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The aim of this study was to classify and identify young swimmers’ performance,
and biomechanical determinant factors, and understand if both sexes can be clustered
together. Thirty-eight swimmers of national level (22 boys: 15.92 ± 0.75 years and
16 girls: 14.99 ± 1.06 years) were assessed. Performance (swim speed at front crawl
stroke) and a set of kinematic, efficiency, kinetic, and hydrodynamic variables were
measured. Variables related to kinetics and efficiency (p < .001) were the ones that
better discriminated the clusters. All three clusters included girls. Based on the
interaction of these determinant factors, there are girls who can train together with
boys. These findings indicate that not understanding the importance of the interplay
between such determinants may lead to performance suppression in girls.
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Swimming performance is a multifactorial phenomenon characterized by the
interactions of several determinants (Morais et al., 2013; Nikolaidis, 2012; Silva,
Figueiredo, Morais, et al., 2019). In swimming, variables related to swimming
technique, namely kinematics, efficiency (Silva, Figueiredo, Ribeiro, et al., 2019),
and hydrodynamics (Barbosa et al., 2015), play a key role. For instance, the fastest
swimmers racing freestyle sprinting events usually show longer stroke length (SL),
faster stroke frequency (SF), and lower intracyclic variation of the swim speed (dv)
compared with their worst performance counterparts (Morais et al., 2015).

Recently, it has been shown experimentally that thrust (i.e., amount of in-
water force) also determines swim speed in young swimmers, in which a higher
thrust is related to a higher swim speed (Dos Santos et al., 2021; Morais et al.,
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2021). In addition, in the front crawl, it was found that young swimmers may
present a bilateral asymmetry in the thrust of the upper limbs and consequently in
the swim speed achieved by each upper limb during the arm pull (Morais, Forte,
et al., 2020). Therefore, assessing the thrust independently for each upper limb will
reveal substantial information about contralateral limitations that young swimmers
may present during the arm pull. Indeed, at least for adult swimmers, it was shown
that minimizing such asymmetries will lead to improved performance (Dos Santos
et al., 2013).

Genetic factors play a key role in gender differences (Ben-Zaken et al., 2022;
Geladas et al., 2005). Boys are stronger and have longer limbs than girls, which
will promote better performances (Nevill et al., 2020). In addition to such genetic
factors, training also plays a determining role in boys’ and girls’ performances
(Dos Santos et al., 2021). Studies found a significant sex effect on variables related
to swimming performance (kinematics, efficiency, and hydrodynamics) in young
swimmers from 12 to 13 years onward (Barbosa et al., 2013; Silva, Figueiredo,
Ribeiro, et al., 2019). For instance, it was shown that boys tend to present larger SL,
faster SF, and higher stroke index (SI) (Silva, Figueiredo, Ribeiro, et al., 2019).
Conversely, girls presented a better hydrodynamical profile with lower coefficient
of active drag (Da [CDa]; Barbosa et al., 2013). Mixed findings were shown for the
dv. A study noted that boys present a lower dv (Silva, Figueiredo, Ribeiro, et al.,
2019), and girls present a lower dv Barbosa et al. (2013). Therefore, one may argue
that the performance determinants may differ between boys and girls.

However, data analysis in swimming performance, as well as in other sports, is
usually carried out considering the sample or the group’s main trend. Thus, each
subject’s profile is “masked” by the main trend of the overall sample. Cluster
analysis is a feasible procedure to assess individual trends within an overall sample
(Rein et al., 2010). As swimming performance is a multifactorial phenomenon,
multivariate data analysis such as cluster analysis can be employed to detect
patterns within data sets. Cluster analysis is a procedure that gathers in the same
group subjects who share several common characteristics but are very different
from others who do not belong to that cluster (Rein et al., 2010). Moreover, it also
allows the identification and classification of young swimmers’ determinant factors
at a given moment (Figueiredo et al., 2016) or even longitudinally (Morais et al.,
2015). This will allow an understanding of whether there are any determinant
factors related to swim technique (kinematic, efficiency, kinetic, and hydrody-
namic) that are common to boys and girls within an overall sample, allowing them
to be gathered in the same training group. Well-designed training programs based
on determinants related to swim technique can lead swimmers to excel themselves.
Such training plans should be adequate to each swimmer based on their specific
characteristics, or to a group of swimmers with a similar profile (Pyne, 2020). Thus,
it can be argued that there are characteristics or determinant factors that can be
common to both sexes, allowing boys and girls to train under the same training
design.

Therefore, the aims of this study were to: (a) classify and identify young
swimmers’ performance (swim speed), and biomechanical determinant factors
(kinematic, efficiency, kinetic, and hydrodynamic) gathered into subgroups and
(b) understand if girls can be clustered with boys. It was hypothesized that different
biomechanical variables (related to kinematics, efficiency, kinetics, and
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hydrodynamics) would be responsible for the cluster formation, and that girls
would not be included in the cluster that gathered the fastest swimmers.

Methods

Participants

Thirty-eight young swimmers (22 boys: 15.92 ± 0.75 years, 68.93 ± 6.99 kg of body
mass, 176.91 ± 5.66 cm of height, 182.82 ± 8.37 cm of arm span, Tanner Stages 4–5,
and 566.77 ± 56.83 Fédération Internationale De Natation (FINA) points in the 100-m
freestyle event in short course; 16 girls: 14.99 ± 1.06 years, 56.66 ± 5.94 kg of body
mass, 162.63 ± 6.95 cm of height, 167.56 ± 7.11 cm of arm span, Tanner Stages 4–5,
and 602.25 ± 77.36 FINA points in the 100-m freestyle event in short course) were
recruited for analysis. The swimmers were recruited from a national team at the end of
the second macrocycle, which corresponded to the second peak performance of the
season. The inclusion criteria for the participants were: (a) national-level swimmers in
their age group in the freestyle sprint events, (b) having participated in daily training
sessions from the beginning of the season, and (c) without any injury since the
beginning of the season. All participants had more than 5 years of competitive
experience and trained six to seven swimming sessions per week, combined with at
least one dryland strength, and conditioning session per week. Parents or guardians,
and the swimmers themselves signed an informed consent form. All procedures were
in accordance with the Declaration of Helsinki regarding human research, and the
University of Beira Interior ethics board approved the research design.

Performance

The swim speed (in meters per second) was considered the performance indicator.
Swimmers were invited to perform three all-out trials in front crawl with a push-off
start. A mechanical apparatus (Swim speedometer; Swimsportec, Hildesheim,
Germany) was attached to the swimmer’s hip (Barbosa et al., 2015). The speed
of the swimmer’s hip was deemed appropriate as an indication of the swimmer’s
center of mass. Literature indicates that despite presenting a 7% error, the measure-
ment of the swim speed based on this approach is a simple and less time-consuming
process that allows evaluating several swim cycles and giving quick feedback to
swimmers (Fernandes et al., 2012). An in-house built software (LabVIEW, version
2010, National Instruments) was used to acquire (f = 50 Hz) and display speed–time
data over each trial on a laptop. Data were exported from the speedometer to the
interface by a 12-bit resolution acquisition card (USB-6008, National Instruments),
it was then imported into a signal processing software (AcqKnowledge, version
3.9.0, Biopac Systems). Signal was handled with Butterworth fourth order low-pass
filter (cutoff: 5 Hz). The swim speed was retrieved from the software between the
11th and 24th meter. The best trial was used for analysis.

Kinematics and Efficiency

The kinematics and efficiency parameters were collected concurrently with the
performance. The intracyclic dv was computed as the coefficient of variation:
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coefficient of variation = 1 SD/mean (Barbosa et al., 2010). The SF was measured
by calculating the number of cycles per unit of time from the time it takes to
complete one full cycle (f = 1/t, the mean of three consecutive full stroke cycles was
used for analysis), and afterward converted to Hz. The SL was computed as:
SL = v/SF, in which SL (in meters), v is the swim speed (in meters per second), and
SF (in hertz) (Craig & Pendergast, 1979).

The SI was computed as: SI = v·SL, in which SI (in square meters per second),
v is the swim speed (in meters per second), and SL (in meters) (Costill et al., 1985).
The Froude efficiency (ηF) was computed as:

ηF =

�
v · 0.9

2π · SF · l

�
·
2
π
, (1)

in which ηF (dimensionless), v is the swim speed (in meters per second), SF
(in hertz), and l is the shoulder to hand average distance (in meters) (Zamparo et al.,
2005). The latter variable was measured on land by digital photogrammetry
(Morais, Marques, et al., 2020). There are more recent models to computed the
ηF such as the one presented by Gonjo et al. (2018). This model (three-dimensional
direct linear transformation) is based on the ratio between the body’s center of mass
speed, and hand speed, having the wrist as reference. However, this is a more
complex and time-consuming method to be used in a translational and applied
research with young swimmers.

Kinetics

The propulsive force (kinetics) was acquired concurrently to kinematics and
performance testing (the same three maximum all-out trials of 25-m front crawl
with a push-off). Differential pressure sensors and underwater video (Aquanex +
Video, Swimming Technology Research, Tallahassee, FL) were used to measure
propulsive force (f = 100 Hz) (Morais, Forte, et al., 2020). Such sensors were
placed between the third and fourth metacarpals to measure the pressure differen-
tial between the palmar and dorsal surfaces. This location is considered a good
proxy of the application point of the thrust vector in the hand (Gourgoulis et al.,
2013). At the beginning of each trial, swimmers were asked to keep their hands
underwater at the waistline for 10 s to calibrate the system with the hydrostatic
pressure values. The video camera was placed at the side of the swimming pool
recording the swimmers on the sagittal plane. The sensors were connected to an
analog-to-digital converter connected to a laptop, on the pool deck with the
Aquanex software (version 4.2 C1211, Aquanex; Morais, Forte, et al., 2020).
Afterward, time–force series were imported into a signal processing software
(AcqKnowledge, version 3.9.0, Biopac Systems). Signal was handled with Butter-
worth fourth order low-pass filter (cutoff: 5 Hz).

For each dominant and nondominant arm pull, the mean propulsive force
(Fmean_dominant and Fmean_nondominant [in newton]), and the peak force (Fpeak_dominant

and Fpeak_nondominant [in newton]) were analyzed. Afterward, the Fmean_stroke cycle

(the mean force produced in one full stroke cycle [in newton]) was calculated. The
intracyclic force variation of the (dFdominant, dFnondominant, and dFmean_stroke cycle [in
percentage]) was computed as the coefficient of variation (as aforementioned).
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Hydrodynamics

The CDa (dimensionless) was computed based on the velocity perturbation method
(Kolmogorov & Duplishcheva, 1992). Swimmers performed two all-out trials of
25-m front crawl with a push-off start. One trial was carried out towing a
hydrodynamic body (i.e., a perturbation device) and the other without towing it
(Kolmogorov & Duplishcheva, 1992). Between trials swimmers had 10 min for
full recovery. A camera (Sony x3000, Sony Corporation) was used to record the
swimmer’s displacement time between the 11th and 24th meter. The swim speed
was calculated as: v = d/t. The Da (in newton) was computed as:

Da =
Dbvbv

2

v3 − v3b
, (2)

in which Da is the swimmer’s active drag at maximum speed (in newton),Db is the
resistance of the hydrodynamic body computed from the manufacturer’s calibra-
tion of the buoy-drag characteristics and its speed (in newton), vb, and v are the
swimming velocities with and without the perturbation device (in meters per
second). Afterward, the CDa was computed as:

CDa =
2 · Da

ρ · S · v2
, (3)

in which CDa is the Da coefficient (dimensionless), Da (in newton), ρ is the density
of the water (1,000 kg/m3), the body’s cross-sectional surface area (S [in square
meters]), and v is the swim speed (in meters per second). For convenience of
measurement, the S was computed on land by digital photogrammetry. The
swimmers were photographed by a digital camera (Alpha 6000, Sony Corporation)
in the transverse plane (downward view) on land simulating the streamlined
position (Morais et al., 2012).

Anthropometrics

The body mass was measured with a digital scale (BC-730, Tanita), and the height
with a digital stadiometer (Seca 242, Seca). The arm span was measured by digital
photogrammetry (Morais, Marques, et al., 2020). For this, swimmers were
photographed near a 2D calibration frame, in an orthostatic position, with both
arms in lateral abduction at a 90° angle to the trunk. Both arms and fingers were
fully extended. The distance between the tip of each third finger was measured. The
swimmers’ anthropometric characterization by cluster and sex is presented in
Table 1.

Statistical Analysis

The normality and homoscedasticity assumptions were analyzed with the
Kolmogorov–Smirnov and Levene tests, respectively. The mean + 1 SD were
calculated as descriptive statistics. The modeling of clusters was performed based
on the nonhierarchical k-means approach, which allows to previously define a
number of clusters to be used. The k-means defines a centroid, which is the mean of
a group of points/subjects, based on their similarities (Rein et al., 2010). To ensure
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a coherent comparison of data sets with different magnitudes and/or units,
standardized z scores of all variables were computed.

The one-way analysis of variance was used to identify the main determinants
responsible for the cluster formation in each evaluation moment (p ≤ .05). A
discriminant analysis was performed to validate the cluster formation. The total eta
square (η2) was selected as effect size index, and deemed as: (a) without effect if
0 < η2 ≤ .04, (b) minimum if .04 < η2 ≤ .25, (c) moderate if .25 < η2 ≤ .64, and
(d) strong if η2 > .64 (Ferguson, 2009). Afterward, the Bonferroni post hoc test
(p ≤ .05) was used to verify the differences between clusters for each variable.
Cohen’s d was selected as standardized effect size, and interpreted as: (a) trivial if
d < 0.20, (b) small if 0.20 ≤ d < 0.60, (c) moderate if 0.60 ≤ d < 1.20, (d) large if
1.20 ≤ d < 2.00, (e) very large if 2.00 ≤ d < 4.00, and (f) extremely large if d ≥ 4.00
(Hopkins et al., 2009).

Results

The model set three different clusters. Cluster 1 gathered the fastest swimmers
according to their swim speed, Cluster 2 the intermediate swimmers, and Cluster 3
the slowest swimmers. Moreover, Cluster 1 included two girls (out of 17—11.8%),
Cluster 2 included one girl (out of six—16.7%), and Cluster 3 included 13 girls (out
of 15—86.7%).

The determinant factors that better discriminated the cluster solutions (based
on higher F ratio and standardized η2 effect), besides the performance, were the
Fmean_stroke cycle (F = 37.70, p < .001, η2 = .68), the Fmean-dominant (F = 24.77,
p < .001, η2 = .57), and the SI (F = 23.05, p < .001, η2 = .57) (Table 2).

The determinant factors that characterized each cluster are indicated in Table 2
and summarized in Table 3. Besides a high swim speed, Cluster 1 was character-
ized by high SI (efficiency), dFnondominant (kinetics), and SF (kinematics); Cluster 2
by high Fmean_stroke cycle (kinetics), high Fmean_dominant (kinetics), and high dv
(efficiency; higher values of dv indicate worst performance); and Cluster 3 by low
SI (efficiency), Fpeak_nondominant (kinetics), and Fmean_stroke cycle (kinetics) (Table 3).

Table 4 presents the comparison between the clusters. The Fmean_stroke cycle

was the variable that presented the highest and most significant mean difference
between Clusters 1 and 2 (mean difference = −7.032, p < .001, d = 1.81). Between
Clusters 2 and 3, there was also the Fmean_stroke cycle (mean difference = 12.360,
p < .001, d = 3.12). In addition to performance, the SI (mean difference = 0.653,
p < .001, d = 2.24) was the variable that presented the highest and most significant
difference between Clusters 1 and 3.

For a qualitative analysis, the discriminant analysis showed a very good
compactness/separation with a correct classification of the original groups (97.4%)
and a correct classification of cross-validated groups (81.6%; Figure 1).

Discussion

The aims of this study were to: (a) classify and identify young swimmers’
performance and biomechanical determinant factors (kinematics, efficiency, kinet-
ics, and hydrodynamics) gathered into subgroups and (b) understand if girls can be
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clustered with boys. The model set three different clusters. All three clusters
included girls. The determinant factors that better discriminated the cluster
solutions (besides the performance) were the Fmean_stroke cycle, the Fmean-dominant,
and the SI. The discriminant analysis showed that clusters presented a very good
compactness/separation.

Studies in swimming showed that cluster analysis is a feasible way to identify
swimming determinants by gathering swimmers with similar characteristics
(Figueiredo et al., 2016; Morais et al., 2015; Silva, Figueiredo, Morais, et al.,
2019). Overall, it was shown that swimming performance in youth swimming is
determined by the interactions of several variables (Figueiredo et al., 2016; Morais,
Forte, et al., 2020). However, at early ages (11–13 years), anthropometric features
seem to be the variables that better discriminate the clusters gathering swimmers
with similarities (Figueiredo et al., 2016; Morais et al., 2015). That is, swimmers
with larger body dimensions are likely to perform better. Nonetheless, it was
argued that the anthropometric “disadvantage” can be overcome by individual
adaptations in stroke mechanics to achieve greater swim speed (Figueiredo
et al., 2016).

For this reason, the study researchers chose not to include anthropometric
features to test the cluster formation and identify the swimming determinants. The
inclusion of such variables may have minimized the effect that other variables may
have on swimming performance, especially in young swimmers and in groups of
boys and girls gathered together. It should be pointed out that girls included in
Cluster 1 (better performances) presented the largest anthropometric features
among all female swimmers. Nevertheless, they presented less 7.66% of body
mass (4.98 kg of mean difference), less 2.31% of height (4.40 cm of mean
difference), and less 3.95% of arm span (7.43 cm of mean difference) in
comparison to their boys counterparts included in the same cluster. Conversely,
the two boys included in Cluster 3 were not the ones with shortest anthropometrics
among all boys. This shows that anthropometrics “alone” are not responsible for
better performance. Otherwise, the boys included in Cluster 3, which presented
anthropometric features within the boys’ average sample, would be pooled in a
better performance cluster. These findings highlight the swimming performance as
a holistic phenomenon which is highly dependent on the interaction between
several determinant factors.

Our data showed that thrust (specifically Fmean_stroke cycle, the Fmean-dominant)
and SI, which is an efficiency proxy, were the variables that better determined the
formation of the cluster. The SI is based on the swim speed and the SL, and it
measures the swimmer’s ability to complete a given distance with a particular swim

Table 3 Summary of Key Features Characterizing Each Cluster

Cluster 1 Cluster 2 Cluster 3

Efficiency (+) Kinetics (+) Efficiency (−)

Kinetics (+) Efficiency (−) Kinetics (−)

Kinematics (+)

Note. (+) is the high values; (−) is the low values.
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speed in the fewest possible strokes (Costill et al., 1985). Thus, one can confirm
that for a given speed, swimmers with longer SL are more efficient. On the other
hand, there are no studies that implemented this kind of cluster analysis including
thrust variables. It was shown through direct methods (with sensors placed in the
swimmer’s hand, which plays a key role in thrust production; Cohen et al., 2015)
that thrust determines young swimmers’ speed, and there is a strong relationship
between these two variables, that is, whenever a decrease in thrust is observed, the
swim speed also decreases (Morais, Forte, et al., 2020). Indeed, our data indicate
that thrust is a key factor to differentiate swimmers with better and worst
performances.

This clustering analysis revealed that girls were included in all three clusters.
Sex differences in body features (namely size and composition) start developing at
the onset of puberty (Sandbakk et al., 2018). Thus, it is normal that due to this
“nature” phenomenon, boys present better performances than their girls’ counter-
parts.Moreover, it was argued that the upper body revealed larger gender differences
than for leg or whole-body exercise sports (Sandbakk et al., 2018). Our data showed
that the Fmean_stroke cycle (upper limbs thrust) was the variable that better discrimi-
nated the cluster solutions. At least for the butterfly stroke in young swimmers
(no data were found comparing boys and girls thrust based on pressure sensors in
both upper limbs), boys presented higher Fmean_stroke cycle values than girls (Morais
et al., 2021). The same trend was verified in front crawl but based on tethered
swimming (Dos Santos et al., 2021; Oliveira et al., 2021). Indeed, in sprint events or
all-out trials, the upper body has a substantial and significant effect on swimmers’
performance (Bartolomeu et al., 2018; Morais, Forte, et al., 2020). It was shown that
the motion of the upper limbs is responsible for nearly 90% of the swim speed in
front crawl (Bartolomeu et al., 2018; Toussaint et al., 1988). Thus, and despite
presenting smaller anthropometric features, girls can diminish the performance
gender gap through individual adaptations namely by technical features such as
thrust. Indeed, girls were included in the fastest clusters (1 and 2).

Literature reports mixed findings of differences between boys and girls in
young swimmers’ technical parameters. That is: (a) there are variables in which
boys present higher values (Silva, Figueiredo, Ribeiro, et al., 2019); (b) other
variables in which girls perform better or without significant differences in relation
to boys (Wądrzyk et al., 2019); and (c) the performance determinants are different
between sexes or with dissimilar effects (Morais et al., 2021). Cluster analysis by
considering several variables simultaneously is a good solution to identify
performance determinants considering each athlete’s characteristics individually
(Barbosa et al., 2016). In sports, small changes in one variable may not reflect an
immediate change in another due to an existent interaction-dominant dynamic
(Barbosa et al., 2016). Thus, practitioners consider that it is the sum of very small
changes in several variables (through interactions) that helps the elite athlete to
reach excellence. Moreover, perhaps considering longitudinal studies be employed
to understand if the performance determinants change, and if girls are able to shift
to the clusters that include the fastest swimmers.

Overall, beside performance, swimmers were clustered based on Fmean_stroke

cycle, the Fmean-dominant, and SI. That is, the fastest swimmers with both sexes
grouped together were discriminated by higher thrust and efficiency. Despite the
cluster with “worst” performances (Cluster 3) including the most girls, there were

(Ahead of Print)

12 MORAIS ET AL.



also girls included in the fastest clusters (1 and 2). Not understanding that some
girls (i.e., with specific characteristics) can train as hard and strong as their boys’
counterparts, can lead to retention in their performance enhancement. Indeed, it
was recently argued that coaches can prescribe similar training for both girls and
boys of identical training backgrounds (Reis et al., 2017). The authors observed
that the most important oxygen consumption parameters were not different
between sexes for the same relative intensity (Reis et al., 2017).

Moreover, swimming is characterized by interindividual variations (Bideault
et al., 2013). That is, the success of a higher skilled behavior it is not dependent on a
specific determinant, or from an unique path. It is rather achieved by an interaction or
interplay of several determinants (Figueiredo et al., 2016;Morais et al., 2015). Indeed,
literature does report that sports performance should adopt a multidisciplinary
approach to better understand the athlete–environment relationship, which is based
on a complex and dynamic system (Philips et al., 2010). Coaches should carefully
verify each swimmer’s characteristics to better understand how to master them. In the
specific case of youth swimming, such characteristics or determinants are related to
swim technique factors (kinematic, efficiency, kinetic, and hydrodynamic; Barbosa
et al., 2015;Morais et al., 2012; Silva, Figueiredo, Ribeiro, et al., 2019). Thus, coaches
must be aware that based on this dynamic and complex process, some girls can receive
technical training alongside boys, whenever such characteristics, or determinants are
identified. Amain limitation to be considered is the fact that the rational of this study is
only for postpubertal and sprinting swimmers. Therefore, it can be suggested to:
(a) employ this modeling in swimmers specialized in middle and long distances;
(b) add physiological variables to understand its interaction with biomechanics; and
(c) employ longitudinal designs to understand if the determinant factors change over
time, and specially according to the training design.

Conclusion

Cluster analysis revealed three clusters gathering girls and boys of the same age
group and competitive level. Thrust (Fmean_stroke cycle and the Fmean-dominant) and
efficiency (SI) variables were responsible for the cluster discrimination. All
clusters were characterized by the interaction of several variables. Despite the
most girls were included in Cluster 3 (“worst” performance), all clusters included
girls, indicating that coaches must pay attention to the individual characteristic of
each swimmer in order to avoid performance retention.
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