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Abstract: This study investigates differences in propulsive force between the water surface and
underwater conditions in the flutter kick swimming technique. The subjects were well-trained
university male swimmers. A towing device was set up in a 25 m swimming pool to measure the
towing force and velocity of the swimmer under two conditions: the swimmer was near the water
surface and at a depth of 0.60 m. The swimmers performed the gliding trials and the kicking trials
with maximum effort with five towing velocities from 1.2 to 2.4 m/s. The passive drag and the
resultant force of the propulsive and drag forces in kick swimming were formulated, respectively.
The propulsive force was calculated from the difference between the two formulas. A difference of
the propulsive force under conditions in high swimming velocity was observed. This suggests that
the water surface condition has advantages of raising the foot above water.
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1. Introduction

Swimmers use their upper and lower limbs to exert a propulsive force. Although the upper limbs
play an important role in propulsion in front crawl swimming, the role of the lower limbs and their
importance in swimming performance are under discussion. Hollander et al. reported that 11.7% of
propulsion power was an output of kicking by lower limbs [1]. Deschodt et al. illustrated that the
contribution of the leg at maximal velocity was approximately 10% in front crawl swimming [2]. The
contribution of the lower limbs in increasing swimming velocity is regarded as a consequence of
effect on upper limb movements and maintaining the horizontal alignment of the whole body rather
than the exertion of propulsive force directly as discussed in [2—4].

Front crawl swimming is the fastest stroke in competitive swimming. Swimmers exert high
propulsive forces to overcome the resistance of water and achieve high swimming velocities. It is
expected to find a swimming mechanism and technique that takes account of the possibility of
exerting the propulsive force not only in the upper limbs but also in the lower limbs. The purpose of
the present study is to investigate differences of propulsive force between the water surface and
underwater conditions in flutter kick swimming.
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2. Material and Methods

The subjects were five well-trained university male swimmers. The mean and standard
deviation of their front crawl swimming velocities was 1.73 m/s, and 0.07 m/s, respectively. A towing
device (AO-S01, AppliedOffice Inc., Japan, Figure 1) was set up in a 25 m swimming pool to measure
the towing force and velocity of the swimmer under two conditions, namely, the swimmer was
positioned near the water surface, and at a depth of 0.60 m. The swimmers performed the gliding
trials to keep a streamlined posture (Figure 2a) and the kicking trial with maximal effort (Figure 2b)
with towing velocities 1.2, 1.5, 1.8, 2.1 and 2.4 m/s. The mean towing force was calculated during the
most stable 3 s, that is, the range minimizing the variation in each trial.

(b) Kicking trial

Figure 2. Photographs of a swimmer in the water surface condition. (a) Gliding trial; (b) Kicking trial.

In the gliding trials, the measured towing force equilibrates the drag force of the swimmer’s
whole body because swimmers do not exert propulsive force. The drag force is known as passive
drag, and formulated as an exponential equation:

Fdrag =4 vb/ 1)
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where v represents swimming velocity, A is a coefficient of proportionality and b denotes the
exponent value [5]. The parameters A and b were identified using the relationship between the
towing velocity and force in the gliding trials.
The equation of motion in the kick trial is given by
dv

m & Frow + Fprop - Fdrag/ ()
where m is the swimmer’s mass, Fy,, is the towing force, F,.,, is the propulsive force exerted by
the swimmer’s kicking and Fg,q4 is the drag force on the swimmer’s whole body (Figure 3). It was
assumed that the drag force in the kicking trial was similar to the passive drag, which was measured
as the towing force in the glide trial at the same speed. Each swimmer was towed by the towing
device at a constant speed. The propulsive force F,.,, is estimated by calculating the difference
between the drag force Fg,.,, measuring in the glide trial and the towing force F,, from the kicking

trials. This is expressed as:
Fprop = Fd‘rag — Frow- 3)

Because Gatta et al. reported the towing force relative to the velocity during the flutter-kicking
towing test showed a linear trend [6]. Thus, the relationship between towing velocity and force was
modeled as a linear function:

Fiow=cv+d, 4)

where c is the coefficient of the velocity v and d is a constant. The estimated propulsive force was
calculated from the difference between Fg,qy and Foy,.

Propulsive force Eyyop

|:> Towing force F,y,

Figure 3. Mathematical model of towing swimming with only the kick technique.

3. Results

Figure 4 shows the relationship between the towing velocity and force on the water surface and
the 0.60 m depth conditions. The towing force of the glide trial was larger than the kick trial in the
lower swimming velocities, such as 1.2 and 1.5 m/s, under the conditions of both the water surface
and the 0.60 m depth. The lines representing the glide and kick trials were closer as the swimming
velocity increased. The towing force of the kick trial exceeded the glide trial under the 0.60 m depth
conditions at higher velocities, such as 2.1 and 2.4 m/s. However, four out of five subjects showed
that the towing force of the glide trial was consistently larger than the kick trial under the water
surface conditions.

Figure 5 demonstrates the comparison of the estimated propulsive force between the water
surface and the 0.60 m depth conditions in each subject. The negative value indicates that the force is
exerted backwards. Therefore, it is not propulsive and is a drag force. The propulsive force was the
largest at the lowest velocity of 1.2 m/s under both conditions. Under the 0.60 m depth conditions,
the faster swimming velocity resulted in the smaller propulsive force. However, the propulsive force
did not decrease at higher swimming velocities in the water surface conditions. All subjects showed
that the propulsive force under the surface conditions was larger than that of the 0.60 m depth
conditions at swimming velocities greater than 2.0 m/s.
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Figure4. A relationship between towing velocity and force in the glide and kick trials in case of a
subject in (a) water surface conditions and (b) 0.60 m depth conditions.
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Figure 5. Comparison of the estimated propulsive force between the water surface and 0.60 m depth

conditions in each subject.

4. Discussion

The towing force of the kick trial was smaller than that of the glide trial at lower swimming
velocities. Assuming that the drag force of the whole body does not change between the glide and
kick trials, the decreasing towing force from the glide to kick trial would be a consequence of the
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kicking effect acting as the positive propulsive force. The larger propulsive force of kicking suggested
that it is easier to exert a propulsive force using kick motion at lower velocities. Flutter kicking is one
of the techniques to swim faster with front crawl swimming. Thus, it is important to discuss the effect
of kicking on propulsion at higher swimming velocities. From this study, differences of the towing
forces of glide and kick trials were closer to zero in higher swimming velocity with smaller propulsive
forces. It was suggested that increasing the swimming velocity would make more difficult to produce
the propulsive force for the flutter kicking technique. The suggestion was exactly supported by the
observed relationship of velocity and propulsive force under the 0.60 m depth conditions in this study.
On the other hand, this does not seem to apply at higher swimming velocities under the surface
conditions. Narita et al. reported that the effect of leg kick depended on the velocity in front crawl
swimming, although the upper and lower limb movements increase the resistance compared to the
passive conditions [7]. In front crawl swimming, the flutter kick functions to counteract the leg-
sinking moment generated by the hand force [4]. Some studies reported the role and contribution of
the kicking motion on propulsion in front crawl swimming. In the study, it was observed that
differences of the propulsive force at high velocities between conditions. The differences do not
include the effect of arm motion or body rolling. The findings should be explained by water depth
and/or kicking motion. The surface conditions would make the foot raised above the water. It was
assumed that a swimmer could obtain the two advantages of increasing the foot velocity to kick water
backwards and reducing the water drag force on the foot, as the foot moved in the air. However, it
was not possible to observe and measure the motion of a swimmer’s foot because the water bubbles
and splashes reduced the visibility of foot motion remarkably, as shown in Figure 1b. Further
methodology to observe/measure a swimmer’s motion around the water surface would explain the
non-decreasing propulsive kicking force at high swimming velocities.

5. Conclusions

In the present study, the propulsive force decreased under the 0.60 m depth conditions, and the
kicking motion would produce a drag force at high swimming velocities. On the other hand, the
propulsive force did not decrease under the water surface conditions at high swimming velocities.
There are differences in the propulsive force between the conditions. Raising the foot above water in
the surface condition would have advantages to increase the foot velocity and reduce the drag force
at high swimming velocities.
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