater kicking action (downward kick plus upward kick
movements, [30]) before the beginning of arm propulsion and (2) transition (breakout)—
the first complete arm stroke cycle after pre-transition (Figure 1). The pre-transition was
defined from the swimmers’ feet in the highest position (or lowest position in backstroke),
whereas the transition phase was defined from the swimmers” hands separation to the first
or second water entry, respectively, for the butterfly or alternate strokes. In breaststroke,
both pre-transition and transition phases were defined from the maximum flexed knee
position on the first and subsequent breaststroke kick after the underwater arm pullout.
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Figure 1. Schematic illustration of the pre-transition (a) and transition (b) phases from underwater to surface swimming.

2.4. Variables Definition

For each phase, the following kinematic parameters were calculated. In relation to
the body position: (i) trunk inclination as the angle (°) between shoulder-hip line and
horizontal, (ii) body inclination as the angle (°) between shoulder-knee and horizontal and
(iiif) body depth as vertical distance from water surface to hip position at the beginning
of pre-transition or transition phases. Both inclination parameters were obtained at the
beginning (hand separation from the hydrodynamic kicking position) and in the middle
(hand pulling on the shoulder vertical) of the arm pull and were denoted as inclination
1 and inclination 2, respectively. For the kicking parameters: (i) kick amplitude was the
vertical displacement of the ankle from the highest to the lowest position, (ii) kick length
was the horizontal displacement of the hip in an entire kick (ascending and descending)
cycle, and (iii) kick rate, as the inverse of time employed in an entire kick. For the stroking
parameters: (i) SR was considered as the inverse of the time needed to complete one full
stroke cycle, (ii) SL was the horizontal displacement of the hip during one stroke cycle and
(iii) swimming velocity the multiplication of SL and SR [31].

For the coordinative parameters, the selected events whose lag times were calculated
were adapted from previous work on the four competitive strokes [11]. Those lag times
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were then divided by the duration of the swimming cycle and multiplied by 360 degrees
in order to get discrete relative phase (DRP) angles [32]. In front crawl and backstroke,
two lag times (expressed as discrete relative phase angles) were calculated: DRP1, the
end of the propulsive action (arm exit in front crawl and arm extension in backstroke) of
the first pulling arm and the beginning of the propulsive action (arm pull) of the second
pulling arm; DRP2, the end of the propulsive action of the second pulling arm and the
beginning of the propulsive action of the third pulling arm (during the second swimming
cycle). In butterfly, four discrete relative phase angles: DRP1, the hand separation from
the streamlined position and the feet in the highest position during kick phase; DRP2, the
beginning of the arms’ pull and the feet in the lowest position in the kick cycle; DRP3,
the beginning of the arms’ push and the feet in the highest point of the kick period;
DRP4, the arms’ exit from water and the feet in the lowest position of the kick cycle.
Finally, in breaststroke four discrete relative phase angles were obtained: DRP1, the end of
leg propulsion (leg extension) and the beginning of the arm propulsion (arms’ backward
movement); DRP2, the feet together after leg extension and the beginning of arm propulsion
(arms’ backward movement); DRP3, the beginning of arm recovery (arms moving forward)
and the beginning of leg recovery (legs moving forward); DRP4, the end of arm recovery
(arms fully extended) and the end of leg recovery (legs fully flexed).

2.5. Data Analysis

After checking the normal distribution of the data by Kolmogorov—Smirnov test,
parametric statistics was applied. One-way ANOVA (stroke) was applied in order to
examine differences within the pre-transition and transition phase regarding kinematics
(velocities, lengths and frequencies) and segmental variables (body and trunk inclinations,
body depths). When main effects were identified, Bonferroni adjustments with effect sizes
(ES, as partial eta-squared values) were applied to interpret meaningful effects. Multiple
regression analysis (backward model) was used to identify the influence of body position
and coordinative parameters on the average swimming velocity. Stroking or kicking
parameters (length and rate) were not input variables for backward regression analysis
due to their direct influence on swimming or kicking velocity, respectively. In addition,
correlation coefficients (Pearson product moment correlation) were identified between
each independent variable and dependent variable (velocity). The threshold values of the
correlation coefficient that represented small, moderate, large, very large and nearly perfect
correlations were 0.1, 0.3, 0.5, 0.7 and 0.9, respectively, according to recommendations in
the literature [33]. Finally, an analysis of variance on the stroke was performed for all
kinematic and coordinative parameters. All the analysis was performed using Statistical
Package for Social Sciences (IBM SPSS for Windows, Version 20.0.; IBM Corp., Armonk,
NY, USA), arranging data by stroke (front crawl, backstroke, butterfly and breaststroke).
Data were expressed as mean =+ standard deviation with 95% confidence intervals, unless
otherwise indicated.

3. Results

Table 1 shows the kinematic parameters of competitive swimmers during pre-transition
and transition phases of the push start. In the pre-transition phase, there were no differences
on the kicking parameters of the front crawl, backstroke and butterfly strokes. However,
there was stroke effect on the body depth (F = 18.18, p = 0.000, ES = 0.31), trunk inclination
1 (F =13.06, p = 0.000, ES = 0.24), trunk inclination 2 (F = 5.82, p = 0.001, ES = 0.13) and
body inclination 1 (F = 12.71, p = 0.000, ES = 0.24). In the transition phase, differences
were observed between strokes on the SL (F = 6.03, p = 0.001, ES = 0.13) and SR (F = 54.09,
p = 0.000, ES = 0.57) values, as well as on the majority of segmental parameters: body depth
(F=39.47, p = 0.000), trunk inclination 2 (F = 17.97, p = 0.000, ES = 0.31), body inclination 1
(F=51.77, p = 0.000, ES = 0.57) and body inclination 2 (F = 8.22, p = 0.000, ES = 0.17).
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Kick amplitude
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Table 1. Segmental kinematics—mean (standard deviation)—of competitive swimmers when transit-

ing from underwater to surface swimming in all four strokes.

Front Crawl Backstroke Butterfly Breaststroke
Pre-transition
Kick length (m/cycle) 0.77 (0.12) 0.72 (0.10) 0.77 (0.12) 3.66 (0.50)
Kick rate (cycles/s) 2.15(0.31) 2.14 (0.30) 2.14 (0.35) 0.39 (0.07)
Kick amplitude (m) 0.29 (0.06) 0.27 (0.18) 0.31 (0.06) -

Body depth (m) —0.39 (0.13) —0.62 (0.22) @ —0.36(0.12) @ —0.53 (0.16) ¢
Trunk inclination 1 (°) 16.20 (5.26) 8.25(6.13) 2 16.13 (5.35) @ 10.56 (7.30) a¢
Trunk inclination 2 (°) 4.58 (3.07) 9.01 (5.22) 2 4913.57)? 7.42 (6.38)
Body inclination 1 (°) 14.31 (5.07) 6.17 (4.55) 2 13.14 (4.87) @ 9.25(8.19)
Body inclination 2 (°) 6.44 (3.96) 4.42 (3.70) 6.32 (4.50) 6.63 (5.39)

Transition

Body depth (m) —0.20 (0.11) —-0.52(0.17) @ —0.20 (0.11)@  —0.34 (0.14) 2b¢
Trunk inclination 1 (°) 9.00 (4.77) 9.02 (7.98) 9.00 (5.07) 9.80 (5.77)
Trunk inclination 2 (°) 7.45 (3.67) 12.78 (6.07) @ 14.28 (6.76) P 17.50 (6.39) b¢
Body inclination 1 (°) 11.66 (6.46) 6.37 (4.49) 2 12.62 (5.56) 2 25.26 (6.83) 2bc
Body inclination 2 (°) 9.66 (4.27) 12.98 (5.99) 11.15 (4.75) 15.42 (5.76) &

Note: a, b and ¢ superscripts denote statistical differences (p < 0.05) from first, second or third left column.

Figure 2 shows relationships of the pre-transition and transition parameters with
the average velocity of each phase. During pre-transition, average velocity was small to
moderately correlated with body depth in front crawl (r = 0.262) and butterfly (r = 0.283)
strokes, whereas no correlations (p > 0.05) were observed for the body inclination. For the
kicking variables, kick rate and kick length (but not amplitude) were moderate to largely
correlated with faster velocities in all strokes, except the backstroke kicking rate. During
transition, body inclination and body depth were negatively correlated with velocity in
backstroke whereas no relationships were observed for the remaining strokes. In this
phase, some of the coordinative parameters were moderately related to transition velocity,
indicating shorter time gaps related to faster velocities except for DRP2 in front crawl and
DRP3 in breaststroke.
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Figure 2. Relationships between the kinematic, segmental and coordination variables with average velocity of the competitive

swimmers in the pre-transition (a) and transition (b) of the push start. Note: * denotes correlations at a p < 0.05 level.
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Backward regression analysis of pre-transition phase performance revealed that the
body position parameters did not statistically predict (p > 0.05) the average velocity in
this phase. In transition (Table 2), the regression model significantly predicted swimming
velocity in all strokes except breaststroke (with R? ranging from 0.263 in front crawl to
0.364 in butterfly). All inclination and depth parameters were predictors of velocity in
front crawl (p = 0.044) and backstroke (p = 0.039) whereas all coordinative parameters were
predictors in butterfly (p = 0.006).

Table 2. Backward regression analysis of the transition phases in all four strokes.

Dependent Variables Backward Regression Model
Front Crawl Backstroke Butterfly Breaststroke
Beta standardized
coefficients
Body depth 0.32 —0.40 1.80 0.28
Trunk inclination 1 —0.36 0.32
Body inclination 1 0.38 —0.30
DRP1 0.33 —0.52 0.82
DRP2 —0.35 0.62 —0.49
y-intercept (constant) 1.67 +0.08 1.92 +0.12 1.69 + 0.08 1.25 + 0.07
R? 0.263 0.321 0.364 0.230
R? adjusted 0.154 0.213 0.293 0.125
Standard error of estimate 0.161 0.178 0.152 0.111
F 2.407 2. 959 5.141 2.191
P 0.044 * 0.039 * 0.006 ** 0.118
Number of observations 30 30 30 30

Note: beta standardized coefficients presented for independent variables where p < 0.05.

4. Discussion

The aim of the current study was to examine the factors relevant for swimming per-
formance during transition from underwater to surface swimming by applying correlation
and regression analysis. Previously, it had been indicated that swimming velocities of elite
swimmers after emersion from underwater were faster than during mid-pool swimming [2].
However, no information about how swimmers should perform this transition phase had
been revealed. Our results indicate that body position and coordinative swimming parame-
ters (besides SR and SL) have an influence on the transition performance, which magnitude
depends on the swimming strokes.

4.1. Pre-Transition Phase

Before swimmers emerged from underwater, during the last underwater kicking
cycle (pre-transition phase), the body position parameters (depth and inclination) did
not statistically predict the forward velocity. At this point, only the kicking parameters
(kicking length and rate) were correlated with velocity (Figure 2) and this highlighted the
importance of kicking propulsion rather than technical position of the body underwater [34].
Values of kicking kinematics during pre-transition were similar to those obtained in USS
by Arellano et al. [22,23], Hochstein et al. [35] and Alves et al. [36] although the magnitude
of correlations with forward velocity were in line with previous research [23] both for the
kicking rate (r = 0.519 compared to r = 0.383 in the present research) and kicking length
(r = 0.630 compared to r = 0.552). The kicking amplitude, on the other hand, did not present
statistical relationships with pre-transition velocity.

The body position parameters on the pre-transition phase were between 6° and 16°
for the body inclination (respect to horizontal) and from —0.36 m (butterfly) to —0.62 m
(backstroke) for the body depth (Table 1). These inclinations were in line with previous data
from Arellano et al. [22] who reported body angles of 17° degrees during USS. However, the
pre-transition body depth was obviously lower than the optimum (from —0.74 to —1.03 m)
for UUS [24]. These data, interestingly, suggest that, when transiting for underwater to
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surface swimming, swimmers diminish depth but maintain body inclinations with a correct
alignment almost parallel to water surface, not different from the UUS [15]. Otherwise,
there would be an increase in frontal drag [7] with a concomitant velocity reduction [37].
As previously mentioned, the body position parameters presented small or no correlations
with pre-transition velocity. However, the direction of relationships for the body depth
depended on strokes (Figure 2). In backstroke, where body depth was greatest, negative
correlation between depth and forward velocity were detected. On the other hand, in
the ventral techniques (where body depth was lower) greater depths were related to
faster velocities. This highlighted the stroke-dependent strategies when transiting from
underwater to surface swimming.

4.2. Transition Phase

During transition, the swimmers’ SR in all strokes showed greater correlations (medium
to large) with average velocity than the SL (small to medium) (Figure 2). This was in line
with the increased SR values of elite swimmers after start and turn emersion compared
to mid-pool swimming [2], due to a shorter relative duration of the propulsive stroke
phases. In a situation of an increased overall drag due to wave drag emergence [8], un-
fatigued swimmers [38], probably prioritized to increase the SR to overcome resistance.
Compared to mid-pool swimming, the stroking parameters during transition exhibited
lower relationships with forward velocity (moderate to large) than previously reported
(for instance, r values were from 0.87 to 0.92 for the SR [39-41]). This highlights the specific
characteristic of the transition phase, where other kinematic factors (depth, inclination ... )
besides stroking parameters seem to have an important role for building velocity. Indeed,
the regression models proposed in the present research, based on the body position and
inter-limb coordination of transition, explained up to the 30% of the average velocity for
the butterfly stroke, which represents a meaningful finding for swimmers and coaches.

When beginning the transition phase, swimmers in the present research were located
between 0.20 and 0.52 m below the water surface and, interestingly, the body inclinations
averaged 9° degrees regardless of stroke. These body inclinations were similar (10.68°) to
those reported by Kjendlie et al. [16] in surface swimming. Probably, maximum velocity at
which swimming trials were performed in the present research and the swimmer’s skill
level helped them to counteract the active rotational torque and maintaining a close body
alignment to horizontal [14,42]. This could be the reason why the correlations between
body inclinations and average velocity were low, especially in alternate strokes where
no undulations were present. For the body depth, values close to 0.4 m below the water
surface were in line to the minimum suggested by Lyttle et al. [20] to avoid wave drag.
Interestingly, at this point, backstroke swimmers presented the deepest body positions
compared to the ventral strokes that could be influenced by the more incongruent body
side (compared to prone position) approaching water surface that would cause higher
friction and form drag [43]. However, additionally, different arm pull position in backstroke
compared to the ventral strokes (hand trajectory below or lateral to the body position)
could explain depth differences.

For the coordinative parameters, a shorter time gap between the arm propulsion of
both backstroke arms was related to faster transition velocities, which is in line with positive
correlations between inter-limb coordination and free swimming velocity [9,40]. However,
surprisingly, the second discrete relative phase in front crawl was negatively correlated
with transition velocity (more time gap, faster velocity). This could be related to the role of
breathing on the inter-limb coordination [44] after the second arm pull, as swimmers are
usually encouraged to avoid breathing on the first arm propulsion after underwater. In
the simultaneous strokes, shorter time gaps between the arm and leg butterfly propulsion
were correlated with faster velocities during transition, indicating a preferable propulsion
continuity to overcome drag forces. In breaststroke, on the contrary, longer times gaps
between the arm and leg propulsion (DRP1) were related to faster velocities. Although
motor continuity is generally recommended [45], breaststroke swimmers in transition from
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underwater must recover arms from the underwater pullout (hands close to thighs) instead
of a regular arm pull. Therefore, the time gap between the propulsive phases of arms
and legs could be expected to be longer. This represents an interesting point linked to the
correct coordination of the underwater pullout [46].

According to regression analysis of transition-phase, the body position and inter-limb
coordinative parameters of competitive swimmers statistically predicted an important
amount (between 15 and 29% depending on the stroke, Table 2) of the variance in the
forward velocity. Statistical models included the body depth in all four strokes and the
body or trunk inclination in the alternate strokes (front crawl and backstroke) for predicting
transition performance, highlighting the importance of an appropriate body positioning
when approaching the water surface. This should be performed while minimizing body
depth and maintaining trunk inclination in backstroke but minimizing inclination in
front crawl and maintaining depth with water surface. Obviously, on the simultaneous
techniques (butterfly and breaststroke) where body undulations occur [47,48], the effect of
trunk/body position for velocity was probably hindered. For the inter-limb propulsion
coordination, in butterfly the time gaps related to the beginning of arm propulsion (DRP1
and 2) were included in the regression model. This data probably indicates that swimmers
had to primarily adapt their arm to leg movements at the beginning of the arms propulsion
(not in DRP3 and 4) when the body position was still underwater. For the alternate strokes,
shorter times gaps at the end of the first arm pull in backstroke and longer time gaps
at the end of the second arm pull in front crawl were included in the regression model.
These results highlight the technical demands of swimmers who successfully adapted to
the changing constraints of the transition phase, i.e., increased drag forces (underwater
to surface swimming), modified body position (while ascending to water surface) and
arm-to-leg propulsion (compared to primarily leg propulsion in underwater).

4.3. Study Limitations and Future Research

The present results provide interesting insights on how swimmers could organize
their movements when transiting from underwater to surface swimming. The underwater
kicking execution seems to be the priority for swimmers before transiting to surface
swimming. However, during the first arm stroke cycle, swimmers should carefully control
their body inclination and depth as well as the time gap between propulsive arm or leg
movements. At this point, the stroking parameters are still the most correlated variables
with average velocity, but some other kinematic parameters can represent meaningful
improvements for competitive swimmers. It should be also acknowledged that further
research is still needed for kinematics parameters during transition as all measurements
in the present study were discrete values. Continuous analysis of swimmers’ inclination
and depth when transiting from underwater would provide greater information relating to
their body positioning. This is especially relevant for alternate strokes, where inclinations
and body depth were part of the regression model.

5. Conclusions

The body position and inter-limb coordination of competitive swimmers when transit-
ing from underwater to surface swimming represented important factors on the swimming
velocity, explaining from 15 to 30% on the variance during the first arm stroke cycle. Dif-
ferences were observed from simultaneous to alternate strokes as, in the simultaneous
strokes, the arm-to-leg coordination at the beginning of arm propulsion was the predictor
variable of the swimming velocity, whereas for the front crawl and backstroke (alternate)
the body depth and inclination seemed to be the key factors. In the pre-transition phase at
the end of the underwater kicking phase, no influence of the body position was observed
as the kicking parameters (length and rate) were the predictor variables for the average
velocity. Swimmers should carefully control their body inclination and depth as well as the
inter-limb coordination on the first arm stroke cycle after underwater swimming.



Appl. Sci. 2021, 11,122 10 of 11

Author Contributions: Conceptualization, S.V.; data curation, J.S. and A.T.; methodology, S.V.,
J.S. and E.N.; software, E.N.; validation, S.V., A.T. and E.N.; writing—original draft, ].S. and S.V,;
writing—review and editing, 5.V. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
Universidad Politécnica de Madrid (45/2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Authors would like to thank Xiao Qiu for her assistance with manuscript figures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Veiga, S.; Cala, A.; Mallo, J.; Navarro, E. A new procedure for race analysis in swimming based on individual distance
measurements. J. Sports Sci. 2013, 31, 159-165. [CrossRef] [PubMed]

2. Veiga, S.; Roig, A. Effect of the starting and turning performances on the subsequent swimming parameters of elite swimmers.
Sport. Biomech. 2017, 16, 34—44. [CrossRef] [PubMed]

3. Veiga, S.; Roig, A.; Gémez-Ruano, M.A. Do faster swimmers spend longer underwater than slower swimmers at World
Championships? Eur. J. Sport Sci. 2016, 16, 919-926. [CrossRef] [PubMed]

4. Nicolas, G.; Bideau, B. A kinematic and dynamic comparison of surface and underwater displacement in high level monofin
swimming. Hum. Mov. Sci. 2009, 28, 480-493. [CrossRef]

5. Takeda, T.; Sakai, S.; Takagi, H. Underwater flutter kicking causes deceleration in start and turn segments of front crawl. Sport.
Biomech. 2020. [CrossRef]

6. Naemi, R.; Easson, WJ.; Sanders, R.H. Hydrodynamic glide efficiency in swimming. J. Sci. Med. Sport. 2010, 13, 444-451.
[CrossRef]

7. Kolmogorov, S.V.; Duplisheva, O.A. Active drag, useful mechanical power output and hydrodynamic force coefficient in different
genders and performance levels. J. Biomech. 1992, 25, 311-318. [CrossRef]

8.  Vennell, R;; Pease, D.; Wilson, B. Wave drag on human swimmers. . Biomech. 2006, 39, 664-671. [CrossRef]

9.  Chollet, D.; Chalies, S.; Chatard, ].C. A new index of coordination for the crawl: Description and usefulness. Int. |. Sports Med.
2000, 21, 54-59. [CrossRef]

10.  Schnitzler, C.; Seifert, L.; Alberty, M.; Chollet, D. Hip velocity and arm coordination in front crawl swimming. Int. ]. Sports Med.
2010, 31, 875-881. [CrossRef]

11.  Chollet, D.; Seifert, L. Inter-limb coordination in the four competitive strokes. In World Book of Swimming: From Science to
Performance; Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2011; pp. 153-172. ISBN 9781616682026.

12.  Seifert, L.; Boulesteix, L.; Chollet, D. Effect of gender on the adaptation of arm coordination in front crawl. Int. J. Sports Med. 2004,
25,217-223. [CrossRef] [PubMed]

13.  Schnitzler, C.; Brazier, T.; Button, C.; Seifert, L.; Chollet, D. Effect of velocity and added resistance on selected coordination and
force parameters in front crawl. J. Strength Cond. Res. 2011, 25, 2681-2690. [CrossRef] [PubMed]

14. Kjendlie, PL.; Stallman, R K.; Stray-Gundersen, J. Passive and active floating torque during swimming. Eur. J. Appl. Physiol. 2004,
93, 75-81. [CrossRef] [PubMed]

15. Houel, N; Elipot, M.; André, E; Hellard, P. Influence of angles of attack, frequency and kick amplitude on swimmer’s horizontal
velocity during underwater phase of a grab start. J. Appl. Biomech. 2013, 29, 49-54. [CrossRef] [PubMed]

16. Kjendlie, PL.; Ingjer, E; Stallman, R K.; Stray-Gundersen, J. Factors affecting swimming economy in children and adults. Eur. |.
Appl. Physiol. 2004, 93, 65-74. [CrossRef] [PubMed]

17. Wang, K.E; Wang, L.Z.; Yan, W.X,; Li, D.].; Xiong, S. A new device for estimating active drag in swimming at maximal velocity. J.
Sports Sci. 2007, 25, 375-379.

18.  Kolmogorov, S.V.; Rumyantseva, O.A.; Gordon, B.J.; Cappaert, ] M. Hydrodynamic characteristics of competitive swimmers of
different genders and performance levels. J. Appl. Biomech. 1997, 13, 88-97. [CrossRef]

19. Ruschel, C.; Araujo, L.G.; Pereira, S.M.; Roesler, H. Kinematical analysis of the swimming start: Block, flight and underwater
phases. In Proceedings of the XXV ISBS Symposium, Ouro Preto, Brazil, 23-25 August 2007; pp. 385-388.

20. Lyttle, A.D.; Blanksby, B.A.; Elliot, B.C.; Lloyd, D.G. The effect of depth and velocity on drag during the streamlined guide. J.
Swim. Res. 1998, 13, 15-22.

21. Machado, L.; Ribeiro, J.; Costa, L.; Silva, A.J.; Rouboa, A.I; Mantripragada, N.; Marinho, D.A.; Fernandes, R.; Vilas-Boas, J.P. The

effect of depth on the drag force during underwater gliding: A CFD approach. Int. Soc. Biomech. Sport. 2010, 4-5.


http://dx.doi.org/10.1080/02640414.2012.723130
http://www.ncbi.nlm.nih.gov/pubmed/22989356
http://dx.doi.org/10.1080/14763141.2016.1179782
http://www.ncbi.nlm.nih.gov/pubmed/27241626
http://dx.doi.org/10.1080/17461391.2016.1153727
http://www.ncbi.nlm.nih.gov/pubmed/26930126
http://dx.doi.org/10.1016/j.humov.2009.02.004
http://dx.doi.org/10.1080/14763141.2020.1747528
http://dx.doi.org/10.1016/j.jsams.2009.04.009
http://dx.doi.org/10.1016/0021-9290(92)90028-Y
http://dx.doi.org/10.1016/j.jbiomech.2005.01.023
http://dx.doi.org/10.1055/s-2000-8855
http://dx.doi.org/10.1055/s-0030-1265149
http://dx.doi.org/10.1055/s-2003-45253
http://www.ncbi.nlm.nih.gov/pubmed/15088247
http://dx.doi.org/10.1519/JSC.0b013e318207ef5e
http://www.ncbi.nlm.nih.gov/pubmed/21912344
http://dx.doi.org/10.1007/s00421-004-1165-7
http://www.ncbi.nlm.nih.gov/pubmed/15221403
http://dx.doi.org/10.1123/jab.29.1.49
http://www.ncbi.nlm.nih.gov/pubmed/22814033
http://dx.doi.org/10.1007/s00421-004-1164-8
http://www.ncbi.nlm.nih.gov/pubmed/15243747
http://dx.doi.org/10.1123/jab.13.1.88

Appl. Sci. 2021, 11,122 110of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Arellano, R.; Pardillo, S.; Gavilan, A. Underwater undulatory swimming: Kinematic characteristics, vortex generation and
application during the start, turn and swimming strokes. In Proceedings of the XX International Symposium on Biomechanics in
Sports, Caceres, Spain, 1-5 July 2002.

Arellano, R.; Pardillo, S.; Gavilan, A. Usefulness of the strouhal number in evaluating human underwater undulatory swimming.
In Proceedings of the IX Symposium Mondial Biomécanique et Médecine de la Natation, Saint-Etienne, France, 21-23 June 2002;
pp- 33-38.

Tor, E.; Pease, D.L.; Ball, K.A. Comparing three underwater trajectories of the swimming start. J. Sci. Med. Sport. 2015, 18, 725-729.
[CrossRef]

De Jesus, K.; de Jesus, K.; Machado, L.; Fernandes, R.].; Vilas-Boas, ].P. Linear kinematics of the underwater undulatory swimming
phase performed after two backstroke starting techniques. In Proceedings of the 30th International Conference on Biomechanics
in Sports, Melbourne, Australia, 2-6 July 2012; pp. 371-374.

World Medical Association. World Medical Association Declaration of Helsinki. Ethical principles for medical research involving
human subjects. Bull. World Health Organ. 2001, 79, 373-374.

Lyttle, A.; Blanksby, B. A look at gliding and underwater kicking in the swim turn. In Proceedings of the 18th International
Symposium on Biomechanics in Sports, Hong Kong, China, 25-30 June 2000.

Abdel-Aziz, Y.I.; Karara, H.M. Direct linear transformation from comparator coordinates into space coordinates in close range
photogrammetry. In Proceedings of the Symposium on Close Range Photogrammetry, Urbana, IL, USA, 26-29 January 1971; pp.
1-18.

Takeda, T.; Takagi, H.; Tsubakimoto, S. Effect of inclination and position of new swimming starting block’s back plate on
track-start performance. Sport. Biomech. 2012, 11, 370-381. [CrossRef] [PubMed]

Atkison, R.R; Dickey, ].P.; Dragunas, A.; Nolte, V. Importance of sagittal kick symmetry for underwater dolphin kick performance.
Hum. Mov. Sci. 2014, 33, 298-311. [CrossRef] [PubMed]

Barbosa, T.M.; de Jesus, K.; Abraldes, ].A.; Ribeiro, J.; Figueiredo, P.; Vilas-Boas, J.P.; Fernandes, R.J. Effects of protocol step length
on biomechanical measures in swimming. Int. J. Sports Physiol. Perform. 2015, 10, 211-218. [CrossRef] [PubMed]

Wheat, |.; Glazier, P. Techniques for Measuring Coordination and Coordination Variability. In Variability in the Movement System:
A Multi-Disciplinary Perspective; Davids, K., Bennett, S.J., Newell, K., Eds.; Human Kinetics: Champaign, IL, USA, 2005.
Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, ]J. Progressive statistics for studies in sports medicine and exercise
science. Med. Sci. Sports Exerc. 2009, 41, 3-12. [CrossRef]

Nakashima, M. Simulation analysis of the effect of trunk undulation on swimming performance in underwater dolphin kick of
human. J. Biomech. Sci. Eng. 2009, 4, 94-104. [CrossRef]

Hochstein, S.; Blickhan, R. Body movement distribution with respect to swimmer’s glide position in human underwater
undulatory swimming. Hum. Mov. Sci. 2014, 38, 305-318. [CrossRef]

Alves, F; Lopes, P; Veloso, A.; Martins-Silva, A. Influence of body position on dolphin kick kinematics. In Proceedings of the
24th International Symposium on Biomechanics in Sports, Salzburg, Austria, 14-18 July 2006; pp. 3-6.

Toussaint, H.M.; de Groot, G.; Savelberg, H.H.; Vervoorn, K.; Hollander, A.P.; van Ingen Schenau, G.J. Active drag related to
velocity in male and female swimmers. . Biomech. 1988, 21, 435-438. [CrossRef]

Suito, H.; Ikegami, Y.; Nunome, H.; Sano, S.; Shinkai, H.; Tsujimoto, N. The effect of fatigue on the underwater arm stroke motion
in the 100 M front crawl. J. Appl. Biomech. 2008, 24, 316-324. [CrossRef]

Wakayoshi, K.; D"Acquisto, L.J.; Cappaert, ].M.; Troup, J.P. Relationship between oxygen uptake, stroke rate and swimming
velocity in competitive swimming. Int. J. Sports Med. 1995, 16, 19-23. [CrossRef]

Seifert, L.; Chollet, D.; Bardy, B. Effect of swimming velocity on arm coordination in the front crawl: A dynamic analysis. J. Sports
Sci. 2004, 22, 651-660. [CrossRef] [PubMed]

Barbosa, T.M.; Keskinen, K.L.; Fernandes, R.; Colaco, P.; Carmo, C.; Vilas-Boas, J.P. Relationships between energetic, stroke
determinants, and velocity in butterfly. Int. J. Sports Med. 2005, 26, 841-846. [CrossRef] [PubMed]

Strzala, M.; Krezalek, P. The body angle of attack in front crawl performance in young swimmers. Hum. Mov. 2010, 11, 23-28.
[CrossRef]

Anderson, E.J.; McGillis, WR.; Grosenbaugh, M.A. The boundary layer of swimming fish. J. Exp. Biol. 2001, 204, 81-102.
[PubMed]

Seifert, L.; Chollet, D.; Allard, P. Arm coordination symmetry and breathing effect in front crawl. Hum. Mov. Sci. 2005, 24, 234-256.
[CrossRef] [PubMed]

Seifert, L.; Leblanc, H.; Chollet, D.; Deligniéres, D. Inter-limb coordination in swimming: Effect of speed and skill level. Hum.
Mov. Sci. 2010, 29, 103-113. [CrossRef]

Seifert, L.; Vantorre, J.; Chollet, D. Biomechanical analysis of the breaststroke start. Int. |. Sports Med. 2007, 28, 970-976. [CrossRef]
Sanders, R.H.; Cappaert, ].M.; Devlin, R.K. Wave characteristics of butterfly swimming. J. Biomech. 1995, 28, 9-16. [CrossRef]
Sanders, R.H.; Cappaert, ].M.; Pease, D.L. Wave characteristics of olympic breaststroke swimmers. J. Appl. Biomech. 1998, 14,
40-51. [CrossRef]


http://dx.doi.org/10.1016/j.jsams.2014.10.005
http://dx.doi.org/10.1080/14763141.2011.637122
http://www.ncbi.nlm.nih.gov/pubmed/23072047
http://dx.doi.org/10.1016/j.humov.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24290609
http://dx.doi.org/10.1123/ijspp.2014-0108
http://www.ncbi.nlm.nih.gov/pubmed/25054845
http://dx.doi.org/10.1249/MSS.0b013e31818cb278
http://dx.doi.org/10.1299/jbse.4.94
http://dx.doi.org/10.1016/j.humov.2014.08.017
http://dx.doi.org/10.1016/0021-9290(88)90149-2
http://dx.doi.org/10.1123/jab.24.4.316
http://dx.doi.org/10.1055/s-2007-972957
http://dx.doi.org/10.1080/02640410310001655787
http://www.ncbi.nlm.nih.gov/pubmed/15370496
http://dx.doi.org/10.1055/s-2005-837450
http://www.ncbi.nlm.nih.gov/pubmed/16320168
http://dx.doi.org/10.2478/v10038-010-0003-5
http://www.ncbi.nlm.nih.gov/pubmed/11104713
http://dx.doi.org/10.1016/j.humov.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/15964648
http://dx.doi.org/10.1016/j.humov.2009.05.003
http://dx.doi.org/10.1055/s-2007-965005
http://dx.doi.org/10.1016/0021-9290(95)80002-6
http://dx.doi.org/10.1123/jab.14.1.40

	Introduction 
	Materials and Methods 
	Participants 
	Procedure 
	Data Acquisition and Processing 
	Variables Definition 
	Data Analysis 

	Results 
	Discussion 
	Pre-Transition Phase 
	Transition Phase 
	Study Limitations and Future Research 

	Conclusions 
	References

