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1   |   INTRODUCTION

Swimming is a time-based sport in which swimmers must 
cover a given distance in the shortest amount of time to 

achieve better performances, that is fastest speeds. Of 
all the swimming distances and strokes, the front-crawl 
stroke (i.e., freestyle event) in the sprint events (i.e., 50 
and 100 m distances) is the one that has received the most 
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Abstract
The aim of this study was to understand the interactions between anthropomet-
ric, kinetic, and kinematic variables and how they determine the 100 m freestyle 
performance in young swimmers. Twenty-five adolescent swimmers (15 male 
and 10 female, aged 15.75 ± 1.01 years) who regularly participated in regional and 
national competitions were recruited. The 100 m freestyle performance was cho-
sen as the variable to be predicted. A series of anthropometric (hand surface area–
HSA), kinetic (thrust and active drag coefficient (CDA)), and kinematic (stroke 
length (SL); stroke frequency (SF), and swimming speed) variables were meas-
ured. Structural equation modeling (via path analysis) was used to develop and 
test the model. The initial model predicted performance with 90.1% accuracy. All 
paths were significant (p < 0.05) except the thrust—SL. After deleting this non-
significant path (thrust—SL) and recalculating, the model goodness-of-fit im-
proved and all paths were significant (p < 0.05). The predicted performance was 
90.2%. Anthropometrics had significant effects on kinetics, which had significant 
effects on kinematics, and consequently on the 100 m freestyle performance. The 
cascade of interactions based on this path-flow model allowed for a meaningful 
prediction of the 100 m freestyle performance. Based on these results, coaches and 
swimmers should be aware that the swimming predictors can first meaningfully 
interact with each other to ultimately predict the 100 m freestyle performance.
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attention from researchers and coaches.1,2 This is because 
it is the fastest stroke3 and the one that swimmers have 
participated in since early childhood.4

Research on swimming performance indicates that per-
formance is strongly dependent on the interaction of an-
thropometric, biomechanical (including hydrodynamics, 
kinematics, kinetics, motor control, etc.) and energetic/
efficiency factors.5,6 Nevertheless, it has been suggested 
that variables related to swimming technique (i.e., bio-
mechanics) are the ones that strongly influence perfor-
mance, especially in young swimmers.7 Overall, the main 
idea to retain is that larger body features lead to faster/
better stroke kinematics and consequently to better per-
formance.8 According to the literature, the best swimmers 
are taller, have a wider arm span, larger hands and feet, a 
faster cadence (stroke frequency (SF)) and a longer stroke 
length (SL) than their slower counterparts.9 In the con-
text of youth swimming, understanding the relationship 
between all of these anthropometric and technical char-
acteristics will provide coaches with deeper insights into 
how to improve their swimmers' performance. In fact, it 
has been shown that swimming performance is a holis-
tic phenomenon strongly dependent on the interaction 
of several variables and not on isolated characteristics.10 
Thus, increasing the knowledge of such interactions at 
different ages may help coaches to design more appropri-
ate training programs and drills. This will help swimmers 
to consolidate their stroke mechanics more quickly, allow-
ing them to spend more time on the physiological aspects 
of sprint swimming.

In addition to the variables related to anthropometrics 
and stroke kinematics, the hydrodynamics of swimmers 
is also a scientific field that is being studied by research-
ers.11 The specific characteristics of the aquatic environ-
ment, which do not allow for “fluid” displacement as it 
happens on land, increase the interest and focus of re-
searchers. Swimming speed is characterized by a period-
ically accelerated/decelerated displacement based on the 
net balance of thrust and drag.10 Therefore, swimmers 
who tend to provide more thrust and less drag are more 
likely to perform better.12,13 While drag and its effects on 
swimming performance have been extensively studied in 
young swimmers,11 there is less information on the effects 
of thrust on swimming performance using experimental 
methods. However, studies report that generating more 
thrust leads to better swimming performance.14,15

Deterministic modeling is a modeling paradigm that 
determines the relationships between a movement out-
come measure and the biomechanical factors that produce 
such a measure.16 Based on deterministic models related 
to swimming, it has been shown that thrust and drag (ki-
netics) have a direct effect on the swimmers' stroke kine-
matics and consequently on the swimmers' performance.17 

Structural equation modeling (SEM) is a confirmatory sta-
tistical analysis that quantifies the relationships among ob-
served variables with the goal of providing a quantitative 
measure of the theoretical model hypothesized by research-
ers.8 Specifically, path-flow analysis allows researchers to 
design theoretical models based on exploratory research 
and understand the direct and indirect effects that predic-
tor variables may have on a given variable. Instead of un-
derstanding only the direct effect of one set of variables on 
another, it is possible to understand all the mediating effects 
between all the variables. In addition, and to the best of our 
knowledge, there are no studies that have simultaneously 
reported the effects of thrust and drag on swimming kine-
matics or performance with the goal of predicting the latter. 
That is, researchers tend to understand the effects of thrust 
on swimmers' performance simultaneously with other vari-
ables, but not with drag.14,18

Therefore, the aim of this study was to understand the 
interactions between anthropometric, kinetic, and kine-
matic variables and how they determine the 100 m freestyle 
event in young swimmers. A deterministic model based on 
path-flow analysis was developed. It was hypothesized that 
all paths designed would be significant and that the 100 m 
freestyle event would be meaningfully predicted by the in-
teractions of the remaining variables.

2   |   METHODS

2.1  |  Participants

An a priori power analysis was performed using 
G*Power.19 Twenty participants were required to detect a 
large effect size (f2 = 0.35) with 80% power (α = 0.05, one-
tailed test) for a “linear multiple regression: fixed model, 
single regression coefficient” statistical test. A large effect 
size was used to estimate the sample size because explora-
tory studies revealed strong relationships between swim-
ming performance and anthropometrics, kinematics, 
and hydrodynamics in young swimmers.18,20 Twenty-five 
adolescent swimmers (15 male: age = 15.99 ± 0.82 years, 
body mass = 70.17 ± 7.64 kg, height = 1.78 ± 0.06 m; arm 
span = 1.84 ± 0.09 m; maturity offset = 2.27 ± 0.64 years, 
FINA points in the 100 m freestyle event in the short-
course swimming pool = 581.40 ± 54.43 points; 10 fe-
male: age = 15.37 ± 1.19 years, body mass = 58.35 ± 6.18 kg, 
height = 1.64 ± 0.07 m; arm span = 1.68 ± 0.08 m; maturity 
offset = 2.98 ± 1.22 years, FINA points in the 100 m freestyle 
event in the short-course swimming pool = 616.60 ± 83.96 
points) who regular compete in regional and national 
events were recruited. The sample included age-group na-
tional record holders and other swimmers in a national 
talent identification program. Some of the swimmers also 

 16000838, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14578 by Prt-Inst Politec D
e B

raganca, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  3 of 10MORAIS et al.

regularly competed in international events (Tier 3 ath-
letes).21 Coaches and/or parents and the swimmers gave 
their consent/assent to participate in this study. All pro-
cedures were in accordance with the Helsinki Declaration 
regarding human research. The Polytechnic Ethic 
Committee also approved the study design (No. 72/2022).

2.2  |  Theoretical model

The theoretical model (Figure 1A) was designed in tandem 
with the state of the art of exploratory research in com-
petitive swimming.22 CDA (kinetics) is considered the best 
indicator of a swimmer's hydrodynamic profile and is less 
dependent on swimming speed than drag.23 Smaller CDA is 
associated with a faster swimming speed, and it is also as-
sociated with the ability of swimmers to achieve greater dis-
tance per stroke cycle (i.e., SL). The HSA (anthropometrics) 
is strongly and positively associated with greater thrust (ki-
netics).24 More thrust can have a positive and significant 
effect on the swimmers' stroke kinematics, namely SF and 
SL, and these on swimming speed.25,26 Finally, the 100 m 
freestyle event is highly dependent on swimming speed 
during the so-called “clean swim”, that is without the in-
terference of the start and turns. Thus, the present model 
was designed to test a cascade of effects between several de-
terminants to understand the performance of young swim-
mers in a sprint event (100 m freestyle).

2.3  |  Research design

Prior to data collection, the swimmers performed a sprint 
specific warm-up session.27 After an auditory signal, each 
swimmer performed three maximal 25 m trials in front-
crawl with a wall push-off start. Swimmers had a 30 min 
rest between trials to allow for full recovery. The best trial 
(fastest swimming speed) was used for further analysis. 
Swimmers were instructed to perform non-breathing 
stroke cycles during the data collection period to avoid 
changes in stroke coordination or technique that could 
negatively affect swimming speed.28 Three stroke cycles 
were measured between the 11th and 24th meter and the 
average was used for further analysis.

2.4  |  Kinematics

Swimming speed (v, in m/s), stroke frequency (SF, in Hz), 
and stroke length (SL, in m) were selected as kinematic 
variables. The string of a speedometer (SpeedRT, ApLab, 
Rome, Italy) was attached to the waist of the swimmers. 
The speedometer calculated the displacement and speed 

of the swimmers at a rate of 100 Hz. The speed-time se-
ries were then imported into a signal processing software 
(AcqKnowledge v. 3.9.0, Biopac Systems, Santa Barbara, 
USA). After residual analysis, the signal was handled with 
a fourth order Butterworth low-pass filter (cut-off: 5 Hz). 
A video camera (GoPro Hero Black 7, USA) was placed in 
a fixed position in the mid-section of the swimming pool. 
It was synchronized with the speedometer to record the 
swimmers in the sagittal plane and to identify the head 
passage in the 11th and 24th meter marks and to calculate 
the swimmers' SF based on the hand entry. Swimming 
speed was obtained from the software between the estab-
lished marks. The SF was calculated by the number of cy-
cles per unit of time from the time taken to complete a full 
cycle (f = 1/P; where P is the period) and then converted 
to Hz. The SL was calculated as SL = v/SF in which SL is 
the stroke length (in m), v is the swimming speed (in m/s), 
and SF is the stroke frequency (in Hz).29

2.5  |  Thrust

Thrust was measured simultaneously with kinematics 
over the same distance (11th–24th meter marks). A pres-
sure sensor system (Swimming Technology Research, 
USA) was used to measure thrust (f = 100 Hz).30 This 
system is based on sensors that estimate in-water pres-
sure, with a measurement error of 0.2%. Such sensors 
were placed between the third and fourth metacarpals to 
measure the pressure differential between the palmar and 
dorsal surfaces. It is believed that this location is a good 
proxy for the point of application of the thrust vector to 
the hand.31 At the beginning of each trial, swimmers were 
asked to hold their hands immersed at the waist for 10 s 
to calibrate the system.30 The sensors were fed through an 
A/D converter to a laptop running the Aquanex software 
(Aquanex v. 4.2 C1211, Richmond, USA).32 The force-
time series were then imported into a signal processing 
software (AcqKnowledge v. 3.9.0, Biopac Systems, Santa 
Barbara, USA). The signal was handled with a fourth 
order Butterworth low-pass filter (cut-off: 5 Hz). For each 
arm-pull (right and left), the mean thrust was analyzed. 
Then, the Ftotal (the sum of the average thrust obtained by 
the two upper limbs, in N) was calculated.

2.6  |  Active drag coefficient

The velocity perturbation method was used to calculate 
the coefficient of active drag (CDA).33 Two 25 m maximum 
front-crawl trials with a push-off start were performed. 
One trial was performed at maximum front-crawl (swim-
ming “freely”) and the other was performed towing a 
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hydrodynamic body (i.e., a perturbation device—see work 
of Kolmogorov's34 for more information on this hydrody-
namic body). This hydrodynamic body was attached to the 
swimmers' waist with a belt at a distance of 8 m (to mini-
mize the dragging effects of the disturbance device in the 
waist of the swimmer).33 The swimming speed between 
the 11th and 24th meter marks in both trials is needed to 
further calculate the CDA. The “free swim” trial was the 
one performed while the kinematic variables were being 
collected. Swimmers performed another trial with the per-
turbation device attached. The CDA was calculated as:

in which CDA is the coefficient of active drag (dimen-
sionless), DA is the active drag (N), ρ is the density of 
the water (997 kg/m3), FSA is the swimmer's frontal 
surface area (m2), and v is the swimming speed (m/s). 
For the FSA measurement, the swimmers were pho-
tographed on land with a digital camera (Sony a6000, 
Tokyo, Japan) in the transverse plane near a 2D calibra-
tion that simulated the five key moments of the front-
crawl stroke cycle: (i) right hand catch; (ii) right hand 
insweep; (iii) right hand exit and left hand catch; (iv) 
left hand insweep; and (v) left hand exit and right hand 
catch.35 Then, each FSA position was measured by digi-
tal photogrammetry using specialized software (Udruler, 
AVPSoft, USA). The values at each position were inter-
polated using a cubic spline from which the FSA values 
at each percentage point (5% each) of the stroke were 
calculated. The average FSA (in m2) of the five key mo-
ments was then used to calculate the CDA. This was done 
because using the FSA as being the largest perimeter at 
chest height leads to an underestimation of the effective 
FSA during swimming.35

2.7  |  Performance

The 100 m freestyle event in a short-course swimming 
pool (i.e., 25 m length) was selected as the performance 
outcome. The time between the event and data collection 
was no more than 15 days, as recommended by others.8

2.8  |  Statistical analysis

Normality and homoscedasticity assumptions were ana-
lyzed using the Shapiro–Wilk and Levene tests, respec-
tively. Descriptive statistics were calculated as mean ± one 
standard deviation. As there were no significant differ-
ences between the sexes in the correlations between the 

performance and the remaining independent variables, 
males and females were plotted together. Spearman cor-
relation coefficients were calculated between the inde-
pendent variable (i.e., 100 m freestyle performance) and 
the remaining variables, and all paths designed in the 
theoretical model (p ≤ 0.05). As a qualitative index, the 
relationship was considered: (i) trivial, if 0 < rs <0.1; (ii) 
small, if 0.1 ≤ rs <0.3; (iii) moderate, if 0.3 ≤ rs <0.5; (iv) large, 
if 0.5 ≤ rs <0.7; (v) very large, if 0.7 ≤ rs <0.9, and; (vi) near 
perfect, if 0.9 ≤ rs ≤1.0.36 These statistical analyses were 
performed using the IBM SPSS statistics program (version 
29.0; IBM Inc., Chicago, IL, USA).

Path-flow analysis was used to test the model.8 The 
interpretation of this type of approach is based on the 
links between variables (i.e., the ability of one or more 
dependent variables to predict an independent variable). 
These relationships represent a beta value (i.e., standard-
ized coefficients) that indicates the contribution of one 
variable to the other. Standardized regression coefficients 
(b) were considered, and the significance of each one was 
assessed using the Student's t-test (p ≤ 0.05). The residual 
errors and coefficients of determination were also calcu-
lated (representing the variable predictive error and the 
variable predictive value, respectively). The quality of the 
goodness-of-fit of the model was measured by calculating 
the Chi-square/degrees of freedom ratio (x2/df). This ratio 
was considered qualitatively as: x2/df >5 poor adjustment; 
5 ≥ x2/df >2 reasonable adjustment; 2 ≥ x2/df >1 good ad-
justment; x2/df ~ 1 very good adjustment.37 The model 
was constructed using variables and paths that did not 
have multicollinearity effects to avoid biases in the regres-
sions. The IBM SPSS Amos program (version 26.0; IBM 
Inc., Chicago, IL, USA) was used to perform the path-flow 
analysis.

3   |   RESULTS

Table 1 presents the descriptive statistics (mean ± stand-
ard deviation) of the swimmers by gender and all pooled 
together. Table  2 presents the Spearman's correlation 
coefficient between all independent variables and the 
100 m freestyle performance, as well as between the 
paths linked in the theoretical model. All independ-
ent variables showed a significant correlation with the 
100 m freestyle performance ranging from a moderate 
effect size (CDA: rs = 0.419, p = 0.037) to a very large 
one (speed: rs = −0.826, p < 0.001). As for the correla-
tions between pathways, all of them showed significant 
correlations with moderate (HSA—thrust: rs = 0.456, 
p = 0.22; CDA—speed: rs = −0.395, p = 0.050) to very large 
effect sizes (speed—100 m performance: rs = −0.826, 
p < 0.001). The thrust—SL path was the only one that 

(1)CDA =

2 DA

� FSA v2
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showed a non-significant correlation with a small effect 
size (rs = 0.299, p = 0.146).

Figure  1B,C shows the confirmatory model before 
and after deleting the non-significant paths. The first run 
was based on the theoretical model. The corresponding 
standardized regression weight (beta value) is shown 
between the paths. This indicates the contribution of 
one variable to another. This first model showed that 
thrust was predicted by 23.6%, speed by 99.8%, and per-
formance by 90.1%. All paths were significant (p < 0.05), 
except the thrust—SL. The goodness-of-fit of the model 
was x2/df = 2.780 (reasonable adjustment) (Panel B). 
After deleting this non-significant path (thrust—SL) and 
recalculating the model, the goodness-of-fit improved to 
x2/df = 2.583 and all paths were significant (Panel C). A 
one-unit (1 cm2) increase in HSA results in a 0.486 N in-
crease in the thrust. A one-unit (1 N) increase in thrust 

results in a 0.540 Hz increase in the SF. A one-unit (1 Hz) 
increase in SF results in a 0.759 m/s increase in speed. A 
one-unit (1 m) increase in SL results in a 0.662 m/s in-
crease in speed. A one-unit increase (dimensionless) in 
CDA results in a −0.492 m decrease in SL, and −0.513 m/s 
in speed. Finally, a one-unit (1 m/s) increase in speed 
results in a −0.950 s improvement in performance (i.e., 
faster speeds result in less time to cover the distance). 
Thrust was predicted by 23.6%, speed by 99.8%, and per-
formance by 90.2%. Thus, the cascade of interactions 
based on this path-flow model provided a meaningful 
prediction of the 100 m performance.

4   |   DISCUSSION

The purpose of this study was to understand the interac-
tions between anthropometric, kinetic, and kinematic 
variables and how they determine the 100 m freestyle 
event in young swimmers. The main findings are that it 
was possible to develop such a deterministic model with 
reasonable goodness-of-fit, and that the 100 m freestyle 
performance was predicted by 90.2% considering a cas-
cade of paths designed based on exploratory research in 
swimming. Overall, anthropometrics meaningfully deter-
mines kinetics, the latter meaningfully determines kin-
ematics, and the latter meaningfully determines the 100 m 
freestyle performance.

In the present study, the swimmers' HSA was chosen 
as the anthropometric predictor of thrust, as the hand 
is considered the primary proxy for the force generated 
by the entire upper limb.31 This presented a significant 
and positive effect in the swimmers' thrust, predicting 
it in 23.6%. Both experimental32 and numerical meth-
ods24 have reported that the HSA plays a key role in 
thrust production, with swimmers with larger HSAs 
more likely to produce greater thrust. In fact, it has been 
suggested that swimmers should change the position 
of their fingers during the arm-pull to increase thrust 
and ultimately swim speed.24 Even experimental studies 

Mean ± SD

Males Females All together

HSA (cm2) 141.42 ± 11.90 119.92 ± 11.10 132.82 ± 15.63
CDA (dimensionless) 0.56 ± 0.12 0.69 ± 0.15 0.61 ± 0.15
Thrust (N) 76.13 ± 11.47 62.84 ± 6.07 70.82 ± 11.61
SL (m) 1.93 ± 0.14 1.77 ± 0.09 1.86 ± 0.15
SF (Hz) 0.86 ± 0.08 0.81 ± 0.05 0.84 ± 0.07
Speed (m/s) 1.65 ± 0.06 1.44 ± 0.08 1.57 ± 0.13
100 m performance (s) 53.93 ± 1.68 60.12 ± 2.60 56.41 ± 3.71

Abbreviations: CDA, active drag coefficient; HSA, hand surface area; SF, stroke frequency; SL, stroke 
length.

T A B L E  1   Descriptive statistics 
(mean ± standard deviation—SD) of the 
measured variables.

T A B L E  2   Spearman correlation coefficient between all 
independent variables and the 100 m freestyle performance, and the 
variables linked in the theoretical modeling.

rs p
Effect 
size

HSA—100 m performance −0.527 0.007 Large
CDA—100 m performance 0.419 0.037 Moderate
Thrust—100 m performance −0.621 0.001 Large
SF—100 m performance −0.536 0.006 Large
SL—100 m performance −0.565 0.003 Large
Speed—100 m performance −0.826 <0.001 Very large
HSA—thrust 0.456 0.022 Moderate
Thrust—SL 0.299 0.146 Small
Thrust—SF 0.639 0.001 Large
CDA—SL −0.544 0.005 Large
CDA—speed −0.395 0.050 Moderate
SL—speed 0.534 0.006 Large
SF—speed 0.689 <0.001 Large
Speed—100 m performance −0.826 <0.001 Very large

Abbreviations: CDA, active drag coefficient; HSA, hand surface area; SF, 
stroke frequency; SL, stroke length.
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have found that increasing the HSA by using paddles 
results in greater thrust, which ultimately increases 
swim speed.38,39 Therefore, youth swim coaches should 
be aware about these concepts and gradually introduce 
them into their swimmers' training sessions (depending 
on the swimmer's developmental level). It can also be 
argued that adding upper body strength and power vari-
ables to the model could increase the predictability of 
thrust, as greater upper body strength has been shown 
to lead to greater thrust.32

Deterministic models indicated that thrust (kinetics) 
determines the swimmers' kinematics (e.g., SF and SL).17 
Thus, in the theoretical model, and consequently in the 
first calculation, thrust was linked to SL and SF. For de-
cades, it has been suggested that shorter SLs and slower 
SFs may be associated with a reduced ability to generate 
sufficient thrust necessary to overcome drag.40 In fact, in 

youth swimming, coaches are advised to focus not only 
on increasing SF to improve swimming speed, but also on 
maximizing the SL.41 Nevertheless, the thrust—SL path-
way was not significant and so was deleted. This removal 
increased the goodness-of-fit of the model and the final 
model showed only significant paths. A study that aimed 
to classify and identify the performance of young swim-
mers through cluster analysis based on a set of determi-
nants including thrust, SL, and SF, found that swimmers 
with the fastest swimming speeds had the fastest SFs, but 
not the greater thrust or larger SL.42 In addition, Morais 
and co-workers43 found that the fastest swimming speeds 
in young swimmers were not achieved with the fastest SFs 
nor the largest SLs. The fastest swimming speeds were 
achieved with an “optimal” combination of SF and SL. 
It appears that in maximal trials (such as sprint events), 
when swimmers reach a given maximum SF (based on a 

F I G U R E  1   Theoretical (A) and 
confirmatory path-flow models calculated. 
(B) Refers to the initial calculation with 
all independent variables, and (C) after 
deleting non-significant paths. CDA, active 
drag coefficient; e, disturbance term for 
a given variable; HSA, hand surface area; 
Perf, 100 m freestyle performance; SF, 
stroke frequency; SL, stroke length; xi → yi, 
variable yi depends on variable xi; β, 
beta value for regression model between 
variables. *p < 0.05; #p < 0.001.
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thrust increase), they are not able to increase their SL at 
the same time. In fact, the present model indicates that 
thrust has a positive and significant effect on SF but not 
on SL.

Swimming speed was 99.8% predicted. Being a cycli-
cal and closed sport, the mean swimming speed depends 
on the frequency (SF) and the length (SL) of the stroke.29 
Of the two, SF had the greater and more positive effect 
on speed. In fact, it has been reported in the literature 
that better performing swimmers tend to increase their 
swimming speed by relying more on an increase in SF.44 
Nevertheless, and again, this increase in SF must be done 
while maintaining an optimal hand kinematics, so that 
swimmers can generate more thrust. Regarding the SL, 
and despite the presented SF, it has been claimed that 
swimmers must present a large SL in order to maintain or 
increase speed.40 That is, even when swimmers increase 
their SF (with the goal of increasing their swimming 
speed), they should try to minimize a decrease in SL as 
much as possible. It should be noted that this reasoning 
applies to both adult/elite and young swimmers, but es-
pecially to the latter.41 This reduction in SL could be due 
to the reduced duration of the stroke cycle resulting from 
an increase in SF. There is evidence that the fastest adult/
elite swimmers use a superposition index of coordination 
that allows them to reduce the non-propulsive phase of 
the stroke cycle more and thus increase the swimming 
speed in the 100 m freestyle event.45 In the case of younger 
counterparts, although a superposition mode was not 
demonstrated, it was reported that the fastest swimmers 
tended to reduce the non-propulsive phase of the stroke 
cycle more than their slower counterparts.46 In addition, 
it was found that swimming speed, especially in adult/
elite swimmers, increased with an increase in SF, but pla-
teaued or decreased when SF exceeded a certain level.15 
Therefore, it can be argued that young sprinters should 
also control their swimming speed based on their SF 
once they have consolidated their stroke technique. That 
is, when they can execute the swim stroke without over-
spinning and with an effective power application on the 
water.26

The CDA had a significant and negative effect on both 
speed and SL, that is greater CDA resulted in slower speed 
and lower SL. The literature provides solid evidence for 
the influence of drag on swimming speed, with the fast-
est swimmers having lower values of CDA.42 The present 
modeling extends this rationale. However, it appears that 
CDA also negatively affects SL, which is the distance that 
a swimmer travels per stroke cycle. As mentioned earlier, 
swimmers may present a shorter SL due to the shorter 
stroke cycle duration when they achieve an increase in 
SF. However, once again, young swimmers tend to have 
some time lag between the propulsive phases of the 

arm-pull.46 Thus, during this phase of the stroke cycle, 
young swimmers may place themselves in a misaligned 
position, resulting in a large FSA and consequently poorer 
hydrodynamics.35 Therefore, it can be argued that young 
swimmers should adopt/train their horizontal alignments 
during the stroke cycle to present a better hydrodynamic 
profile (i.e., less CDA), and consequently faster swimming 
speeds. These horizontal misalignments can also occur 
when swimmers attempt to generate more thrust to in-
crease SF. It has been noted that a strong core stability 
may be particularly beneficial for sprint swimmers by 
promoting efficient force transfer between the torso and 
the upper limbs.47 Therefore, coaches of young swimmers 
should be aware of these factors as they may also influ-
ence the hydrodynamic profile of their swimmers.

Finally, the 100 m performance was predicted by 
90.1%. This race event consists of the start, the clean 
swim, turn(s) (one or two depending on the length of 
the swimming pool, i.e., 25 or 50 m, respectively), and 
the finish.48 Studies of swimming events have reported 
that in sprint races, swimmers spend most of the time 
performing the swim stroke itself (i.e., the clean swim 
phase—swim speed in the mid-section of the swim-
ming pool without taking advantage of the start or 
turn push-off).2 Thus, it is natural that the speed vari-
able (measured as the swimmers pass through the mid-
section of the swimming pool—“clean swim”) strongly 
predicts the 100 m freestyle performance. Moreover, it 
has been reported that in this race event (in a 50 m of 
length swimming pool), the start and turn combined can 
account for approximately one-third of the total race 
time.48 This may help to explain the remaining ~10% 
in the prediction of the 100 m freestyle performance. 
In addition, since the 100 m freestyle performance is 
considered an all-out event49 and although this is a 
biomechanical model, it can also be argued that some 
physiological variables could help explain this event. It 
has been reported that the anaerobic contribution is the 
main energy source for maximal trials in adult swim-
mers lasting from 15 to 60 s.50 However, even for 15 s tri-
als, the aerobic system provided 15%–20% of the total 
energy requirement.50 Therefore, it can be argued that 
this phenomenon may have a similar effect on maximal 
trials in young swimmers.

The main limitations are that: (i) this deterministic 
model is only suitable for the 100 m freestyle performance. 
Therefore, it would be interesting to test a similar model 
in the 50 m freestyle performance to understand if there 
are differences in the interactions between paths, since 
both events are sprinting events; (ii) the FSA was mea-
sured on land, simulating the five key moments of the 
front-crawl stroke cycle. There are techniques to measure 
FSA during swimming, but these are more complex and 
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time-consuming35; (iii) more variables could be added 
to the model (which may require increasing the sample 
size). Although this is a biomechanical model, other stud-
ies could also include physiological variables (such as 
maximum oxygen uptake at the optimal stroke cadence or 
blood lactate concentration) to test an improvement in the 
deterministic model. Future studies of this type of mod-
eling could also test similar (or different) interactions in 
other swim strokes and distances.

5   |   CONCLUSION

It was possible to develop a deterministic model, based 
on biomechanical variables (anthropometrics, kinemat-
ics, and kinetics) that meaningful predicted the 100 m 
freestyle performance in young swimmers. This model 
suggests that the variables measured in the present study, 
although they may or may not have a significant and di-
rect effect on the 100 m freestyle performance, may play 
an intermediate or mediating role. A cascade of pathways 
was observed in which: (i) anthropometrics meaning-
fully determined kinetics; (ii) kinetics meaningfully de-
termined kinematics, and; (iii) kinematics meaningfully 
determined the 100 m freestyle performance. Coaches and 
swimmers should be aware that there are swim predic-
tors that can first meaningfully interact with each other 
to ultimately predict performance (in this case, the 100 m 
freestyle performance).

5.1  |  Perspective

To the best of our knowledge, this was the first attempt 
to model swimming performance including both thrust 
and drag variables simultaneously based on SEM. This 
confirmatory statistical analysis quantifies relationships 
among observed variables with the goal of providing a 
quantitative measure of a theoretical model hypothesized 
by the researchers. Path-flow analysis makes it possible 
to develop models based on multiple paths (links) with 
mediation or intermediate effects between variables. This 
biomechanical model of young swimmers shows that per-
formance in the 100 m freestyle was predicted by 90.1%. 
Larger hands resulted in greater thrust, and the latter had 
a direct and significant effect on SF. This suggests that 
young swimmers should be advised to use their hands ef-
fectively to increase their HSA24 in order to generate more 
thrust, which will promote fast SFs. Ultimately, this will 
increase the “clean” swimming speed and thus the perfor-
mance of young swimmers in the 100 m freestyle. Also, a 
larger CDA resulted in both slower swimming speed and 
smaller SL. The present findings provide coaches with 

some new insights and suggestions for practical applica-
tions regarding thrust and drag in the front-crawl stroke 
in young swimmers, specifically, about the interaction 
between thrust and SF and between CDA and SL. Youth 
swim coaches should be aware of the importance of con-
solidating their swimmers' stroke mechanics from a bio-
mechanical perspective, so that they can then focus more 
on the physiological demands.
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