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ABSTRACT

The relationship between power output underwater and on land was investigated by evaluation of underwater power
output by the back and upper limbs. Thirteen male competitive swimmers performed the one underwater arm stroke
(OUAS) trial, medicine ball overhead slam (MBOS) trial, and lat pull-down test as a predictor of back and upper-limb
strength and power underwater and on land. The maximum horizontal velocity of the greater trochanter in OUAS
correlated with all vertical velocities of the MB at release in MBOS (r = 0.544 — 0.777), with 5 repetition maximums in
the lat pull-down test (r = 0.555 — 0.729), and with FINA points (r = 0.783). In the OUAS frial, increases in horizontal
velocity from the start of the OUAS to the maximum horizontal velocity correlated with horizontal velocity at the start of
trial, and high-level swimmers accelerated their body in a manner that was dependent on horizontal velocity at the start
of the OUAS. These results suggest that underwater power output using only the upper limbs is closely associated with
power and strength in dry-land exercise, and that back and upper-limb power and strength are crucial physical elements
for competitive swimmers.
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INTRODUCTION

Sprint performance in competitive swimming is directly affected by physical elements, such as strength,
power, endurance, and flexibility. Competitive swimmers exercise daily on land to improve these elements.
Resistance training to increase strength and power is a key exercise for sprint swimmers (Muniz-Pardos et
al., 2019), and its effects on swimming performance have been demonstrated (Aspenes et al., 2009; Crowley
etal., 2017; Weston et al., 2015). Regarding the strength and power of swimmers, previous studies reported
strong correlations between upper-limb strength and swimming performance (Morougo et al., 2011; Sharp et
al., 1982; Smith et al., 2002; Tanaka et al., 1993; Zamparo et al., 2005). Based on these findings, increases
in upper-limb strength need to be prioritized by competitive sprint swimmers. However, swimming coaches
and swimmers recognize the demerits of implementing resistance training, namely, increases in body mass
and decreases in joint range of motion associated with muscle hypertrophy, which negatively affect swimming
performance. Therefore, well-trained swimmers who have already achieved high strength and power levels
reduce the proportion of basic resistance training accompanied by increases in body mass and implement
high-intensity low-volume resistance training or high-power training specific to swimming movements,
including dry-land exercise.

Various training methods have been developed to increase the muscle power of swimmers. Typical methods
are resisted swimming using parachutes and hand paddles in water (Cortesi et al., 2019; Gourgoulis et al.,
2010; Schnitzler et al., 2011; Telles et al., 2011) and dry-land exercise using a swim bench (Strass, 1988;
Tanaka et al., 1993) and medicine ball (MB) (Espada et al., 2016; Sarramian et al., 2015). Regarding the
kinematic effects of resisted swimming, Gourgoulis et al. (2010) demonstrated the relevance of sprint-resisted
swimming because no alterations were observed in the swimming technique, such as the relative pull length
or medial-lateral displacement of the hand. Moreover, specific in-water resistance training interventions were
found to have a positive impact on performance (Girold et al., 2006; Girold et al., 2007; Ikeda, et al., 2018).
Regarding the effects of training on swimming performance, Fone and Tillaar (Fone and van den Tillaar,
2022) suggested that a combined swimming and strength training regimen improved swimming performance
more than a swim-only approach to training.

A swim bench is the most commonly used method for dry-land exercise, and its relationship with swimming
performance (Sharp et al., 1982), training effects (Tanaka et al., 1993), and kinematic characteristics (Strass,
1988) have been examined. Although the longitudinal training effects of the swim bench for swimming
performance currently remain unclear, the importance of movement control and specificity for training
exercises in swim-bench training has been emphasized (Crowley et al., 2017). Dry-land exercise using a MB
is practiced for core and arm training or testing (Espada et al., 2016; Garrido et al., 2010). Previous studies
using a MB investigated the relationship between upper, lower body, and trunk power output and the training
effects of throwing movements and suggested its validity and reliability as a total body explosive power test
(Ikeda et al., 2007; Ikeda et al., 2009; Kubo et al., 1999; Stockbrugger and Haennel, 2001; Stockbrugger and
Haennel, 2003). The greatest advantage of using MB throwing as a dry-land exercise for swimmers is its
performance without deceleration in the latter phase of movement, which is beneficial for swimmers.
However, limited information is currently available on the relationship between swimming performance and
power production during dry-land exercise.

Lat pull-down and pull-up exercises are the most common strength exercises for competitive swimmers. In
both exercises, the latissimus dorsi muscle is the agonist muscle (Crate, 1997) and plays an important role
during the swimming stroke (Martens et al., 2015). Previous studies investigated the relationship between
swimming performance and upper-limb and back strength exercises, such as lat pull-down and pull-up
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exercises, and suggested that sprint performance was associated with increases in back and upper-limb
strength and power by lat pull-down and pull-up exercises (Garrido et al., 2010; Morougo et al., 2011; Pérez-
Olea et al., 2018). These findings may become the rationale for the design of strength training exercises for
the back and upper limbs of competitive swimmers. However, swimming performance evaluated in previous
studies included swimming factors other than strokes, such as the kick, start, and turn. Therefore, it currently
remains unclear how the strength and power of the back and upper limbs during dry-land exercise affect
underwater stroke power.

Quantitative evaluations of the underwater propulsive force and power of each swimmer will contribute to the
development of effective individualized strength training programs based on the identified weaknesses of
each swimmer. In competitive swimming studies, there have been many attempts to quantify the forces acting
on the body and pushing water (Havriluk, 2005; Hollander et al., 1986; Narita et al., 2017; Narita et al., 2018;
Tsunokawa et al., 2019). The findings obtained revealed that wave drag has a negative effect on swimmers
as swimming velocity increases (Narita et al., 2017; Tsunokawa et al., 2019; Vennell et al., 2006), and that
active drag is proportional to the cube of swimming velocity (Narita et al., 2018). In addition, Narita et al.
(Narita et al., 2018) suggested that passive and active drag showed different changes with increases in
swimming velocity and this behaviour was associated with the stroke rate. Based on this information, the
methods used in these studies are extremely useful for analysing swimming techniques. However, these
biomechanical methods may not be practical for assessing underwater power output by the back and upper
limbs due to the difficulties associated with measuring propulsive force and active drag during swimming.
Therefore, the present study focused on underwater power output in the one underwater arm stroke (OUAS)
trial starting from a gliding motion and the strength and power of the back and upper limbs on land in dry-
land exercise. A more detailed understanding of the relationship between power output by the back and upper
limbs underwater and on land will be useful for developing dry-land exercises that enhance the underwater
power output of arm strokes. We hypothesized that an increase in horizontal velocity during OUAS is
associated with power output during dry-land exercise using a MB, strength in the lat pull-down exercise, and
the competitive level of swimmers. The aim of the present study was to elucidate the relationships among
the performance of OUAS, power output in dry-land exercise, and the strength of the upper limbs, and to
verify the evaluation of underwater power output by the back and upper limbs in order to confirm the validity
of dry-land exercise as a physical training method.

MATERIAL AND METHODS

Participants

Thirteen male Japanese swimmers participated in the present study, including two top-level swimmers (Table
1). FINA points were calculated based on each subject’s specialized swimming technique. Subjects regularly
raced a short distance of 50-100 m using front crawl and butterfly. They were fully informed of the
experimental purpose and procedures of the present study and provided signed informed consent before
their participation. All experimental procedures conformed to the Declaration of Helsinki and were approved
by the Institutional Review Board at the Niigata University of Health and Welfare (18819-220425).

Procedures

To elucidate the relationships between underwater power output in OUAS and the strength and power
of the back and upper limbs in dry-land and lat pull-down exercises, 13 male competitive swimmers
voluntarily participated in the present study. One week before the medicine ball overhead slam (MBOS)
trial, all subjects performed a familiarization session of MBOS using all MB masses because subjects
used a 3-kg MB in MBOS as a daily dry-land exercise. The OUAS and MBOS trials were performed on
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separate days to minimize the effects of fatigue associated with each test. Two-dimensional motion data

in these sessions were recorded. A strength
the MBOS trial.

test using the lat pull-down machine was conducted after

Table 1. Physical characteristics and performance in OUAS and MBOS trials.

Variable Average * SD Ccv ICC
Age (yr) 20.31 £ 2.56 - -
Height (m) 1.75+£0.04 - -
Body mass (kg) 71.80 £5.40 - -
FINA Points 738.40 £ 83.80 - -

5 RMin the lat pull-down test (kg) 82.40 £ 8.53 0.10 -
Maximum horizontal velocity of OUAS (m-s-') 2.32+0.16 0.07 0.867 ***
Horizontal velocity at the start of OUAS (m-s-1) 1.52 £0.21 014 0.655*
Increase in horizontal velocity in OUAS (m-s-1) 0.80+£0.13 0.17  0.006
Vertical velocity of the MB at release in 2-kg MBOS (m-s-') 1253 £0.87abc  0.07 0.709 **
Vertical velocity of the MB at release in 4-kg MBOS (m-s) 10.55+£0510¢  0.05 0.858 ***
Vertical velocity of the MB at release in 6-kg MBOS (m-s) 9.31£0.53 0.06 0.685*
Vertical velocity of the MB at release in 8-kg MBOS (m-s) 8.96 + 0.50 0.06 0.643*

Note. Values are presented as means + SD. e, significantly greater than 4 kg, b, significantly greater than 6 kg, ¢, significantly

greater than 8 kg. OUAS: one underwater arm stroke,

MBOS: medicine ball overhead slam CV: coefficient of variance, ICC:

intraclass correlation coefficient, RM: repetition maximums. **p <.01, ***p <.001.
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Figure 1. Change in average horizontal velocity of the great trochanter from start to finish in the OUAS trial.

The OUAS ftrial. Underwater maximal power by the back and upper limbs was assessed using the OUAS
trial. A light-emitting marker was attached to the greater trochanter (GT) in order to measure horizontal
velocity during the OUAS trial. The motion of OUAS was recorded in the sagittal plane using a digital video
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camera (GC-LJ20B, SPORTS SENSING Co., Fukuoka, Japan) placed perpendicular to the subject’s plane
of motion. This camera was positioned beneath the deck approximately 4.5 m from the wall of the pool. The
sampling frequency was 120 Hz, and the exposure time was set at 1/500 s. A digitizing system (FrameDIAS
V, DKH, Inc., Itabashi-ku, Tokyo, Japan) was used to manually digitize GT. The digitizing rate was 60 Hz.
Two horizontal control points in water were used to obtain two-dimensional coordinates underwater. To
calculate the coordinate value using two horizontal control points with a level in water and on the ground, the
horizontal to vertical ratio of the video image was assessed in advance. We then used this ratio to calculate
two-dimensional coordinates (lkeda, et al., 2018; lkeda et al., 2021). Coordinate values were filtered digitally
using a Butterworth-type fourth-order low-pass filter. The cut-off frequency for the two-dimensional
coordinates was 6 Hz (lkeda et al., 2021). Subjects were allowed to perform non-prescribed warm-up
exercises for 30 min in a 25-m indoor swimming pool. They then conducted 2-3 x 10 m OUAS at maximum
effort. Following the gliding phase after kicking the wall of the pool (no dive), subjects performed OUAS when
they passed the 5-m line in water, which was marked at the bottom of pool. In this test, the start and finish
movements of OUAS (Figure 1) were identified by video data (60 Hz), and the horizontal velocity of GT at
these points and the maximal horizontal velocity of GT during OUAS were recorded. Increase in the horizontal
velocity of GT was calculated by subtracting the start velocity of the OUAS from the maximal velocity of the
OUAS. The trial that recorded the maximal velocity was selected for analysis. The range of video recording
was 8 m (0-8 m from the wall). Trials were repeated after a 3-min period of rest.

The MBOS trial. To measure maximal power output by the back and upper limbs, the MBOS trial was
performed using 2-, 4-, 6-, and 8-kg MB (Figure 2). Markings were made on the skin directly over the joint
centres of the metacarpophalangeal joint, wrist, elbow, shoulder, the elbow, inferior end of the rib, GT, knee,
ankle, and hallux using tape. The motion of MBOS was recorded in the sagittal plane for a motion analysis
using a digital video camera (GC-LJ20B, SPORTS SENSING Co., Fukuoka, Japan) placed perpendicular to
the subject’s plane of motion. The sampling frequency was 120 Hz and the exposure time was set at 1/1000
s. The digitizing rate was 120 Hz. In the MBOS analysis, we assumed that the movement of both the arms
and legs of subjects during MBOS was symmetrical; therefore, only one side of a subject’s upper and lower
limbs recorded by the digital video camera was digitized. In the present study, the lengths of two control
points for calibration were used to obtain two-dimensional coordinates underwater. To calculate the
coordinate value using four horizontal control points with a level on the ground, the horizontal to vertical ratio
of the video image was assessed in advance. We then used this ratio to calculate two-dimensional
coordinates (lkeda et al., 2009; lkeda, et al., 2018). Coordinate values were filtered digitally using a
Butterworth-type fourth-order low-pass filter. The cut-off frequency for the two-dimensional coordinates was
6 Hz (lkeda et al., 2009). After non-prescribed warm-up exercises for 30 min in a laboratory, subjects
performed MBOS using the 2-, 4-, 6-, and 8-kg MB at maximum effort. They conducted 2 trials with each MB
mass, if the trial failed, an additional trial was conducted. Trials using the same MB were repeated after a 1-
min period of rest, and another trial using a different MB was performed after a 3-min period of rest. The trial
for analysis was selected based on the vertical velocity of the MB at release. The motion of MBOS was
equally divided into two phases: (i) the first half phase between the starting point at which the angular velocity
of the shoulder reached 1 radian-s' and the middle point (mid-point), which was located between the starting
point and release point, and (i) the second half phase between the mid-point and release point. In the present
study, release was defined as the last frame in which subjects were touching the MB. The vertical velocity of
the MB as a performance indicator of MBOS was obtained in the next frame of release. In this test, power in
the vertical direction for MBOS was calculated as (a) Force = (MB mass x 9.81) + (MB mass x acceleration),
(b) Power = force x velocity. Average power was calculated in both the first and second half phases. The
angles and angular velocities of the shoulder and elbow were calculated. The centre of mass (CM) was
calculated by body segment parameters for Japanese athletes (Ae, 1996).
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Note. MBOS: Medicine ball overhead slam.

Figure 2. Movement in the MBOS trial.

Strength testing. The strength of the back and upper-limb muscles was assessed using 5 repetition
maximums (RM) in the lat pull-down test. A standard lat pull-down machine (FUNASIS Lat pull-down,
BB4322, Senoh, Matsudo, Japan) was used to perform the lat pull-down test. After the MBOS trial, subjects
performed a progressive warm-up that consisted of 8 repetitions at 80% of 10 RM and 5 repetitions at
approximately 80% of 5 RM. The start load was set at approximately 90-95% of the estimated 5 RM and was
increased by 2.5 or 5 kg. Subjects performed 2-3 attempts until 5 RM was achieved. The rest period between
attempts was three mins. In the lat pull-down test, each repetition started with the arm fully extended and
was completed when the bar was below the chin using the anterior lat pull-down technique (Andersen et al.,
2014; Crate, 1997). This test adopted a wide pronated grip (Andersen et al., 2014), which is used in daily
resistance training by subjects, and grip width was confirmed by an author who was a certified strength and
conditioning specialist. Subjects were instructed to minimize the movement of the hip joint and trunk.

Analysis

Values for each parameter are presented as the mean + standard deviation. The coefficient of variance (CV)
was calculated by dividing the standard deviation by the mean. To assess relationships between variables,
Pearson’s product-moment correlations were calculated. The Kruskal-Wallis one-way analysis of variance
and Mann-Whitney post-hoc tests were used to examine differences in the MBOS trial at different MB
masses. Intraclass correlation coefficients (ICC) were used to examine the relationship between trials in the
OUAS and MBOS trials. All statistical procedures were conducted with SPSS Statistics 27, and significance
was set at p <.05.

RESULTS

Differences between the actual measurement value of the horizontal distance and that of the horizontal
distance calculated from digitized coordinates in the calibration on land for MBOS trial and underwater for
OUAS were 0.0047 m and 0.0076 m, respectively.

Table 1 shows the physical characteristics of subjects, FINA points, 5 RM in the lat pull-down test, the
performance parameters of the OUAS trial, and the vertical velocity of the MB at release. ICC was used to
examine the relationship between the best trial and the second trial in the OUAS and MBOS trials. Apart from
an increase in horizontal velocity in OUAS, correlations were observed in these ICC. Regarding the CV of
performance parameters in the OUAS and MBOS trials, the CV for the maximum horizontal velocity of OUAS
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was smaller than those for other performance parameters in the OUAS trial, while only slight differences were
noted in CV for performance parameters in the MBOS ftrial. Figure 3 shows the relationships among
performance parameters in the OUAS trial, FINA points, and 5 RM in the lat pull-down test. The maximum
horizontal velocity of OUAS correlated with FINA points and 5 RM in the lat pull-down test (Figure 3(a)(q)).
Regarding the relationships among performance parameters in the OUAS ftrial, the maximum horizontal
velocity of OUAS correlated with horizontal velocity at the start of OUAS (Figure 3(d)), and horizontal velocity
at the start of OUAS negatively correlated with an increase in horizontal velocity from the start of OUAS to
the maximum horizontal velocity (Figure 3(f)). The maximum horizontal velocity of OUAS and 5 RM in the lat
pull-down test correlated with the vertical velocities of the MB in the MBOS trial (Table 2).

Table 2. Correlations between performance in MBOS and OUAS trials and 5 RM in the lat pull-down test.
Vertical velocity at release in MBOS

Variable 2kg 4kg 6 kg 8 kg
Maximum horizontal velocity of OUAS (m-s-') 0.584 * 0.544 0.777*  0.684*
5 RMiin the lat pull-down test (kg) 0590* 0.729* 0.672* 0.555*

Note. MBOS: medicine ball overhead slam, OUAS: One underwater arm stroke, RM: repetition maximums. * ** Significant at p <
.05 and p < .01, respectively.
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Regarding the vertical velocity of the MB at release in the MBOS trial, the Kruskal-Wallis one-way analysis
of variance revealed significant differences in the vertical velocities of the MB (Test statistic = 42.324, p <
.001). Post hoc tests showed that the vertical velocity of the MB in the MBOS trial was significantly greater
at 2 kg than at 4, 6, or 8 kg, and significantly greater at 4 kg than at 6 or 8 kg. Furthermore, the vertical
velocities of the MB at release did not correlate with those at the mid-point at all MB masses in the MBOS
trial (2 kg; r=0.016, n.s., 4 kg; r=0.458, n.s., 6 kg; r = 0.218, n.s., 8 kg; r = 0.267, n.s.). The Kruskal-Wallis
one-way analysis of variance revealed no significant difference in the angle of the shoulder joint at the start
of MBOS (Test statistic = 1.025, p = .795), at the mid-point of MBOS (Test statistic = 5.277, p = .153), or at
release in MBOS (Test statistic = 2.777, p = .427). Furthermore, the Kruskal-Wallis one-way analysis of
variance revealed no significant difference in the angle of the elbow joint at the start of MBOS (Test statistic
=0.158, p = .984) or at the mid-point of MBOS (Test statistic = 2.642, p = .450). However, the Kruskal-Wallis
one-way analysis of variance revealed a significant difference in the angle of the elbow joint at release in
MBOS (Test statistic = 18.999, p <.001). Post hoc tests showed that the angle of the elbow joint at release
in MBOS was significantly greater at 6 kg than at 2, 4, or 8 kg. The Kruskal-Wallis one-way analysis of
variance revealed a significant difference in the angular displacement of the shoulder joint during the first half
phase of MBOS (Test statistic = 9.320, p < .05). Post hoc tests showed that the angular displacement of the
shoulder joint during the first half phase of MBOS was significantly smaller at 6 kg (-45.2 deg £ 7.7) than at
2 kg (-35.2 deg £ 9.3). The Kruskal-Wallis one-way analysis of variance also revealed no significant
difference in the angular displacement of the shoulder joint during the second half of MBOS (Test statistic =
1.036, p = .793). The Kruskal-Wallis one-way analysis of variance revealed no significant difference in the
angular displacement of the elbow joint during the first half phase of MBOS (Test statistic = 2.750, p = .432).
However, during the second half phase of MBOS, the Kruskal-Wallis one-way analysis of variance revealed
a significant difference in the angular displacement of the elbow joint (Test statistic = 9.746, p < .05). Post
hoc tests showed that the angular displacement of the elbow joint during the second half phase of MBOS
was significantly greater at 6 kg (25.8 deg £ 21.75) than at 2 kg (5.6 deg + 10.10).

The Kruskal-Wallis one-way analysis of variance revealed a significant difference in the horizontal
displacement of the CM in the MBOS (Test statistic = 11.502, p < .01). Post hoc tests showed that the
horizontal displacement of the CM in MBOS was significantly greater at 8 kg (0.050 m + 0.021) than at 2 kg
(0.022 m £ 0.016). Other values for the horizontal displacement of the CM were 0.032 m £ 0.015 at 4 kg and
0.045 m £ 0.020 at 6 kg.

Regarding the relationship between the vertical velocity of the MB at release in MBOS and power exerted on
the MB during the first and second half phases, the vertical velocity of the 2-kg MB at release in MBOS did
not correlate with average power during the first half phase (r = -0.081, n.s.), but correlated with average
power during the second half phase (r = 0.788, p < .01). The vertical velocity of the 4-kg MB at release in
MBOS did not correlate with average power during the first half phase (r = 0.386, n.s.), but correlated with
average power during the second half phase (r = 0.842, p < .01). The vertical velocity of the 6-kg MB at
release in MBOS did not correlate with average power during the first half phase (r = 0.255, n.s.), but
correlated with average power during the second half phase (r = 0.842, p <.001). The vertical velocity of the
8-kg MB at release in MBOS did not correlate with average power during the first half phase (r=0.159, n.s.),
but correlated with average power during the second half phase (r = 0.824, p < .01).
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Figure 4 shows the relationship between average power and the angular displacement of the shoulder (a)
and elbow (b) during the second half phase of MBOS. Correlations were observed between average power
and the angular displacement of the shoulder and elbow joints during the second half phase of MBOS, except
for the angular displacement of the elbow and average power in the 8-kg MBOS trial. Figure 5 shows the
relationships between the kinematic values of the shoulder and elbow joints. Correlations were noted
between the angular displacement of the shoulder and elbow joints in the first and second half phases, except
for the angular displacement of the shoulder in the 2- and 8-kg MBOS trials (Figure 5 (a)(b)). Regarding the
relationship between the angular displacement of the shoulder and elbow joints, the angular displacement of
the shoulder correlated with the angular displacement of the elbow during the first and second half phases
(Figure 5 (c)(d)). Regarding the relationship between the maximum horizontal velocity of OUAS and the
angular displacement of the shoulder and elbow joints in MBOS, the maximum horizontal velocity of OUAS
correlated with the total angular displacement of the shoulder in the 2-kg MBOS trial (r = 0.654, p < .05), 4-
kg MBOS trial (r = 0.662, p <.05), and 8-kg MBOS trial (r = 0.572, p <.05), but not in the 6-kg MBOS trial (r
=0.526, p = .065).
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Figure 4. Relationships between average power and angular displacement of the shoulder and elbow during
the second half phase of the MBOS trial.
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Figure 6. Relationship between relative 5 RM in the lat pull-down trial and horizontal displacement of the CM
in the MBOS trial.

Figure 6 shows the relationship between relative 5 RM in the lat pull-down test and horizontal displacement
of the CM from the start to release in MBOS. Correlations were observed between relative 5 RM in the lat
pull-down test and the horizontal displacement of the CM in all MBOS ftrials.

DISCUSSION

The aims of the present study were to elucidate the relationship between underwater power output by OUAS
and strength and power during dry-land exercise and examine a method to assess underwater power output
by the upper limbs with the ultimate goal of establishing an approach to evaluate upper-limb power output for
competitive swimmers.

The main result of this study was the strong correlation between the maximum horizontal velocity of OUAS,
which was used as a predictor of underwater power output by the back and upper limbs, and the performance
of dry-land exercise by the upper limbs using a MB. Maximum strength in lat pull-down exercises (Morougo
et al., 2011) and power in pull-up exercises (Pérez-Olea et al., 2018) have been shown to correlate with
swimming performance. These findings suggest the importance of dry-land exercise by the upper limbs for
swimmers, and that the latissimus dorsi muscle, which has the role of adduction, extension, inner rotation,
and horizontal extension in the shoulder joint, is closely associated with swimming performance. However,
swimming performance evaluated in previous studies included swimming elements other than strokes, such
as the kick, start, and turn. To obtain relevant scientific information for the design of effective training
programs for dry-land exercise, it is important to elucidate the relationships between each swimming element
and strength and power in dry-land exercise. In the present study, high-level swimmers, including elite
swimmers, showed faster horizontal velocity during OUAS, and the maximum velocity of OUAS positively
correlated with the vertical velocities of the MB at release in MBOS trials (Table 2 and Figure 3). Underwater
power output by the back and upper limbs has not yet been evaluated, and the relationships between the
performance of OUAS and power and strength in dry-land exercise remain unknown. Therefore, this is the
first study to examine power output by the upper limbs in water and on land. The results obtained support
the validity of the evaluation approach for underwater power output by the upper limbs and suggest the
importance of enhancing power output by the back and upper limbs for competitive swimmers.
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Regarding the relationship between the vertical velocities of the MB and the power exerted on the MB in the
MBOS trials, the vertical velocities of the MB at the mid-point did not correlate with those at release for any
MB mass. Furthermore, the vertical velocities of the MB at release correlated with average power during the
second half of MBOS at all MB masses, while no correlations were observed between the vertical velocities
of the MB at release and average power during the first half phase. These results suggest that the vertical
velocities of the MB at release were determined by average power output during the second half phase
regardless of the MB mass.

The small angular displacement of the shoulder and greater angular displacement of the elbow during the
second half phase led to greater average power in MBOS (Figure 4). In addition, the total angular
displacement of the shoulder from the start point to release, which correlated with the angular displacement
of the shoulder during the second half phase, negatively correlated with the maximum horizontal velocities
of OUAS. In order to understand the skilled movements of the shoulder and elbow to generate power, Figure
5 shows the relationships among the angular displacement of the shoulder and elbow during the first and
second half phases of MBOS. The results obtained showed that the shoulder functioned in concert with the
elbow to generate power and suggested that subjects need to extend the shoulder and flex the elbow during
the first half phase of MBOS and slightly extend the shoulder and markedly extend the elbow during the
second half phase. Furthermore, small extension of the shoulder was associated with great extension of the
elbow during the second half phase (Figure 5(d)). In MBOS, which involves the extension and adduction of
the shoulder and extension of the elbow, the latissimus dorsi muscle, greater pectoral muscle, and triceps
brachii muscle are agonist muscles. Considering these kinematic results and the role of the agonist muscles,
it is speculated that the triceps brachii muscle plays a role in power output because the long head of the
triceps brachii muscle is a biarticular muscle involved in extension of the shoulder and elbow. Thus, the
restriction of the angular displacement of the shoulder for extension by the long head of triceps brachii muscle
during the second half phase of MBOS may contribute to the greater extension of the elbow. These kinematic
data may be useful for optimizing upper-limb underwater movement to exert propulsive force and instructions
on movements during dry-land exercise.

Regarding the different MB masses, the vertical velocities of the MB at release significantly decreased with
increasing the MB mass, while no significant differences were observed in the vertical velocity of the MB at
release between 6 and 8 kg. Furthermore, the MB mass altered the relationships between the vertical
velocities of the MB, the maximum horizontal velocity of OUAS, and 5 RM in the lat pull-down test (Table 2).
The highest correlation coefficients were observed at 4 kg (5 RM in the lat pull-down test) and 6 kg (maximum
horizontal velocity of OUAS). Regarding the mass of the MB used in resistance training, lkeda et al. (lkeda
et al., 2007; lkeda et al., 2009) suggested selecting an appropriate MB mass based on the fitness levels of
athletes. The present results suggest that 4-kg or 6-kg MB was a valid mass for our subjects, who achieved
high strength levels for 5 RM in the lat pull-down test (range: 72-102 kg). Regarding the kinematic parameters
of the shoulder and elbow during MBOS, a significant change was not observed with an increase in the MB
mass. The horizontal displacement of the CM during MBOS increased at greater MB masses, which indicated
that the CM moved backwards from the start to release in MBOS. Since it is important for swimmers to
implement dry-land exercise in consideration of a posture that reduces underwater resistance, the horizontal
movement of the body during MBOS needs to be assessed by swimming as well as strength and conditioning
coaches.

The strength of the back and upper limbs measured by the lat pull-down test correlated with the performance
of OUAS and MBOS. In addition, relative 5 RM in the lat pull-down test correlated with the horizontal
displacement of the CM in MBOS (Figure 6). These results suggest that the basic strength of the back and
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upper limbs was associated with power output underwater and on land, and that swimmers with high relative
strength in the lat pull-down test maintained their body position during the MBOS movement. Since body
position has an impact on swimming performance, swimming as well as strength and conditioning coaches
need to consider the effects of the strength of the back and upper limbs on underwater posture and body
position, and also focus on a swimmer’s posture during dry-land exercise. The positive relationships between
strength and power in lat pull-down and pull-up exercises and swimming performance demonstrates the
importance of the strength of the back and upper limbs for competitive swimmers (Garrido et al., 2010;
Morougo et al., 2011; Pérez-Olea et al., 2018). Pérez-Olea et al. (Pérez-Olea et al., 2018) suggested that
sprint swimmers need to enhance maximum strength, not muscular endurance, in pull-up exercises. Based
on previous findings, increases in the strength of the back and upper limbs using different muscular
contraction types and training postures in various training exercises will improve sprint swimming
performance. Furthermore, it may be important for swimming and strength coaches to adopt a concept that
connects basic strength and power in typical resistance exercise and specific strength and power in dry-land
exercise to enhance underwater power output.

One of the main results in the present study was the negative correlation between horizontal velocity at the
start of OUAS and the increase in horizontal velocity from the start of OUAS to the maximum horizontal
velocity (Figure 3 (f)). We hypothesized that high-level swimmers may acquire great horizontal velocity of the
OUAS by greatly increasing the horizontal velocity from start of the OUAS to the maximum horizontal velocity.
However, the results obtained showed that the increase in horizontal velocity was influenced by horizontal
velocity at the start of OUAS, and high-level swimmers accelerated the body in a manner that was dependent
on horizontal velocity at the start of OUAS. Regarding the relationship between swimming velocity and drag,
Narita et al. (Narita et al., 2018) suggested that the effects of active drag increased at higher swimming
velocities and highlighted the importance of underwater power output at a high velocity. Although OUAS has
not yet been examined as a predictor of underwater power output, the results of the present study, including
the relationship between the maximum velocity of OUAS and FINA points, demonstrate the validity of the
method to evaluate underwater power output, and suggest that OUAS, which alters velocity at the start of
OUAS, is effective underwater power training for the back and upper limbs.

There were several limitations that need to be addressed. A motion analysis of OUAS was not conducted
and differences were noted in velocity of the start of OUAS. Therefore, the impact of kinematic characteristics
during OUAS and horizontal velocity at the start of OUAS on performance are unknown. An experiment that
uses a common horizontal velocity at the start of OUAS may provide useful information for dry-land exercise.
Future studies are needed to examine the movement of OUAS at different horizontal velocities at the start of
OUAS.

CONCLUSIONS

The present study showed that the performance of OUAS has potential as a predictor of underwater power
output for competitive swimmers, and that this underwater power output is associated with strength and
power measured by the lat pull-down test and in the MBOS trial. Furthermore, the results of the present study
suggest a relationship between performance and the kinematic characteristics of the upper limbs in the
MBOS trial. The results obtained also indicate the importance of increasing basic strength by typical
resistance training and specific power by dry-land exercise focused on swimming techniques. In the design
of training exercises for competitive athletes, the validity and objectivity of each exercise are essential for an
exercise to be adopted in programs. Therefore, these results will be useful for swimming as well as strength
and conditioning coaches.
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