Journal of

and Kinesiology

Functional Morphology

Article

Dry-Land Force—Velocity, Power—Velocity, and
Swimming-Specific Force Relation to Single and Repeated
Sprint Swimming Performance

Ioannis Chalkiadakis 1©9, Gavriil G. Arsoniadis !

check for
updates

Citation: Chalkiadakis, I.; Arsoniadis,
G.G.; Toubekis, A.G. Dry-Land
Force—Velocity, Power-Velocity, and
Swimming-Specific Force Relation to
Single and Repeated Sprint
Swimming Performance. J. Funct.
Morphol. Kinesiol. 2023, 8, 120.
https://doi.org/10.3390/
jfmk8030120

Academic Editor: Roland Van

den Tillaar

Received: 1 July 2023
Revised: 12 August 2023
Accepted: 14 August 2023
Published: 16 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Argyris G. Toubekis 1/2/*

Division of Aquatic Sports, School of Physical Education and Sports Science, National and Kapodistrian
University of Athens, 17237 Athens, Greece; giannischalk@phed.uoa.gr (1.C.);

garsoniadis@phed.uoa.gr (G.G.A.)

Sports Performance Laboratory, School of Physical Education and Sports Science, National and Kapodistrian
University of Athens, 17237 Athens, Greece

*  Correspondence: atoubekis@phed.uoa.gr; Tel.: +30-210-727-276-049

Abstract: The aim of this study was to identify the relationship between dry-land and in-water
strength with performance and kinematic variables in short-distance, middle-distance, and repeated
sprint swimming. Fifteen competitive swimmers applied a bench press exercise to measure maximum
strength (MS), maximum power (P), strength corresponding to P (F@P), maximum velocity (MV), and
velocity corresponding to P (V@P) using F-V and P-V relationships. On a following day, swimmers
performed a 10 s tethered swimming sprint (TF), and impulse was measured (IMP). On three separate
days, swimmers performed (i) 50 and 100 m, (ii) 200 and 400 m, and (iii) 4 x 50 m front crawl sprint
tests. Performance time (T), arm stroke rate (SR), arm stroke length (SL), and arm stroke index (SI)
were calculated in all tests. Performance in short- and middle-distance tests and in 4 x 50 m training
sets were related to dry-land MS, P, TF, and IMP (r = 0.51-0.83; p < 0.05). MS, P, and TF were related to
SR in 50 m and SI'in 50 and 100 m (r = 0.55-0.71; p < 0.05). A combination of dry-land P and in-water
TF variables explains 80% of the 50 m performance time variation. Bench press power and tethered
swimming force correlate with performance in short- and middle-distance tests and repeated sprint
swimming.

Keywords: strength; impulse; tethered swimming; performance; kinematical characteristics

1. Introduction

Dry-land maximum strength and in-water-specific strength should be considered
to improve swimmers’ performance [1]. Therefore, several dry-land [2,3] and in-water
tests have been extensively used for strength evaluation [4-6]. A negative relationship
has been observed between dry-land maximum strength and power with short-distance
swimming performance time [3,7-9]. Several exercises, muscle groups, including upper
and lower limbs, and contraction velocities have been used to examine this relationship and
applied to various age groups of swimmers [7-9]. Emphasizing the dry-land evaluation, a
force-velocity (F-V) and a power-velocity (P-V) profile may be used in testing possible
relation to swimming performance [10,11]. An F-V and P-V profile, besides maximum
strength, may provide additional variables such as speed of movement at various loads,
maximum power and the corresponding load, or the power produced at a specific load.
Thus, this helps in evaluating the functioning of muscles used during swimming and may
be related to performance in a single or repeated sprint swimming effort.

Despite dry-land evaluation, a swimmer’s ability to produce high levels of in-water
specific force during swimming is equally important. Tethered swimming tests, either
of short (10 to 30 s) or long duration (120 s), can be applied with the aim of measuring
in-water force or impulse and, consequently, its relationship with performance [4-6]. Re-
gardless of tethered swimming test duration, a negative relation between in-water force
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and performance time at 50 and 100 m distances has been reported [2,8,12,13]. Moreover,
the impulse is a variable that expresses the ability to produce in-water force to overcome
hydrodynamic resistance, and it is related to short-distance [2,5] and middle-distance
performance (200 m) [6,14]. Despite the strong correlation of specific dry-land strength or
power and in-water force variables with swimming performance, there is no information
concerning any connection of force or power requirements to high-intensity repeated sprint
swimming training sets.

Swimming performance is also associated with technique [1], and it is important to
test the possible relation between dry-land and in-water force with kinematic variables.
Previous studies identified a connection between maximum strength and power and
kinematic characteristics in short-distance tests (25 and 50 m front crawl) [3,9]. As far as
in-water force, it seems to be correlated only with arm stroke index (SI) but not with arm
stroke rate (SR) and arm stroke length (SL) in short-distance tests [12]. Nevertheless, there
are no findings concerning dry-land variables obtained by F-V and P-V tests and in-water
force correlations with kinematic characteristics during middle-distance tests or during a
repeated sprint swimming training set.

The purpose of the current study was to investigate the relationships between dry-land
variables obtained by an F-V and P-V profile and in-water force variables with swimming
performance and kinematics in short- (50, 100 m) and middle-distance tests (200, 400 m) and
a repeated sprint swimming training set (4 < 50 m). We hypothesized that force in or out of
water and land power characteristics would correlate with a swimmer’s performance time
and kinematic variables during short-distance, middle-distance, and repeated sprint tests.

2. Materials and Methods
2.1. Participants

Fifteen competitive swimmers (9 males and 6 females) volunteered to participate
in the study. Swimmers” anthropometrics and performance characteristics are shown in
Table 1. Each swimmer was free from injury, and no medication was used prior to or
during experimental procedures. All participants were required to have at least 5 years of
experience in competitive swimming while participating in six swimming and one or two
dry-land sessions per week as inclusion criteria. After a thorough explanation of the study
procedures, all swimmers or their legal guardians signed a consent form that accepted their
participation in the study. The local institutional review board approved the experimental
protocol (approval number: 1111), which was according to the Helsinki Declaration.

Table 1. Anthropometric and performance characteristics of the participants.

Variables Overall (n =15) Male (n=9) Female (n = 6)
Age (yrs.) 16.7 £ 3.1 173+ 3.6 157+ 19
Body mass (kg) 60.7 £ 8.3 624 £9.8 58.2 £ 5.0
Body height (cm) 170.3 £9.3 1733 £9.7 165.8 + 7.4
Body mass index (kg/mz) 209 £1.8 20.6 £2.1 21.2+13
Body fat (%) 163 +4.4 141+ 39 19.7 £ 2.8
100 m front crawl performance time (s) 71.37 + 5.59 68.45 + 4.30 75.76 + 4.40
FINA points (100 m front crawl) 386.8 + 118.3 392.0 + 114.5 3784 +137.3
Competitive training experience (yrs.) 79+1.6 82+19 75+11

FINA: Fédération Internationale de Natation Amateur.

2.2. Study Design

Measurements were conducted in five testing sessions 24 h apart and lasted 1 week
for each participant. Swimmers performed the following: (i) a test to measure maximum
strength in bench press exercise, (ii) a 10 s tethered swimming sprint test to evaluate in-
water force and impulse, (iii) 50 and 100 m front crawl sprints, (iv) 200 and 400 m maximum
effort front crawl tests, and (v) four 50 m front crawl sprints (Figure 1). All tests were
completed at the same time of the day (17:00 to 19:00 p.m.) and were applied in a 50 m
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outdoor swimming pool with a constant water temperature of 27 °C. Ambient temperature
during testing ranged between 18 and 22 °C. Dry-land strength evaluation was conducted
in an indoor gymnasium with an ambient temperature of 20-21 °C. The measurements
were carried out by experienced and certified strength and conditioning researchers and
professional swimming coaches. All swimmers were familiarized with bench press exercise
at high loads and tethered swimming at maximum intensity in a separate session a week
before the commencement of testing. A low-intensity aerobic swimming training and no
dry-land exercise were applied the day before each testing session.

Dry-land and In-water

evaluations Swimming Tests Training set
Session 1: Session 2: Session 3: Session 4: Session 5:
1 RM Bench 10-s Tethered 50 and 100-m 200 and 400-m 4% 50-m
Press Swimming front crawl sprints maximum effort front front crawl
crawl tests sprints

Figure 1. Experimental design of the study; 1-RM: one repetition maximum and h: hours.

2.3. Dry-Land Strength and Tethered Force Evaluation
2.3.1. Maximum Strength Test in Bench Press

Following a standardized warm-up (arm swings, medicine ball throws and a set of
12 to 15 repetitions with light load), each swimmer performed a bench press exercise on
a Smith machine to measure one repetition maximum (1-RM) to be used as an index of
maximum strength (MS). During the bench press exercise, the load was gradually increased
in 3-to-5 set increments until 1-RM was achieved. A resting interval of about 4 min was
applied after each set. A previously calibrated linear encoder connected with an analog-to-
digital converter was attached to the barbell during each effort, and it was used to measure
barbell displacement and speed of movement, which were used to draw the individual
F-V and P-V relationships (MuscleLab, Ergotest, Stathelle, Norway). From F-V and P-V
relationships, the maximum power (P), the force corresponding to maximum power (F@P),
the maximum displacement velocity (MV), and the velocity displacement corresponding to
maximum power (V@P) were calculated [15] (Figure 2).
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Figure 2. Force—velocity and power—velocity relationship to predict maximum power in bench press
exercise. Example of one participant.

2.3.2. Tethered Swimming Test

After 800 m standardized warm-up (400 m slow front crawl swimming, 4 x 50 m front
crawl drills, and 4 x 50 m front crawl swim with progressively increasing speed), swimmers
performed a 10 s front crawl tethered swimming sprint test to evaluate in-water force (TF).
Force was measured with a sampling frequency of 100 Hz using a previously calibrated
piezoelectric force transducer connected to an analog-to-digital converter (MuscleLab,
Ergotest, Stathelle, Norway). The force transducer was attached to the hip of the swimmer
using a non-elastic cable. A signal was inserted at the moment of each upper limb entry
into the water to separate the arm strokes, allowing force and duration analysis for each
arm stroke separately [16]. The impulse (IMP) of each arm stroke was calculated by the
force and time using Equation (1):

tl
IMP= | Fxdt, 1)
2

where IMP is the impulse, and F is the mean applied force during each arm stroke or cycle
from tl to t2 (the time the swimmer’s hand is in the underwater phase) (Figure 3).

140
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110 +

100 +

Force (N)

0 +
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Figure 3. Example of force output and impulse calculation during consecutive arm strokes during
tethered swimming. IMP: impulse.
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2.4. Swimming Performance Tests and Training Set

During the third and fourth sessions, swimmers performed 50 and 100 m and 200
and 400 m front crawl swimming, respectively, applying maximum effort. Resting interval
period between tests was 30 min. In the last session, swimmers completed a swimming
training set, which consisted of four 50 m front crawl sprints (4 x 50 m) using a push-off
start every 2 min. The mean performance time of 4 x 50 m was used for the statistical
analysis. Before each swimming test, all participants performed the same warm-up as
described previously for the tethered swimming test. Kinematic variables were measured
in all swimming performance tests and during 4 x 50 m. Specifically, SR was measured
each 50 m by the time taken to complete 3 consecutive stroke cycles, and SL was calculated
by the ratio of swimming speed to SR each 50 m. The product of SL and swimming speed
was used for calculation of SI during all tested distances and 4 x 50 m training sets.

2.5. Statistical Analysis

Normal distribution of the data was tested using the Kolmogorov—-Smirnov test. Pear-
son correlation was used to examine relationships between swimming performance, kine-
matic, and strength variables in and out of water. Multiple linear regression analysis using
a stepwise method was applied to identify combination of significant variables that may
explain swimming performance during 50, 100, 200, and 400 m or during 4 x 50 m sprints.
A priori analysis for sample size and statistical power using a correlation bivariate model
was used [17]. Considering a critical r = 0.52 and a statistical power of 0.66, a sample size of
fifteen participants (N= 15) was required. The 95% confidence limits were also calculated for
each variable. Data are presented as mean + SD. Statistical significance was set at p < 0.05.

3. Results
3.1. Swimming Performance
3.1.1. Dry-Land Strength Variables and Swimming Performance

Descriptive statistics of all variables are presented in Table 2. Dry-land strength
variables that were calculated during the bench press exercise (MS, P, F@P) were negatively
correlated (r = —0.52 to —0.78, p < 0.05) with swimmers’ performance time during short (50,
100 m) and middle distances (200, 400 m) and the 4 x 50 m training sets (Table 3; note that
negative correlations appear since a better performance indicates shorter time to complete a
fixed distance). Likewise, V@P was negatively correlated (r = —0.58 to —0.80, p < 0.05) with
performance time in all swimming distances and training sets, while MV was negatively
correlated only with performance time in the 50, 100, and 200 m swimming (r = —0.55 to
—0.65, p < 0.05). The stepwise multiple regression analysis showed that a combination
of dry-land (P) and in-water (TF) variables may explain 80% of the variance in the 50 m
performance time (R? = 0.80, p < 0.01).

Table 2. Descriptive statistics of swimmers’ dry-land strength, in-water strength variables, perfor-
mance time, and kinematic characteristics. Data reported as mean values and standard deviations
(Mean =+ SD). The 95% confidence limit (CL) for each variable is reported in the table.

Variables Mean + SD (95% CL)
Dry-Land variables
P (W) 132.17 £ 69.73 (96.88-167.46)
F@P (N) 353.95 4+ 105.75 (300.48-407.51)
MS (N) 704.41 £ 211.20 (597.54-811.29)
V@P (m-s~1) 0.36 £ 0.11 (0.30-0.41)
MV (m-s~1) 0.74 4 0.21 (0.63-0.85)
In-water strength variables
TF (N) 89.93 + 26.14 (76.70-103.15)

IMP (N-s~1) 28.96 & 11.07 (23.36-34.56)
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Table 2. Cont.

Variables Mean =+ SD (95% CL)
Swimming Performance Variables
Tsp (s) 31.84 + 2.99 (30.33-33.35)
To0 () 71.37 4 5.59 (68.54-74.20)
Taoo (S) 149.88 =+ 13.59 (143.00-156.75)
Taoo () 318.47 + 27.35 (304.63-332.32)
T4x50 (s) 33.81 £ 2.59 (32.50-35.12)
Kinematic Variables
50 m
SRs (cycles-min~1) 46.59 + 4.22 (44.46-48.73)
SLsp (m-cycle™ 1) 2.04 £ 0.14 (1.97-2.11)
SIsp (m?-s~1-cycle™1) 3.24 + 0.43 (3.02-3.46)
100 m
SRigp (cycles-min~1) 39.74 + 4.35 (37.54-41.94)
SLygo (m-cycle™) 2.15 = 0.23 (2.03-2.26)
STygg (m2-s~1-cycle™) 3.03 4 0.45 (2.80-3.26)
200 m
SRy (cycles:min~1) 37.68 + 4.49 (35.41-39.96)
SLygo (m-cycle™) 2.17 £ 0.23 (2.05-2.29)
SIpgo (m2-s~1-cycle™) 2.94 + 0.41 (2.74-3.15)
400 m
SRyqp (cycles-min~—1) 35.22 + 3.37 (33.51-36.92)
SLygo (m-cycle™) 2.18 + 0.23 (2.06-2.30)
SIyp0 (m?-s~-cycle™) 2.79 £ 0.44 (2.57-3.01)
4 X 50 m training sets
SRy 50 (cycles-min~1) 4271 + 4.48 (40.44-44.98)
SLyx50 (m-cycle™!) 2.11 4+ 0.20 (2.00-2.21)
SIyxs50 (m?-s~1-cycle™) 3.14 4 0.42 (2.93-3.35)

P: maximum power, F@P: force at maximum power, MS: maximum strength, V@P: velocity in maximum power,
MV: maximum velocity, TF: tethered force, IMP: impulse, T: performance time, SR: arm stroke rate, SL: arm stroke
length, and SI: arm stroke index.

Table 3. Correlations for swimmer’s performance time in 50, 100, 200, 400, and 4 x 50 m front crawl
with dry-land strength and power and in-water strength variables.

Variables P FeP MS ver MV TF IMP
Tso —0.71* —0.66 * —0.59 * —0.67 * —0.55* —0.84 * —-0.71*
T100 —-0.77 % —0.68 * —0.62* —-0.77* —0.61* -0.76 * —0.64 *
Ta00 —-0.78 * —0.68 * —-0.61* —-0.80 * —0.65 * —0.68 * —0.57 *
Ta00 —0.64* —0.64* —0.56 * —0.64* —0.45 —0.66 * —0.48

Tyxs0 —0.61* —0.58 * —0.52* —0.58 * —0.40 —-0.76 * —0.65*

P: maximum power, F@P: force at maximum power, MS: maximum strength, V@P: velocity in maximum power,
MV: maximum velocity, TF: tethered force, IMP: impulse, T: performance time, * p < 0.05.

3.1.2. In-Water Strength Variables and Swimming Performance

In-water strength variable TF was negatively correlated with performance time in
the 50 and 100 m swimming (r = —0.66 to —0.84, p < 0.05), as well as in the 200, 400, and
4 x 50 m swimming (r = —0.66 to —0.76, p < 0.05, Table 3). Moreover, the 50 m performance
time was 76% predicted by TF (p = 0.01).
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3.1.3. Impulse and Swimming Performance

During the tethered swimming test, IMP was correlated with swimming performance
time in the 50, 100, 200, and 4 x 50 m performance times (r = —0.57 to —0.71, p < 0.05,
Table 3).

3.2. Swimming Technique
3.2.1. Dry-Land Strength and Kinematic Variables

There was positive relation between P and SRs5¢ (r = 0.55; p < 0.05, Table 4). On the
contrary, Slsg and Sljgg presented a positive correlation with MS, P, and F@P (r = 0.56 to
0.68, p < 0.05, Table 4). MS, P, and F@P, however, did not correlate with SL in any swimming
distance (p > 0.05, Table 4). Likewise, V@P and MV correlated positively with S5, Sl;go,
and Slygp (r = 0.64 to 0.69, p < 0.05, Table 4).

Table 4. Correlations between tethered swimming and dry-land variables and 50, 100, 200, 400 m,
and 4 x 50 m training set kinematic variables.

Variables P F@r MS ver MV TF IMP

SRs (cycles-min~1) 0.55 * 0.42 0.35 0.45 0.47 0.69 * 0.66 *
SLsg (m-cycle™1) 0.26 0.34 0.34 0.34 0.17 0.23 0.11
SIsp (m?-s~!-cycle™ 1) 0.63 * 0.62 * 0.56 * 0.64 * 0.49 0.71* 0.57 *
SRy (cycles-min—1) 0.17 0.04 —0.02 0.16 0.25 0.27 0.32
SL1gp (m-cycle™?) 0.37 0.42 0.45 0.37 0.18 0.25 0.11
SIjgp (m?-s~L.cycle™1) 0.68 * 0.65 * 0.63* 0.69 * 0.48 0.58 * 0.41
SRy (cycles-min~1) 0.43 0.39 0.32 0.40 0.47 0.42 0.46

SLygo (m-cycle™ ) 0.14 0.08 0.10 0.29 0.02 0.05 —0.07
Slo (m?-s~L.cycle™1) 0.64 * 0.51 0.48 0.68 * 0.47 0.48 0.31
SRy (cycles-min~1) 0.31 0.29 0.25 0.25 0.35 0.17 0.18
SL4g0 (m-cycle™ 1) 0.20 0.21 0.19 0.23 0.01 0.37 0.19
Sl (m?-s~L.cycle™) 0.50 0.51 0.45 0.48 0.27 0.63 * 0.38
SRy, 50 (cycles-min—1) 0.31 0.24 0.18 0.21 0.34 0.42 0.53 *

SLyx50 (m-cycle™) 0.12 0.15 0.17 0.12 0.09 0.12 —0.07
Slyxs50 (m?-s~1-cycle™1) 0.42 0.41 0.38 0.40 0.17 0.50 0.30

P: maximum power, F@P: force at maximum power, MS: maximum strength, V@P: velocity in maximum power,
MV: maximum velocity, TF: tethered force, IMP: impulse, T: performance time, SR: arm stroke rate, SL: arm stroke
length, and SI: arm stroke index. * p < 0.05.

3.2.2. In-Water Strength and Kinematic Variables

It was found that TF and IMP had a positive relation with SR5q (r = 0.66 to 0.69,
p < 0.05, Table 4). Furthermore, IMP was related to mean SRy « 59 (r = 0.53, p < 0.05,
Table 4). Moreover, all the in-water strength variables were correlated with Slsy (see
Table 4). However, only TF was related to SIjgg and Slsgg (Table 4).

4. Discussion

The purpose of the current study was to investigate the relationship of dry-land vari-
ables obtained by F-V and P-V relationships and in-water force with swimming performance
time at various distances and during a repeated sprint swimming training set. Strong re-
lationships both for the dry-land bench press exercise and in-water force variables with
performance time in short- (50, 100 m) and middle-distance tests (200, 400 m) and 4 x 50 m
training sets were observed. Furthermore, a positive relationship of SI in 50, 100, and 200 m
distances with dry-land P and V@P was observed. In addition, in-water TF was correlated
with SR in the 50 m and SI in the 50, 100, and 400 m front craw] performance tests.

Dry-land bench press strength variables obtained by an F-V curve such as MS, P,
F@P, and V@P were correlated with performance time in all front crawl tests and with a
4 x 50 m repeated sprint test time. These findings seem to agree with those reported in
previous research studies using short-distance swimming events and dry-land strength
variables [18]. Specifically, a higher negative correlation, compared to the current findings,
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has been demonstrated between performance time in the 50 m front crawl with maximum
power (r = —0.76) and maximum strength (r = —0.77) despite the different dry-land exercise
(pull-ups) that swimmers applied [18]. A higher correlation of —0.96 was reported when
MS was evaluated using a push-up exercise [3], while a lower correlation with the 50 m
performance time was observed using latissimus pull-down back average power in a
30 s test [8]. Such inconsistencies highlight the importance of applying sport-specific dry-
land exercises for swimmers’ training [19]. Likewise, V@P and MV correlated negatively
with swimming performance time in the short-distance tests (see Table 3). The speed
of movement in the throwing tests correlates with 50 m sprint performance [7], and it
may partially explain how performance time depends on swimmers’ muscle capacity (i.e.,
muscle fiber recruitment and force maintenance during a test [2,20]).

Considering middle-distance performance tests (200, 400 m), a relationship between
dry-land maximum power and performance time has recently been verified [21]. Nonethe-
less, it should be mentioned that the dry-land exercises that swimmers applied in previous
studies (medicine ball throwing and horizontal jump) differed from those reported in
the current study. It seems that MS, F@P, and P are contributing factors not only in
short-distance but also in middle-distance events. Moreover, the high correlation with
performance in a 4 X 50 m sprint training set indicates its supporting value in high-intensity
training. Eventually, it seems that V@P and MV are not related to SR in any swimming
test, but V@P was correlated with SI in the 50, 100, and 200 m tests, indicating that a
specific fraction of maximum speed of contraction is required for effective muscle function
in swimming. Thus, the MV obtained by the F-V test may not correlate with swimming
upper limbs’ speed of movement (i.e., SR). The exercise selected in the present study (bench
press) activates a similar muscle group to that used in the front crawl [22], but may not
facilitate muscle actions at a relevant speed. Recent evidence suggests that the speed of
movement, as well as the performance level of swimmers, may alter the correlation with
swimming speed [23]. This limitation may be partially overcome using the F-V and P-V
profiles in specific dry-land exercises. This is supported by the high correlation of V@P and
F@P obtained in the present study. Nonetheless, the present findings highlight the necessity
to schedule dry-land strength training sessions to increase swimmers’ strength and power.

Dry-land strength, TF, and IMP correlated negatively with performance time in 50 m
swimming, as it has previously mentioned [5,24]. In addition, Morougo et al. [25] found
similar correlations between TF and swimming velocity in short-distance tests, although the
tethered swimming test was of longer duration (30 s). It is possible that the ability to develop
muscular force rapidly and the force by time product in the water influences performance
in a short-distance test [2]. In addition, the specificity of in-water force tests with swimming
movement patterns may explain this association. Considering middle-distance performance
tests (200, 400 m), a relationship between in-water TF and performance time has recently
been reported [13,14,25]. However, the tethered swimming time of 30 to 120 s was longer
compared to the present study. The reported relationships in short-distance tests with TF
and IMP were greater compared to the corresponding relationships with 200 and 400 m
tests, but comparable to those observed in a 4 x 50 m training set. Such a variation
may be attributed to different energetic demands and arm stroke characteristics during
middle distances [2]. Whatever the case, the present study indicates that not only a single
maximum effort but also repeated sprints, such as those used in high-intensity training,
relate to dry-land and in-water-specific strength.

Considering the kinematic variables, SI in short-distance tests was related to dry-
land- and in-water-evaluated variables. Similarly, a positive relationship between P in the
bench press exercise and swimmers’ SR in the 50 m and 4 x 50 m repeated sprint tests
was observed. Likewise, it should be mentioned that TF was positively related to SI in
400 m. Sl is a kinematic variable that is associated with swimming efficiency, especially
for middle distances [1]. Despite the limited information in the literature, it is likely that
swimmers may benefit by improving in-water-specific strength, including in-water resisted
training [26].
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Finally, P and TF may explain 80% of the swimmer’s 50 m performance time, and TF
may explain 76% of the mean performance time during a 4 x 50 m training test. Moreover,
a positive relation of SR during the 50 m test with all in-water strength variables was
observed (see Table 4). Based on this information, coaches need to construct a training plan
to increase dry-land and in-water strength, especially in swimmers who compete in short
performance distances (50 and 100 m). There are some limitations of the present study that
need to be mentioned. Both male and female swimmers participated in the current study,
and a longer duration tethered swimming test may possibly be used to increase relations
with middle-distance tests. Moreover, the use of additional dry-land exercises using other
muscle groups (i.e., latissimus dorsi) may reveal connections and relationships not shown
in the present data. Future studies may focus on the relationship of strength and power in
different periods of swimming training preparation.

5. Conclusions

The main findings of the present study indicate a significant relationship between
dry-land strength and maximum power in the bench press and performance in short- and
middle-distance tests. Likewise, the estimated variables from the F-V and P-V curves
indicated a significant relation with performance time in short-distance tests. Furthermore,
strength and impulse during 10 s tethered swimming are related to performance in short
and middle-performance tests. Also, dry-land and in-water variables were related to
kinematic parameters in short-distance tests. Our findings suggest that strength and power
produced by swimmers in exercises out of the water, as well as the maximum velocity and
the velocity at maximum power obtained by F-V and P-V curves or in tethered swimming,
are connected with swimming performance in short- and middle-distance tests.
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Abbreviations

MS  Maximum strength

P Maximum power

F@P  Strength corresponding to P
MV  Maximum velocity

V@P  Velocity corresponding to P
TF Tethered force

IMP  Impulse

T Performance time

SR Arm stroke rate

SL Arm stroke length

SI Arm stroke index



J. Funct. Morphol. Kinesiol. 2023, 8, 120 10 of 10

References

1.  Barbosa, T.M.; Bragada, J.A.; Reis, V.M.; Marinho, D.A.; Carvalho, C.; Silva, A.]J. Energetics and biomechanics as determining
factors of swimming performance: Updating the State of the Art. |. Sci. Med. Sport. 2010, 13, 262-269. [CrossRef] [PubMed]

2. Loturco, I; Barbosa, A.; Nocentini, R.; Pereira, L.; Kobal, R.; Kitamura, K.; Abad, C.; Figueiredo, P,; Nakamura, F. A Correlational analysis
of tethered swimming, swim sprint performance and dry-land power assessments. Int. J. Sports Med. 2015, 37, 211-218. [CrossRef]

3. Amara, S.; Chortane, O.G.; Negra, Y.; Hammami, R.; Khalifa, R.; Chortane, 5.G.; van den Tillaar, R. Relationship between
swimming performance, biomechanical variables and the calculated predicted 1-RM push-up in competitive swimmers. Int. |.
Environ. Res. Public Health 2021, 18, 11395. [CrossRef] [PubMed]

4. dos Santos, K.; Pereira, G.; Papoti, M.; Bento, P.C.; Rodacki, A. Propulsive force asymmetry during tethered-swimming. Int. J.
Sports Med. 2013, 34, 606—611. [CrossRef] [PubMed]

5. Morougo, P.G.; Marinho, D.A.; Keskinen, K.L.; Badillo, J.J.; Marques, M.C. Tethered swimming can be used to evaluate force
contribution for short-distance swimming performance. J. Strength Cond. Res. 2014, 28, 3093-3099. [CrossRef] [PubMed]

6. Kalva-Filho, C.; Zagatto, A.; da Silva, A.; Castanho, M.; Gobbi, R.; Gobatto, C.; Papoti, M. Relationships among the tethered 3-min
all-out test, MAOD and swimming performance. Int. J. Sports Med. 2017, 38, 353-358. [CrossRef]

7. Garrido, N.; Marinho, D.A.; Barbosa, T.M.; Costa, A.M.; Silva, A.].; Pérez Turpin, J.A.; Marques, M.C. Relationships between
dry land strength, power variables and short sprint performance in young competitive swimmers. J. Hum. Sport Exerc. 2010, 5,
240-249. [CrossRef]

8. Morougo, P; Neiva, H.; Gonzalez-Badillo, J.; Garrido, N.; Marinho, D.; Marques, M. Associations between dry land strength and
power measurements with swimming performance in elite athletes: A pilot study. J. Hum. Kinet. 2011, 29, 105-112. [CrossRef]

9.  Espada, M.C.; Costa, M.; Costa, A.M.; Silva, A.].; Barbosa, T.M.; Pereira, A I. Relationship between performance, dry-land power
and kinematics in master swimmers. Acta Bioeng. Biomech. 2016, 18, 145-151.

10. Jidovtseff, B.; Harris, N.K,; Crielaard, ].M.; Cronin, J.B. Using the load-velocity relationship for 1IRM prediction. J. Strength Cond.
Res. 2011, 25, 267-270. [CrossRef]

11.  Garcia-Ramos, A ; Jaric, S.; Padial, P; Feriche, B. Force—velocity relationship of upper body muscles: Traditional versus ballistic
bench press. |. Appl. Biomech. 2016, 32, 178-185. [CrossRef] [PubMed]

12.  Ruiz-Navarro, ].J.; Gay, A.; Cuenca-Fernandez, F.; Lopez-Belmonte, O.; Morales-Ortiz, E.; Lopez-Contreras, G.; Arellano, R. The
relationship between tethered swimming, anaerobic critical velocity, dry-land strength, and swimming performance. Int. J.
Perform. Anal. Sport 2022, 22, 407-421. [CrossRef]

13. Santos, K.B.; Bento, P.C.B.; Pereira, G.; Rodacki, A.L.F. The relationship between propulsive force in tethered swimming and
200-m front crawl performance. J. Strength Cond. Res. 2016, 30, 2500-2507. [CrossRef] [PubMed]

14. Castro, EA.S; Felipe, C.M.; Carlos, B.M. Relationship between 200m front crawl stroke performance and tethered swimming test
kinetics variables. Rev. Bras. Ciénc. Esporte 2010, 31, 161-176. [CrossRef]

15.  Jaric, S. Force-velocity relationship of muscles performing multi-joint maximum performance tasks. Int. |. Sports Med. 2015, 36,
699-704. [CrossRef] [PubMed]

16. Toubekis, A.G.; Gourgoulis, V.; Tokmakidis, S.P. Tethered swimming as an evaluation tool of single arm-stroke force. In
Biomechanics and Medicine in Swimming; Norwegian School of Sport Science: Oslo, Norway, 2010; pp. 296-299.

17.  Faul, E; Erdfelder, E.; Lang, A.G.; Bucher, A. G*Power 3: A flexible statistical power analysis program for social, behavioral, and
biomedical sciences. Behav. Res. Methods 2007, 39, 175-191. [CrossRef]

18. Pérez-Olea, ].I; Valenzuela, P.L.; Aponte, C.; Izquierdo, M. Relationship between dryland strength and swimming performance. J.
Strength Cond. Res. 2018, 32, 1637-1642. [CrossRef]

19. Sadowski, J.; Mastalerz, A.; Gromisz, W. Transfer of dry-land resistance training modalities to swimming performance. J. Hum.
Kinet. 2020, 74, 195-203. [CrossRef]

20. Kawamori, N.; Haff, G.G. The optimal training load for the development of muscular power. |. Strength Cond. Res. 2004, 18,
675-684. [CrossRef]

21. Marinho, D.A.; Neiva, H.P,; Branquinho, L.; Ferraz, R. Determinants of sports performance in young national level swimmers: A
correlational study between anthropometric variables, muscle strength, and performance. Sport Mont 2021, 19, 75-82. [CrossRef]

22. Langendorfer, S.J. Swimming anatomy. Int. |. Aquat. Res Educ. 2010, 4, 101-103. [CrossRef]

23. Tan,].Q.J.; Lee, M.J.C.; Boey, D.; Lum, D.; Barbosa, T.M. The transfer of dry-land strength & power into thrust in competitive
swimming. Sports Biomech. 2021, 1-12. [CrossRef]

24. Gomes, L.E; Batista, LT.S.; de Jesus, B.L.C.E. Repetibilidade e aplicagao de testes de nado estacionario para nadadores recreacionais.
Rev. Bras. Cineatropom Hum. Perf. 2018, 20, 164-171. [CrossRef]

25. Morougo, P; Keskinen, K.L.; Vilas-Boas, J.P.; Fernandes, R.J. Relationship between tethered forces and the four swimming
techniques performance. J. Appl. Biomech. 2011, 27, 161-169. [CrossRef] [PubMed]

26. Valkoumas, I.; Gourgoulis, V.; Aggeloussis, N.; Antoniou, P. The influence of an 11-week resisted swim training program on the

inter-arm coordination in front crawl swimmers. Sports Biomech. 2023, 22, 940-952. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jsams.2009.01.003
https://www.ncbi.nlm.nih.gov/pubmed/19409842
https://doi.org/10.1055/s-0035-1559694
https://doi.org/10.3390/ijerph182111395
https://www.ncbi.nlm.nih.gov/pubmed/34769909
https://doi.org/10.1055/s-0032-1327575
https://www.ncbi.nlm.nih.gov/pubmed/23325714
https://doi.org/10.1519/JSC.0000000000000509
https://www.ncbi.nlm.nih.gov/pubmed/24796981
https://doi.org/10.1055/s-0043-101914
https://doi.org/10.4100/jhse.2010.52.12
https://doi.org/10.2478/v10078-011-0065-2
https://doi.org/10.1519/JSC.0b013e3181b62c5f
https://doi.org/10.1123/jab.2015-0162
https://www.ncbi.nlm.nih.gov/pubmed/26540734
https://doi.org/10.1080/24748668.2022.2072561
https://doi.org/10.1519/JSC.0000000000000410
https://www.ncbi.nlm.nih.gov/pubmed/24531436
https://doi.org/10.1590/S0101-32892010000300011
https://doi.org/10.1055/s-0035-1547283
https://www.ncbi.nlm.nih.gov/pubmed/25806588
https://doi.org/10.3758/BF03193146
https://doi.org/10.1519/JSC.0000000000002037
https://doi.org/10.2478/hukin-2020-0025
https://doi.org/10.1519/00124278-200408000-00051
https://doi.org/10.26773/smj.211019
https://doi.org/10.25035/ijare.04.01.12
https://doi.org/10.1080/14763141.2020.1869815
https://doi.org/10.5007/1980-0037.2018v20n2p164
https://doi.org/10.1123/jab.27.2.161
https://www.ncbi.nlm.nih.gov/pubmed/21576725
https://doi.org/10.1080/14763141.2020.1770324

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Dry-Land Strength and Tethered Force Evaluation 
	Maximum Strength Test in Bench Press 
	Tethered Swimming Test 

	Swimming Performance Tests and Training Set 
	Statistical Analysis 

	Results 
	Swimming Performance 
	Dry-Land Strength Variables and Swimming Performance 
	In-Water Strength Variables and Swimming Performance 
	Impulse and Swimming Performance 

	Swimming Technique 
	Dry-Land Strength and Kinematic Variables 
	In-Water Strength and Kinematic Variables 


	Discussion 
	Conclusions 
	References

