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ABSTRACT
The purpose of the present study is to investigate differences 
between front crawl and backstroke swimming in hydrodynamic 
(produced by swimmers) and buoyant torque around the transverse 
axis. Ten swimmers performed 50 m front crawl and backstroke at 
four selected velocities (same velocities for both techniques). All trials 
were recorded by four underwater and two above-water cameras to 
collect data for three-dimensional whole-body motion during one 
stroke cycle (defined as a period between two consecutive wrist 
entries to the water). The inverse dynamics approach was applied 
to obtain buoyant and hydrodynamic torque around the transverse 
axis. The differences between front crawl and backstroke techniques 
across four levels of velocity were assessed with a two-way repeated- 
measures ANOVA. There was a main effect of technique on the mean 
buoyant and hydrodynamic torque, with 30–40 % larger leg-raising 
buoyant torque and leg sinking hydrodynamic torque in front crawl 
than in backstroke (p ≤ 0.001). The time-series data revealed that the 
hydrodynamic leg-sinking torque had its peaks during the first half of 
the underwater upper-limb motion in front crawl, but that was not 
observed in backstroke, implying that the strategy of counterbalan-
cing the buoyant torque is different between the techniques.
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Introduction

In the aquatic environment, the human body is exposed to two vertical forces with 
opposite direction, namely gravity and buoyancy. When a human holds a horizontal 
static position in the water, the centre of mass (CM) is located about 2 cm more caudally 
(towards the legs) than the centre of buoyancy (CB) (Watanabe et al., 2017), thereby 
producing a rotational torque (buoyant torque) that causes the lower-limbs to sink 
(Gagnon & Montpetit, 1981; Kjendlie et al., 2004; Payton & Reid, 2014).

In the past, this phenomenon was also considered to occur during whole-body swim-
ming (swimming with both upper- and lower-limb propulsive motions) and applied as 
a background assumption in research (McLean & Hinrichs, 1998; Pendergast et al., 1977). 
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However, contrary to that belief, evidence established in the 21st century has suggested that 
the couple formed by the gravitational and buoyant forces does not cause the legs to sink 
during whole-body swimming. Due to the continuous forward and backward motion of the 
limbs and a large part of the upper-limbs being above the water, CM and CB locations 
constantly shift, which result in the couple producing leg-raising torque during most part of 
the stroke cycle and the mean torque during the whole cycle also being leg-raising rather 
than leg-sinking (Cohen, Cleary, Harrison, Mason & Pease, 2014; Psycharakis & Yanai, 
2018; Yanai, 2001).

During the period in which CB is behind CM and produces leg-raising torque, 
swimmers should produce leg-sinking torque by limb motions (defined as the hydro-
dynamic torque in the current study) so that the mean torque in one stroke cycle 
becomes zero. It has been suggested that this leg-sinking hydrodynamic torque is 
produced due to the hydrodynamic forces acting on the hand, especially around the 
first half of the underwater upper limb motion (Psycharakis & Yanai, 2018; Yanai, 2001). 
However, this hypothesis has not been explored.

Due to the difficulty in measuring hydrodynamic forces directly in an aquatic environ-
ment, investigating the rotational effect produced by the limbs is a challenging task. One 
solution is the inverse dynamics approach, which is the process of indirectly determining 
forces and torques from kinematics and inertial properties of moving bodies. As the 
obtainable variables with this method are net force and net torque (Sanders et al., 2015, 
2016), it is not possible to assess forces and torques produced by each limb. However, the 
total hydrodynamic torque can be calculated by subtracting the buoyant toque from the net 
torque, and the buoyant toque can be assessed using a kinematic approach, as has been 
done previously (Yanai, 2001, 2003, 2004). The buoyant torque depends on the magnitude 
of gravity and buoyancy and the location of CM and CB, which can be estimated by a three- 
dimensional motion analysis (Yanai, 2001, 2004).

Currently, knowledge of the buoyant torque during swimming and its effect on the 
body rotation around the transverse axis is limited to front crawl swimming (Psycharakis 
& Yanai, 2018; Yanai, 2001). There is one simulation study that investigated the buoyant 
torque around the transverse axis in the four swimming techniques (Cohen et al., 2014). 
However, the reported simulation data were based on only two swimmers (one male and 
one female) for each technique, and it was unclear whether the observed results reflected 
characteristics of each technique or largely affected by individual skills.

Furthermore, in the study by Cohen et al. (2014), the water level relative to the body was 
only determined visually. As a slight misestimation of the water level could cause an over- or 
under-estimation of the underwater body volume (and consequently, the location of CB and 
the magnitude of the buoyancy), it is possible that there were some errors in their simulation. 
Therefore, buoyant torque assessment with a larger number of samples with 3D global 
coordinate information is required for butterfly, backstroke, and breastsroke in a similar 
manner to the experimental front crawl studies (Psycharakis & Yanai, 2018; Yanai, 2001).

Among the three swimming techniques other than front crawl, backstroke swimming 
is especially interesting to compare with front crawl because both techniques involve 
alternating motions of the right and left upper limbs and flutter kicking. Since swimmers 
move their left and right upper limb back and forth alternatively in front crawl and 
backstroke, a similar CM shift pattern along the cephalic-caudal direction could be 
expected in both techniques. On the other hand, the mean underwater volume of 
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swimmers is larger in backstroke than in front crawl (Gonjo et al., 2020), presumably due 
to a larger net upward lift force acting on swimmer’s body (produced by upper- and 
lower-limb motions such as down-sweep and downward kicking) in front crawl than in 
backstroke that cases higher body position in front crawl than in backstroke. This implies 
that the magnitude of CB shift might be different between the two techniques.

From a perspective of propulsive efficiency, swimmers should maximise the kinetic 
energy that directly contributes to the forward motion while minimising the energy 
‘wasted’ for other purposes (Zamparo et al., 2011), such as sideways motion or excessive 
body rotation. Therefore, having a large amount of buoyant torque would be a disadvantage 
regardless of whether it has a leg-raising or -sinking effect, because swimmers would have 
to produce an equal amount of hydrodynamic torque (in other words, a large amount of 
kinetic energy that does not directly contribute to propulsion) to counterbalance it. Given 
that backstroke is less efficient than front crawl (Gonjo et al., 2018), it could be hypothesised 
that swimmers would have a larger magnitude of buoyant torque around the transverse axis 
in the former technique than the latter. The purpose of the current study was to investigate 
differences in the buoyant and hydrodynamic torque around the transverse axis between 
front crawl and backstroke swimming to test this hypothesis.

Methods

Participants

The same dataset as Gonjo et al. (2020), which was composed of 80 swimming trials (10 
male swimmers × two swimming techniques × four swimming velocities), was used in the 
present study. The participants (mean ± standard deviation) were 17.5 ± 1.0 years, with 
1.79 ± 0.05 m height and 69.9 ± 6.5 kg body mass. More details of the participants are 
described in Gonjo et al. (2020). Before the testing session, participants were informed 
about the procedure, benefits, and potential risks of the study, which were approved by 
the ethics committees of the University, and written informed consent was then obtained 
from each of them.

Testing protocol

Participants were marked on 19 anatomical landmarks using black oil and wax-based 
cream (Grimas Créme Make-Up) as described previously (Gonjo et al., 2020). They were 
photographed from front and side views simultaneously by two digital cameras (Lumix 
DMC-FZ40, Panasonic, Osaka, Japan), which were manually digitised to obtain persona-
lised body segment parameters by the elliptical zone method (Jensen, 1978). The mass, 
volume, location of the mass centre, and moments of inertia of each segment were obtained 
using the ‘E-Zone’ software (Deffeyes & Sanders, 2005; R. Sanders et al., 2015).

Swimmers performed their individual warm-ups, with the distance and intensity being 
identical on both front crawl and backstroke testing days. The testing consisted of four 50 m 
trials for each technique with about 83, 88, 93, and 100 % of their backstroke maximum 
swimming velocity (vBS83, vBS88, vBS93, and vBS100; the absolute mean velocity of 1.26 ± 0.09, 
1.36 ± 0.08, 1.43 ± 0.09, and 1.55 ± 0.07 m/s). These testing velocities were not only used for 
backstroke but also in front crawl trials to compare the outcome variables at the same 
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swimming velocity. The trials for front crawl and backstroke were conducted on different 
days with 24–48 h separation, and the order of sessions and trials was fully randomised. The 
testing velocity was instructed to swimmers using a visual light pacer [Pacer2Swim, 
KulzerTEC, Santa Maria da Feira, Portugal; details of the system and the setting are 
described in Gonjo et al. (2019)].

Data collection

The centre lane of a 25 m indoor pool (water and air temperature of 27 and 28 °C, 
respectively) was calibrated using a calibration frame with 6 m length aligned with the 
swimming direction (X), 2.5 m height (Y), and 2 m width (Z) (De Jesus et al., 2015) with 
64 control points (calibration volume of 9.6 m3 and 20.4 m3 with 26 and 46 control points 
for in-air and underwater calibratioin, respectively. Eight cotrol points were located at 
the surface of the water), which were used as input to a 3D direct linear transformation 
reconstruction. The reconstruction errors were less than 0.1, 0.3, and 0.4 % in the X-, Y-, 
and Z-direction, respectively. The calibrated space was captured by four underwater and 
two above-water cameras (HDR-CX160E, Sony, Tokyo, Japan), which were synchronised 
using a light-emitting diode system, at a sampling frequency of 50 Hz.

During the testing, swimmers were instructed not to breathe in the calibrated area in 
front crawl to avoid breathing motions affecting their upper-limb kinematics (Figueiredo 
et al., 2013; McCabe et al., 2015). Swimmers were also required to avoid underwater 
kicking after the push-off to ensure the calibrated space was covered entirely by their 
whole-body swimming motion without the influence of the underwater locomotion. 
Moreover, the latter half of 50 m was selected for the analysis to minimise the effect as 
some swimmers travelled longer underwater in the first lap than the second one.

Data processing and analysis

The period between the wrist entry of one upper limb to the subsequent entry of the same 
wrist was defined as one stroke cycle. The Ariel Performance Analysis System (APAS- 
2000 Ariel Dynamics, San Diego, CA) software was used to manually digitise the 19 
anatomical landmarks in every second video field that yield the 3D landmark coordinates 
with a sampling frequency of 25 Hz (Gonjo et al., 2019). The coordinate data were then 
smoothed using a 4th order Butterworth filter with a 4 Hz cut-off frequency, as the 
Fourier spectral analysis on the raw coordinates data showed little power contained in 
frequencies above 4 Hz (<1%). Using the landmark coordinate data and body segment 
parameters obtained by e-Zone, whole-body CM of swimmers were computed for each 
field. The 3D coordinate data were converted to 101 points representing stroke cycle 
percentiles for a greater temporal resolution of the coordinate data than the original 
dataset using Fourier transform and inverse transform.

The buoyant torque was obtained by the cross product of the position vector from the 
CM to CB and the buoyant force acting through the CB. The buoyancy force was 
computed as the volume of the body below the water surface (Y = 0) multiplied by the 
specific weight of the water with 27 °C (9.77 kN·m−3). The underwater volume of each 
segment was computed in the same manner reported in a previous study (Gonjo et al., 
2020), and the location of the CB was computed as the weighted average of the centre of 
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wetted volume of the segments. The net torque was computed as the time derivative of 
the whole body angular momentum using the same procedure described by Sanders et al. 
(2016). Both buoyant and net torques were obtained for each percentile time point, and 
the torque component parallel to the Z-axis was used in the current study. The hydro-
dynamic torque around the transverse axis was obtained by subtracting the buoyant 
torque from the net torque data at the corresponding time-series data frame.

Since it has been suggested that the hydrodynamic torque produced by the hand might 
affect the magnitude of trunk incline (Zamparo et al., 2009), the trunk angle (θ) relative to 
the horizontal line on the X-Y plane was computed as: 

Trunk θ ¼ tan� 1 TVyi

TVxi

� �

Where TVxi and TVyi are the X and Y components of the trunk vector (the position 
vector of the midpoint of the shoulders with respect to the midpoint of the hips) at ith 
time percentile. The mean Y-displacement of the mid-shoulder, mid-hip, and CM during 
the stroke cycle was also computed because the shoulder and hip displacements are the 
determinants of the trunk θ, and the absolute displacement of those body parts are related 
to the CM position.

The analysed cycle was divided into five phases to interpret the obtained time-series 
torque data in relation to swimmers’ upper limb motion, namely: the entry phase, defined 
as the time from the instant of wrist entry until the wrist started moving backwards relative 
to the external reference frame; pull and push phases, determined as the period when the 
wrist maintained its backward motion, which was divided into the respective phases when 
the wrist vertically aligned with the shoulder; release phase, established as the period 
between the end of the push phase until the instant the wrist exited the water; and recovery 
phase, being the period during which the wrist was above the water.

Statistical analysis

A two-way repeated-measures analysis of variance (ANOVA) was used to assess the effect 
of the technique (front crawl and backstroke) and velocity (vBS83, vBS88, vBS93, and vBS100) 
on the analysed variables. Sphericity of the data was checked with Mauchly’s test, and the 
F-value was adjusted according to the Greenhouse-Geisser procedure when the assump-
tion of sphericity was not met. When significant main effects were observed, multiple 
comparisons between each velocity in a single technique or between the two techniques 
at each testing velocity were performed with a paired-sample t-test with adjusting the 
alpha-level by the Holm-Bonferroni procedure (Holm, 1979).

Before the ANOVA test, the normality of data was checked using the Shapiro-Wilk 
test and confirmed in all variables apart from trunk θ at vBS83 in front crawl and the mean 
buoyant torque at vBS100 in backstroke. For statistical tests related to these two non- 
normally distributed variables, datasets were converted using the Box-Cox transforma-
tion (Osborne, 2010) to apply parametric testing methods. The ANOVA and Shapiro- 
Wilk tests were performed with IBM SPSS Statistics 24 (IBM Corporation, Somers, NY, 
USA) with the statistical significance level of p < 0.05. The Holm-Bonferroni correction 
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and the Box-Cox transformation were completed with a purpose-made programme on 
MATLAB R2019a (MathWorks, Inc., Natick, MA, USA)

Results

Descriptive statistics and the results from the ANOVA test are summarised in Table 1. 
No interaction between the technique and velocity effects were observed in all analysed 
variables. Swimmers showed main effect of technique on the mean buoyant and hydro-
dynamic torque (both p < 0.001) with front crawl having a larger buoyant torque (larger 
leg-raising torque) and a smaller hydrodynamic torque (larger leg-sinking torque) at all 
trials (p ≤ 0.001). There was no main effect of velocity observed in the mean torques. 
A main effect of technique was also observed in the Y-displacement of the mid-shoulder 
and CM (p ≤ 0.008), in which swimmers exhibited larger Y-displacement (closer to the 
water surface) in front crawl than in backstroke at all trials (p ≤ 0.03). On the other hand, 
there was no main effect of technique in the trunk θ and Y-displacement of the mid-hip. 
There was a main effect of velocity on the three Y-displacement variables (p < 0.001) and 
the trunk θ (p = 0.03), with the Y-displacement variables tending to increase as the 
velocity increased. However, despite the significance of velocity effect on the trunk θ, 
multiple comparisons did not detect any differences in this variable between the trials 
(p ≥ 0.11).

The mean time-series buoyant and hydrodynamic torque data with the phase infor-
mation of both upper limbs are displayed in Figures 1 and 2, respectively. In both front 
crawl and backstroke, swimmers showed two buoyant torque peaks (peak leg-raising 
torque) when one upper-limb was performing its recovery motion. In front crawl, the 
participants showed the same tendency in the hydrodynamic torque, in which they 
exhibited two negative peaks (peak leg-sinking torque) when each upper limb was in 
the entry or pull phase. However, they exhibited several small hydrodynamic torque 
peaks in backstroke instead of clear two peaks.

Discussion and implications

The purpose of the present study was to investigate differences in the buoyant and 
hydrodynamic torque around the transverse axis between front crawl and backstroke 
swimming, and it was hypothesised that swimmers would show a larger magnitude of 
buoyant torque around the transverse axis in backstroke than in front crawl. A larger 
positive buoyant torque in front crawl than in backstroke at all trials clearly indicated that 
the leg-raising effect due to the buoyant torque is larger in front crawl regardless of the 
swimming velocity. Accordingly, swimmers produced a smaller negative hydrodynamic 
torque (a larger leg-sinking hydrodynamic torque) in front crawl than in backstroke to 
counterbalance the leg-raising buoyant torque. These results were counter to our initial 
hypothesis, and consequently, differences in the buoyant and hydrodynamic torque are 
not an explanation for a lower propulsive efficiency in backstroke than in front crawl 
(Gonjo et al., 2018, 2020).

In the current study, breathing during the testing was controlled only in front crawl 
but not in backstroke, and it should be noted that it is a limitation of the study that lung 
volume was considered to be equal between front crawl and backstroke conditions. 
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However, this lack of consideration should not have affected the results to a large exrtent. 
It has been reported that the peak tidal volume of competitive swimmers during exercise 
is around 3.1 litre (Rosser-Stanford et al., 2019). Accoring to Yanai (2001), 3 litre 

Figure 1. Time-series buoyant torque during the analysed stroke cycle in front crawl and backstroke 
(the vertical line on each data point shows between-participant standard deviation).

Figure 2. Time-series hydrodynamic torque during the analysed stroke cycle in front crawl and 
backstroke (the vertical line on each data point shows between-participant standard deviation).
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difference in the lung volume would cause less than 5 Nm buoyant torque calculation. 
Given that the difference in the buoyant torque between front crawl and backstroke was 
approximately 7.6–9.4 Nm, it is unlikely that the equal lung volume assumption biased 
the results obtained in the current study.

Despite the difference in the magnitude, the pattern of the buoyant torque in front 
crawl and backstroke was similar. In both techniques, swimmers showed a clear two- 
peaks buoyant torque pattern, with the peaks corresponding to the timing when each 
upper limb was performing the recovery motion due to a part of the upper body being 
above the water that shifted the CB caudally. This was in agreement with a previous study 
that showed large buoyant leg-raising torque peaks when one arm was above the water in 
front crawl swimming (Yanai, 2001). The similarity in the buoyant torque pattern 
between the front crawl and backstroke was reasonable since swimmers perform an 
alternating left and right upper limbs in both techniques.

Conversely, the hydrodynamic torque showed distinct patterns between the two 
techniques. In front crawl, swimmers had a two-peaks pattern with the leg-sinking torque 
peaks occurring when each arm was in the entry or pull phase. The large hydrodynamic 
torque during the first half of the underwater upper-limb motion has been suggested as 
a possibility in previous studies (Psycharakis & Yanai, 2018; Yanai, 2001), which is now 
supported by the results in the current study. Yanai (2001) also speculated that the latter 
half of the underwater upper limb motion (push and release phase) might also produce 
a large leg-sinking torque due to potential upward forces produced by the hand behind 
CM location. However, our results did not exhibit large hydrodynamic leg-sinking 
torque during these phases.

On the other hand, in backstroke, swimmers did not clearly show two hydro-
dynamic leg-sinking torque peaks. This implies that swimmers utilise a different 
strategy to produce the leg-sinking hydrodynamic torque. One possibility is that 
swimmers rely more on the lower limb motion than the upper limb to produce the 
leg-sinking torque in backstroke. It has been reported that kicking with the dorsal 
side of the foot produces a larger hydrodynamic force than kicks with the plantar 
side (Ichikawa et al., 2014). In backstroke, kicking motion with the dorsal side of the 
foot corresponds to the upward kick due to the supine position of the body, and 
therefore each kick should create leg-sinking torque. This hypothesis might explain 
why swimmers have many small hydrodynamic leg-sinking torque peaks in back-
stroke, as expert swimmers commonly perform six kicks in one stroke cycle (Lerda & 
Cardelli, 2003).

The difference in the magnitude of the hydrodynamic leg-sinking torque and the 
potential difference with the strategy also could explain why the vertical (Y) displacement 
of the CM and shoulder are higher in front crawl than in backstroke. Based on the 
hypothesis presented above, swimmers produce the leg-sinking hydrodynamic torque 
with upward and downward forces in front crawl and backstroke, which should con-
tribute to raise and lower the vertical displacement of CM, respectively. Especially, the 
hydrodynamic force produced by the hand during the entry and pull phase should create 
upward force, and its moment around the transverse axis causes a leg-sinking effect (i.e., 
raising the head and shoulder). Therefore, it is logical to conclude that the hydrodynamic 
force produced by the upper-limbs in the first half of the underwater stroke is a probable 
explanation of the higher vertical shoulder displacement in front crawl than in 
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backstroke, which consequently results in a higher vertical CM displacement in the 
former technique than the latter.

These possibilities could explain why front crawl has a higher Froude efficiency 
and smaller underwater body volume than in backstroke, which has been established 
by a study with the same dataset as the present one (Gonjo et al., 2020). Despite the 
fact that swimmers produce a larger leg-sinking torque in front crawl by the hand, 
the hand motion also contributes to elevating the body position in front crawl, which 
results in a smaller underwater body volume and thereby reducing the active drag 
and enhances the efficiency. Nevertheless, the effect of the forces produced by the 
upper and lower limbs should be further investigated to fully support this hypothesis.

In conclusion, swimmers produce a larger hydrodynamic leg-sinking torque in front 
crawl than in backstroke to compensate for a greater leg-raising buoyant torque. The source 
of the hydrodynamic torque is likely different between the two techniques, which implies 
that swimmers and coaches should not consider the role of the limb motion to be similar 
between the techniques. More specifically, kick motion might be more important in back-
stroke from a perspective of controlling the rotational torque around the transverse axis. 
The smaller underwater volume in front crawl than in backstroke reported in a previous 
study is likely due to the higher CM position in front crawl. A potential source of the high 
CM position in front crawl is a vertical hydrodynamic force produced by the hand and its 
moment around the transverse axis of the body at the beginning of the underwater stroke 
motion, which, in theory, especially elevate the shoulder position of the swimmer.
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