International Journal of Kinesiology & Sports Science
ISSN: 2202-946X
www.ijkss.aiac.org.au

AL

Flourishing Creativity & Literacy

in Health

Awareness

Front Crawl and Backstroke Sprint Swimming have Distinct Differences along with Similar
Patterns Regarding Trunk Rotations

Thomas Nikodelis'*, Vassilios Gourgoulis?, Afroditi Lola®, loannis Ntampakis', Iraklis Kollias'
!Biomechanics Lab, School of Physical Education and Sport Science, Aristotle University of Thessaloniki. Greece

’Department of Physical Education and Sport Science, School of Physical Education and Sport Science, Democritus University of
Thrace. Greece

3School of Physical Education and Sports Science, Division of Human Studies, Aristotle University of Thessaloniki. Greece

Corresponding Author: Thomas Nikodelis, E-mail: nikmak@phed.auth.gr

ARTICLE INFO ABSTRACT

Article history

Received: March 25, 2023
Accepted: June 29, 2023
Published: July 31, 2023
Volume: 11

Background: Front crawl and backstroke share similar trunk rotating characteristics and tempt
coaches to transfer teaching parts from one stroke to the other intuitively. However, the degree of
similarity has yet to be determined. The coordination of the pelvis and the 7™ cervical vertebrae
(C7), during yaw and roll rotation, when sprint swimming front crawl, and backstroke was
studied. Methods: Thirty-four swimmers were assessed on their performance in25m-sprint of
each stroke. Using inertial sensors, each segment’s time series of angular displacement was
calculated. Their amplitudes, mean autocorrelation values, max cross-correlation coefficient,
phase lag, and relative power at the main frequency were analyzed. For all comparisons, the
p-value was set to <0.05. Results: Pelvis yaw and roll and C7 roll amplitudes were greater
at backstroke, C7 yaw was greater at front crawl. Autocorrelations ranged from 0.79 to 0.82
except for the pelvis at front crawl in yaw which was 0.72+0.16. Relative power at the main
frequency ranged from 47% to 52% except for the yaw pelvis’ at the front crawl which was
lower (32.81£14.09%). Backstroke had larger mean values in all cases and roll had larger mean
values than yaw. Cross-correlation between the two segments yielded higher values at roll. At
roll direction, the leading segment in the front crawl was the pelvis while in backstroke, it was
the C7 which was true in all cases. In all cases, the coupling was slightly deviating from in-
phase mode except from backstroke yaw which yield phase lag values of -13.35+1.14% of stroke
cycle time. Conclusions: Although both strokes share similar characteristics their intersegmental
coupling differs. The findings of the study imply that proper focus should be given to enhance
only a positive transfer of learning between the two strokes.
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INTRODUCTION

Front crawl and backstroke, due to the alternating move-
ments of the limbs facilitate a distinct roll of the torso along
the longitudinal axis of the body (Gonjo et al., 2021). The
torso which is usually analyzed as two segments (upper trunk
or shoulder girdle and lower trunk or pelvis) (Psycharakis
& Sanders, 2008;2010), also rotates around its sagittal axis
(yaw rotation) (Kudo et al. 2019). As these two swimming
techniques share similar characteristics (e.g. almost hori-
zontal body position, extending — bending — extending the
elbow, flutter kick, etc.), in practice, coaches tend to use the

the propulsive phases, or the extra upward phase of the un-
derwater stroke to facilitate release and recover in the sur-
face during backstroke that possibly dictates the inter-limb
coordination mode (Chollet et al., 2008). Another is the
breathing constraint at front crawl, which imposes underwa-
ter stroke modifications (Vezos et al., 2007) and is associated
with body roll (Payton et al., 1999).

Although when teaching front crawl and backstroke
coaches tend to focus on the movements of the upper and
lower limbs (Costa et al., 2017), it should not be overlooked
that the fulcrums of their lever arms are located on the torso

same tips for teaching the two strokes.

Yet, the existence of similarities must be proved because
differences regarding limb actions also exist (Gonjo et al.,
2020). Some are imposed by anatomical constraints when
swimming in supine versus prone positions. Such examples
are the restriction of the arm to move below the body during

Published by Australian International Academic Centre PTY.LTD.

which interacts with them and rotates around its axes. Tor-
so as the segment with the largest moment of inertia, exerts
strong resistance or/and drive at rotational movements. Un-
derstanding these movements and teaching them properly
can affect the hydrodynamics of the swimmer’s body and
swimming efficiency (Yanai, 2001; 2003; 2004).
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Movements of the torso are extensively studied for the
front crawl, especially for roll rotation. Psycharakis & Sand-
ers (2008) found that hips and shoulder roll asymmetry pro-
files, as indicated by the asymmetry index used, vary among
200m front crawl, with the shoulders and hips being out of
phase for some of them. Thus, no dominant pattern could be
identified. Cappaert et al. (1995), found that sub-elite swim-
mers rolled the two segments in anti-phase mode, compared
to elite ones that rolled them in-phase. Moreover, when the
velocity increased, swimmers reduced their shoulder and
hip roll at front crawl, potentially minimizing the required
torque and consequently maximizing efficiency (Yanai,
2003). In backstroke, swimmers showed a stable shoulder
and hip roll amplitude regardless of the swimming velocity
(Alves et al., 2004).

Nevertheless, the rotation of the two styles comparatively
is only scarcely studied. Gonjo et al. (2021) reported an inter-
action in the rotational behavior of the torso between speed
and style. They found that roll amplitudes for backstroke re-
mained unaffected as velocity increased, which agrees with
the findings of Alves et al. (2004), while for front crawl, they
were reduced, as shown by Yanai (2003). Consequently, roll
angles attained by the two strokes were not found to be dif-
ferent at maximal speed. On the other hand, as swim velocity
increased, body roll was decreased for both strokes due to
the buoyant torque. Thus, the two styles exhibit similar as
well as different rolling behavior.

Recently, the study of stroke cycles has been dominated
by analyzing a few strokes (Kudo et al. 2019; Gonjo et al.
2020; Gonjo et al. 2021), presenting some methodological
limitations. The use of inertial sensors provides a valid solu-
tion to overcome this issue (Nikodelis et al. 2013; Averianova
et al. 2016; Grigoriou et al. 2019), increasing the capability
to capture many consecutive cycles and allowing the imple-
mentation of different data treatments like auto-correlation,
frequency spectrum and cross-correlation analyses that can
capture the repeatability and smoothness of the swimming
pattern as well as inter-segmental coupling.

In addition, in most of the studies, the rotation of the torso
around its sagittal axis (yaw rotation) has been overlooked.
Recently, Kudo et al. (2019) described a substantial interde-
pendency between the two rotational directions and the arm
stroke characteristics during front crawl propulsive actions.
These rotary movements may increase resistance, affecting
thrust (Yanai, 2001; Kudo et al., 2017; Kudo et al., 2019).
Since swimmers need to remain horizontal, and side aligned
while speed increases (Maglischo 2003), yaw rotation may
be considered a redundant dimension or an unavoidable re-
action to applied torques.

Therefore, the inter-segmental relationship of pelvis and
upper trunk rotation needs further research. The investiga-
tion of the behavior of the two segments at 2D rotation can
assist in understanding the movement of the torso, identify
possible similarities between the two strokes and provide
information for developing teaching techniques and drills
that exploit these similarities for learning purposes. The
perspective of analyzing many consecutive stroke cycles in-
stead of a limited number may offer new and more conclu-

sive information since the intersegmental coordination of the
two segments can be properly studied in such a dataset. The
sprint condition, where mastering the degrees of freedom is
challenged (Granata & England, 2006), seems suitable for
investigation. The above features are endorsed to the present
study design and reflect the literature gap and its method-
ological novelty.

Thus, the purpose of the current study was to investi-
gate the inter-segmental coordination pattern of pelvis and
the 7% cervical vertebrae (C7), regarding their yaw and roll
rotation, at sprint front crawl and backstroke swimming us-
ing inertial sensors. It was hypothesized that the rotational
behavior of the two segments around the sagittal (yaw) and
longitudinal (roll) axis would have similarities as well as
differences at amplitudes of biomechanical features and in-
tersegmental synchronization characteristics between front
crawl and backstroke.

METHODS

Participants and Study Design

Thirty-four (34) swimmers, nineteen (19) male and fifteen
(15) female (15.62 + 1.04 years old) voluntarily participated
in this study. They were national-level age group swimmers
with at least six years of training experience. The sample
was built from all the available swimmers in the district of
the city of Thessaloniki that formed the criteria of training
experience and swimming level and were competing in the
category of 14-16 years of age. A power analysis was con-
ducted to justify the sample size. The power analysis was
held with partial n? of 0.15, a significance level at.05 and
desired power of 0.8 using G*Power 3.1 software (Faul et al.
2009). The study was approved by the Ethics Committee of
the School of Physical Education and Sport Sciences of Ar-
istotle University (approval number: 161/14-11-2013), and
all swimmers and their parents signed an informed consent
form. After warming up (600m) in a 50m indoor pool, all the
participants performed 25m sprint of both front crawl and
backstroke. The trials (one at each stroke) were executed in
random order with at least 5-minute rest. No instruction con-
cerning the breathing rhythm was given.

Testing Procedures

Kapa-Swim sensor (© K-Invent), a system comprised of two
IMUs, with a 3D accelerometer and a 3D gyroscope each,
operating at 200Hz, was used to investigate the kinematic
pattern of the swimmers’ C7 and pelvis. According to the
procedure explained by Averianova et al. (2016) rotation an-
gles of C7 and pelvis around their longitudinal and sagittal
axis (Figure 1) were obtained and the following were calcu-
lated:

e Peak to peak angular amplitude was used to describe the
movement pattern of the selected segments. The mean
values of all cycles were used.

e Autocorrelation analysis of the angular rotation for each
segment in each direction was used to investigate possi-
ble fluctuations in their cyclic repetitive movement. The
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Figure 1. The yaw and roll rotations around the z-axis (sagittal)
and y-axis (longitudinal), respectively

mean values of the peaks from the autocorrelation func-
tion were used.

e Power spectral density function was used to investigate
the smoothness of the repetitive pattern. Power am-
plitudes were normalized (%) with respect to the total
power of the signals. The relative power of the angular
displacement of the pelvis and C7 at the main frequency
was used.

e  The cross-correlation function was used to express the
inter-segmental coupling. Phase lags, expressed in per-
centage of the stroke cycle time, were used to describe
the synchronization between the two segments, (see
Figure 2 in the supplementary files for more details).
When the phase lag is 0%, the pelvis and C7 move syn-
chronously, and their coordination mode is in-phase.
(Nikodelis et al., 2005).

Statistical Analysis

The normal distribution criterion was satisfied after contact-
ing the Shapiro—Wilk test. For peak-to-peak amplitude, au-
to-correlation and relative power amplitude in the main fre-
quency Analysis of Variance were applied with three within
subjects’ factors (style: backstroke vs. front crawl, segment:
pelvis vs. C7, direction: yaw vs. roll) and for cross-correla-
tion Analysis of Variance was used with two within subjects’
factors (style: backstroke vs. front crawl, direction: yaw vs.
roll). P value was set at <0.05. All analyzes were held using
SPSS 23 statistical package.

RESULTS

Spatiotemporal

A significant interaction between the three within factors
was observed in peak-to-peak amplitude (F, ;- 164.421;
p< 0.05). Analyzing the simple main effects of “style” with-
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Figure 2. Peak to peak angular amplitude: The distributions of all
variables and the statistically significant differences. Simple main
effects for style (**) segment (*) and direction (***)

in each level combination of the “segment” and “direction”
factors, significant differences were revealed between back-
stroke and front crawl in all combinations, except the peak-
to-peak amplitude of pelvis in roll (F; 3;-0.277; p= 0.602).
In the backstroke swim, compared to the front crawl, the
peak-to-peak amplitude of the pelvis was greater in yaw and
of C7 was greater in roll. The value of C7 in the yaw was
greater at front crawl than backstroke. Analyzing the simple
main effects of “direction” within each level combination of
the “segment” and “style” factors, significantly greater val-
ues were found in roll, rather than in yaw, in all combina-
tions except the peak-to-peak amplitude of C7 in front crawl
Fi 33-0.166; p=0.687). Analyzing the simple main effects of
“segment”, in backstroke it was revealed a statistically sig-
nificant greater peak-to-peak amplitude of C7, in compar-
ison with pelvis, both in yaw (F; ;- 91.403; p< 0.05) and
roll (Fy, 33-92.362; p< 0.05), while in front crawl the values
of C7 were significantly greater than the peak to peak am-
plitude of pelvis only in yaw (F, 3;-457.826; p< 0.05), and
had no significant difference in roll (F, ;;-0.990; p= 0.327).
The distributions of all variables along with the statistically
significant differences, as appear in Figure 2. The angular
displacements of a female swimmer that swims both front
crawl and backstroke competitively appear in Figure 3.

Autocorrelation

All autocorrelation values ranged from 0.79 to 0.82 except the
pelvis at front crawl in yaw rotation, which was 0.72+ 0.16.
A significant three-way interaction was found between the
three within factors (F; 35=9.217; p<0.05). The simple main
effects analysis for “style” revealed significantly larger val-
ues for backstroke compared to front crawl fat pelvis in yaw
(F,33-8.717; p< 0.05). Analysis of the simple main effects
for “direction” showed significant larger values for roll com-
pared to yaw at pelvis in front crawl (F, ;- 13.379; p< 0.05).
The simple main effects analysis of “segment” showed sig-
nificant differences between the pelvis and C7 only in the
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Figure 3. The angular displacements of a female swimmer that swims both front crawl and backstroke competitively

front crawl, where the autocorrelation value of the pelvis
was significantly less in yaw (F .. = 8.027; p< 0.05).

(1,33)

Power at the Main Frequency

Regarding the relative power amplitude of the angular dis-
placement of the pelvis and C7 in the main frequency all
values ranged from 47% to 52% except the yaw pelvis value
in front crawl, which was relatively lower (32.81+14.09 %).
Also backstroke had larger mean values in all cases, and roll
had larger mean values than yaw in general.

A significant interaction between the three within factors
was observed (F; ;- 39.878; p< 0.05). Analyzing the sim-
ple main effects of “style”, significantly larger values were
found at backstroke compared to front crawl only in yaw
rotation for the pelvis (F; 33-25.413; p< 0.05) and in roll ro-
tation for C7(F, ;- 5.779; p< 0.05). Regarding the simple
main effect of “direction” at backstroke, the power ampli-
tude of C7 was significantly larger in roll compared to yaw
(F1,33-20.396; p< 0.05), while at front crawl the same result
was met at the pelvis level (F, 33-4.602; p< 0.05). Regarding
the simple main effect of “segment” at backstroke, the power
amplitude of C7 was significantly larger compared to that of
the pelvis for both directions (yaw: F, 33-4.136; p< 0.05 and
roll: F; 35- 15.050; p< 0.05), while in front crawl, the pow-
er amplitude of C7 was significantly larger than the value
of pelvis only in the yaw rotation (F, ;;- 58.176; p< 0.05)
whereas no significant differences were observed in roll
(F1,33-2.258; p= 0.134) between the two segments.

Cross-correlation

Regarding the cross-correlation coefficients between the
two segments (pelvis and C7) significant main effects of
style (F33= 5.358; p< 0.05) and direction (F ;3= 28.501;
p<0.05) where noticed. For “style” irrespective of direction,
backstroke had larger overall values while for “direction”
significantly lower values were observed for yaw irrespec-
tive of “style”. These results are imprinted in Figure 4.
Regarding the phase lag a significant two-way interac-
tion was noticed between the factors “style” and “direction”
(Fus3= 164.101; p< 0.05). The simple main effects anal-
ysis for “style” revealed that the leading segment was the
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Figure 4. The cross correllation coefficients (lower part of the
graph) and time lag of the cross correlation (expressed in % of the
stroke cycle) of front crawl and backstroke at both directions. The
results are imprinted in box plots

pelvis for front crawl in roll direction (negative phase lag)
while for the backstroke was the C7 (positive phase lag)
(F33= 111.964; p< 0.05). The opposite was the case for the
yaw direction (F(;33= 39.352; p< 0.05). Analyzing the sim-
ple main effects of “direction” for each level of the “style”
factor revealed that at backstroke yaw direction it was less
in phase than roll (F ;= 79.782; p< 0.05). These results
are imprinted in Figure 4 where it is clearly shown that the
leading segment is different in each case and that phase lag
for backstroke occupies larger part of the stroke cycle time
deviating from in phase mode compared to the other cases.

Regarding roll, at backstroke the leading segment was
the C7 while at front crawl the leading segment was the pel-
vis. This observation was true for all participants.

DISCUSSION

The main objective of this work was to study the rotational
behavior of the pelvis and the 7™ cervical vertebrae (C7) and
their intersegmental coordination during sprint front crawl
and backstroke swimming searching for similarities in order
to provide practical implications for teaching. The main find-
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ings were that the pelvis rolls similarly at both strokes while
the synchronization of the two segments at roll rotation is
different as the upper part of the trunk leads the roll rotation
at backstroke while the pelvis leads the roll rotation at front
crawl.

More specifically, the roll of the pelvis was not found to
be significantly different between the two techniques. This
“similarity” implies that the coaches use drills oriented at
the same amount of rotation both at the backstroke and at the
front crawl, yet with different rotational frequencies (Conjo
et al., 2021) and always at high intensity since the present
study investigated only sprinting performance.

Backstroke at C7 in roll, has larger amplitudes than front
crawl, exhibits slower rotation and has a lower main fre-
quency. These findings are in line with the idea that body
movements at lower frequencies may have larger ampli-
tudes. This different behavior during movements with low-
er frequency has been shown by Yanai (2003) in the case
of front crawl. Extensive roll in C7 at backstroke may also
serve to overcome moments of inertia of the rest of the body
and facilitate the placement of the hand in a more efficient
position for propulsive action due to anatomical constraints.
This is not the case at front crawl since the elbow can be
flexed during the arm recovery and the arm can easily move
medially during the underwater stroke. So, despite the ab-
sence of head rotation in backstroke, the values for C7 rota-
tion are still larger. This finding is inconsistent with a recent
study (Conjo et al., 2021), which found that shoulder roll
was smaller at backstroke than front crawl. Yet, a different
procedure was followed in the measurement, as it will be ex-
plained later in this section. Also, in the present study, most
of the swimmers were young and not elite international ath-
letes which may have played a role.

In backstroke, the yaw rotation for C7 is limited because
it is probably not substantially influenced by the recovery
of the arm, as this motion is executed mainly in the antero-
posterior plane of the body and probably produces limited
torque in yaw. Due to anatomical constraints of the shoulder
joint, front crawl arm recovery as well as breathing actions,
are not one-plane motions. Consequently, both may cause
mediolateral movements of the trunk. Since the arms are di-
rectly linked to the shoulder griddle through the scapulars,
C7 is mostly influenced (Kudo et al., 2019). This is apparent
in the larger yaw rotation of C7 compared to the pelvis, es-
pecially in the front crawl.

Although the six-beat kick rhythm is not a “clear cut” in
all cases, the intensive kicking action during sprint, especial-
ly at the front crawl, reduces the pelvis’s freedom to rotate.
This influence of kicking in the body’s angular momentum,
especially around its longitudinal axis, helps control body
rotation (Andersen et al. 2020). Regarding the present find-
ings, probably the reduced yaw at the front crawl compared
to backstroke at the pelvis level could be attributed to more
systematic six-bit kicking actions at front crawl where the
speed is faster.

Pelvis rotation is less affected by the actions of the arms
as they are not directly attached to it. Thus, even though in-
ter-segmental differences follow the same rule in both swim-

ming styles and in both directions, this is less apparent at
front crawl in the roll direction, where the amplitudes of
pelvis and C7 are almost equal, showing an in-phase mode
and less twist. Actually, the fact that the leading segment is
always the pelvis the idea that it has an active role in roll-
ing is supported. Therefore, a direct teaching implication for
swimmers is to learn to control the pelvis instead of focusing
on performing the breathing from the head and the upper
trunk. On the contrary, the leading of C7 in backstroke roll
where the two segments are also strongly coupled, drives
to a different behavior. Since twist is related to drag (Yanai
2001; 2003) and front crawl has lower active/passive drag
ratios than backstroke (Kolmogorov & Duplisheva 1992)
this may be an important difference.

Therefore, when teaching the backstroke technique, it
should be emphasized that the roll starts from the upper part
of the body, which was consistent for all the participants, as
imprinted in the phase lag between the two segments. For
front crawl the results prove the opposite. Rolling the body
through the pelvis could help avoid anti-phase shoulder and
hip coupling observed in sub-elite front crawl swimmers
(Cappaert et al., 1995).

The smaller amplitude of pelvis in yaw compared to roll
and the lower power at the main frequency, especially at
front crawl, which also has the lower autocorrelation value,
reveal the redundant role of yaw direction at this condition.
Under this perspective the rotation in yaw could be consid-
ered a counteraction of the kicking and the mediolateral arm
movements, which theoretically should be minimized in
proper sprinting technique.

While C7 seems to follow a clear one-component sinu-
soid wave probably related to the arm stroke movements,
pelvis control is poor, as it appears in the smoothness of the
angular evolution, especially in yaw. As a result, this dispar-
ity between the two segments is also apparent in the low-
er cross-correlation values in yaw direction. Especially in
backstroke, the coupling of the two segments is also out of
phase for 13% of the stroke cycle. Perhaps the more complex
down-up sweep motion (Formosa et al., 2014) and the need
for the clearing phase that does not permit superimpose of
the arm strokes at backstroke (Chollet et al., 2008; Lerda
& Cardelli, 2013) have some effect on coupling. It appears
that if there is a wave-like movement imposing mediolateral
flexion of the spine, this is not actively controlled since the
endpoints of the torso are not strongly coupled.

Power amplitudes at the main frequency are smaller than
Kudo et al.’s study (2019). In the reported case Fast Fouri-
er Transform (FFT) was used to calculate the unique power
spectrum of the given signal, while in the current study the
power spectral density of the signal was selected, which is
a smoother metric (Stergiou, 2004). Also, the different sam-
pling frequency, sampling length and thus step at the fre-
quency axis play a role. More important is the fact that the
adopted times series approach allowed multiple frequencies
to unfold, as opposed to the limited number of cycles ap-
proach. The sum of the power at the main frequency and the
peaks located right next to it would probably add up to sim-
ilar values with the reported study. Nevertheless, the present
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findings partly question the credibility of selecting only one
or two representative cycles for analysis (see Figure 3 and
further discussion in the supplementary files).

Limitations and Suggestions for Future Studies

The discrepancies in the roll rotation of C7 with the shoulder
rotation calculated in other studies are attributed to the fact
that the used local reference system was not formed using
shoulder points but only aligned to the shoulder axis at neu-
tral position. Therefore, theoretically only the rotation of the
body of C7 was measured, although, as it is proved from a
validation experiment (see supplementary files), yaw rota-
tion of C7 partly accounts for the scapula movement also
compared to single thorax rotation. Despite the effect that the
sliding of the scapula might have on the measurement, the
current method still differs from the previous ones. More-
over, this study investigated only sprint conditions, the par-
ticipants were not elite high-level performers, and the major-
ity specialized in front crawl. Consequently, future research
should focus on multiple speeds and expert swimmers in
both styles.

Swimming techniques are also related to the anthropom-
etry and the duration that the upper limbs are above the wa-
ter in relation to the cycle time. Individuals with different
anthropometric characteristics from the participants of the
current study might behave differently. Also, although swim-
mers theoretically perform similar kicking in both strokes,
the mechanism may differ due to the distinct ventral and dor-
sal posture.

More comparative research is needed especially for yaw
rotation in conjunction with stroke kinematics and propul-
sive forces to understand the role of the torso in these bi-
lateral swimming techniques and integrate the findings in
teaching.

Strength and Practical Implications

The main strength of the study was that it managed to cap-
ture the nature of intersegmental coordination in 2D rotation
using the whole trial, a combination not previously reported
in the literature and revealed similarities of the two strokes
in the rotation of the torso, as well as critical differences
like the phase lag between the two segments. The fact that
in backstroke the roll starts from the upper part of the body
while in front crawl it starts from the pelvis gives a strong
implication in teaching the synchronization of the interseg-
mental rotation differently for the two strokes.

CONCLUSIONS

Conclusively, backstroke and front crawl have similar be-
havior for the pelvis in the roll direction, while coupling
of the two segments seems to be different, especially in the
leading segment. Using the pelvis for commencing the rota-
tion in front crawl may be helpful for a more streamline po-
sition during breathing as lower trunk moment of inertial is
larger than the head or the shoulder gridle and can facilitate
rotation for the rest of the body more effectively.

ACKNOWLEDGMENTS

The Authors wish to thank the athletes for their voluntary
participation.

CONFLICT OF INTEREST

None.

REFERENCES

Alves, F., Cardoso, L., Silva, A., & Veloso, A. (2004). Body roll
and stroke kinematical changes during a race-pace swim
in backstroke. ISBS - Conference Proceedings Archive.
https://ojs.ub.uni-konstanz.de/cpa/article/view/1332

Andersen, J. T., Sinclair, P.J., McCabe, C. B., & Sanders, R. H.
(2020). Kinematic Differences in Shoulder Roll and
Hip Roll at Different Front Crawl Speeds in National
Level Swimmers. Journal of Strength and Condition-
ing Research, 34(1), 20-25. https://doi.org/10.1519/
js¢.0000000000003281

Averianova, A., Nikodelis, T., Konstantakos, V., & Kol-
lias, I. (2016). Rotational kinematics of pelvis and upper
trunk at butterfly stroke: Can fins affect the dynamics of
the system? Journal of Biomechanics, 49(3), 423—428.
https://doi.org/10.1016/j.jbiomech.2016.01.004

Cappaert, J. M., Pease, D. L., & Troup, J. P. (1995). Three-Di-
mensional Analysis of the Men‘s 100-m Freestyle
during the 1992 Olympic Games. Journal of Applied
Biomechanics, 11(1), 103—112. https://doi.org/10.1123/
jab.11.1.103

Chollet, D., Seifert, L. M., & Carter, M. (2008). Arm
coordination in elite backstroke swimmers. Jour-
nal of Sports Sciences, 26(7), 675-682. https://doi.
org/10.1080/02640410701787791

Costa, M. J., Barbosa, T. M., Morais, J. E., Miranda, S., &
Marinho, D. A. (2017). Can concurrent teaching pro-
mote equal biomechanical adaptations at front crawl and
backstroke swimming? Acta of Bioengineering and Bio-
mechanics, Vol. 19, nr 1, 81-88. https://doi.org/10.5277/
ABB-00511-2015-03

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007).
G*Power 3: A flexible statistical power analysis pro-
gram for the social, behavioral, and biomedical scienc-
es. Behavior Research Methods, 39(2), 175-191. https://
doi.org/10.3758/bf03193146

Formosa, D. P., Sayers, M. G. L., & Burkett, B. (2013).
Stroke-coordination and symmetry of elite backstroke
swimmers using a comparison between net drag force
and timing protocols. Journal of Sports Sciences, 32(3),
220-228. https://doi.org/10.1080/02640414.2013.823222

Gonjo, T., Fernandes, R. J., Vilas-Boas, J. P., & Sanders, R.
(2019). Upper body kinematic differences between max-
imum front crawl and backstroke swimming. Journal of
Biomechanics, 109452. https://doi.org/10.1016/].jbio-
mech.2019.109452

Gonjo, T., Fernandes, R. J., Vilas-Boas, J. P., & Sanders, R.
(2021). Body roll amplitude and timing in backstroke
swimming and their differences from front crawl at the



Front Crawl and Backstroke Sprint Swimming have Distinct Differences along with

Similar Patterns Regarding Trunk Rotations

same swimming intensities. Scientific Reports, 11(1).
https://doi.org/10.1038/s41598-020-80711-5

Granata, K. P., & England, S. A. (2006). Stability of Dynam-
ic Trunk Movement. Spine, 31(10), E271-E276. https://
doi.org/10.1097/01.brs.0000216445.28943.d1

Grigoriou, R., Nikodelis, T., Kugiumtzis, D., & Kollias, I.
(2019). Classification methods can identify external con-
strains in swimming. Journal of Biomechanics, 82, 381—
386. https://doi.org/10.1016/j.jbiomech.2018.10.036

Kolmogorov, S. V., & Duplishcheva, O. A. (1992). Active
drag, useful mechanical power output and hydrody-
namic force coefficient in different swimming strokes at
maximal velocity. Journal of Biomechanics, 25(3), 311—
318. https://doi.org/10.1016/0021-9290(92)90028-y

Kudo, S., Mastuda, Y., Yanai, T., Sakurai, Y., & Ikuta, Y.
(2019). Contribution of upper trunk rotation to hand
forward-backward movement and propulsion in front
crawl strokes. Human Movement Science, 66, 467-476.
https://doi.org/10.1016/j.humov.2019.05.023

Kudo, S., Sakurai, Y., Miwa, T., & Matsuda, Y. (2016). Re-
lationship between shoulder roll and hand propulsion
in the front crawl stroke. Journal of Sports Scienc-
es, 35(10), 945-952. https://doi.org/10.1080/02640414
.2016.1206208

Lerda, R., & Cardelli, C. (2003). Analysis of Stroke Organi-
zation in the Backstroke as a Function of Skill. Research
Quarterly for Exercise and Sport, 74(2), 215-219.
https://doi.org/10.1080/02701367.2003.10609083

Maglischo, E. W. (2003). Swimming fastest. Human Kinetics.

Nikodelis, T., Kollias, I., & Hatzitaki, V. (2005). Bilat-
eral inter-arm coordination in freestyle swimming:
Effect of skill level and swimming speed. Jour-
nal of Sports Sciences, 23(7), 737-745. https://doi.
org/10.1080/02640410400021955

Nikodelis, T., Konstantakos, V., Kosmadakis, I., & Kollias, I.
(2013). Pelvis-Upper Trunk Coordination at Butterfly

Stroke and Underwater Dolphin Kick: Application on an
Elite Female Butterfly Swimmer. Journal of Athletic En-
hancement 2: 5. of, 7, 2. https://doi.org/10.4172/2324-
9080.1000125

Payton, C. J., Bartlett, R. M., Baltzopoulos, V., & Coombs, R.
(1999). Upper extremity kinematics and body roll during
preferred-side breathing and breath-holding front crawl
swimming. Journal of Sports Sciences, 17(9), 689—-696.
https://doi.org/10.1080/026404199365551

Psycharakis, S. G., & Sanders, R. H. (2010). Body roll in
swimming: A review. Journal of Sports Sciences, 28(3),
229-236. https://doi.org/10.1080/02640410903508847

Psycharakis, S. G., & Sanders, R. H. (2008). Shoulder
and Hip Roll Changes during 200-m Front Crawl
Swimming. Medicine & Science in Sports & Exer-
cise, 40(12), 2129-2136. https://doi.org/10.1249/
mss.0b013e31818160bc

Stergiou N. (2004). Innovative analyses of human move-
ment. Human Kinetics.

Vezos, N., Gourgoulis, V., Aggeloussis, N., Kasimatis, P.,
Christoforidis, C., & Mavromatis, G. (2007). Un-
derwater Stroke Kinematics During Breathing and
Breath-holding Front Crawl Swimming. Journal of
Sports Science & Medicine, 6(1), 58-62. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC3778700

Yanai, T. (2001). What Causes the Body to Roll in Front-
Crawl Swimming? Journal of Applied Biomechan-
ics, 17(1), 28—42. https://doi.org/10.1123/jab.17.1.28

Stroke frequency in front crawl: its mechanical link to the
fluid forces required in non-propulsive directions.
(2003). Journal of Biomechanics, 36(1), 53—62. https://
doi.org/10.1016/S0021-9290(02)00299-3

Yanai, T. (2004). Buoyancy is the primary source of gener-
ating bodyroll in front-crawl swimming. Journal of Bio-
mechanics, 37(5), 605-612. https://doi.org/10.1016/].
jbiomech.2003.10.004



