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Abstract: Eight elite swimmers—four females and four males—were studied, each of whom spe-
cialized in different swimming techniques and ranked among the top 10 in the world in the 100 m
event in their swimming specialty. Methods included a complex of physiological, biomechanical
and hydrodynamic procedures, as well as mathematical modeling. During the special preparation
period for the 2017 Swimming World Championship, all subjects performed an 8 x 100 m swimming
step-test using their main swimming technique. The relationships between velocity, mechanical
and metabolic power were obtained and analyzed for each swimming technique. It was found
that, at the last stage of the test, in all swimming techniques, men demonstrated higher values of
metabolic power (P;; = 3346-3560 W) and higher mechanical efficiency (e = 0.062-0.068) than women
(Pgi = 2248-2575 W e = 0.049-0.052). As for propelling efficiency, women (e, = 0.67-0.71) and men
(ep = 0.65-0.71) did not differ from each other. Results showed that the frontal component of active
drag force is the main reason for the existing differences in maximal swimming velocity between
different techniques, since no relevant differences were observed for mechanical and propelling
efficiencies among swimming techniques.

Keywords: elite swimmers; swimming techniques; active drag; metabolic power; mechanical and
propelling efficiency

1. Introduction

Four historically and reglementary established swimming techniques are used in pure
swimming sport: front crawl, backstroke, breaststroke and butterfly. Analysis of the current
World Records for women and men in 100 m events of each technique shows that the mean
competitive swimming speeds in the different techniques are hierarchically sequenced
(from fastest to slowest), where the most recently established technique—butterfly—is
gaining progressive relevance: front crawl, butterfly, backstroke and, finally, breaststroke.
The reasons why different techniques allow for different mean competitive speeds for the
same swimmer, or for swimmers of a similar level, in events of the same length, remain a
topic of scientific interest. This is because the known hierarchy of techniques by order of
energy cost [1] is different and has evolved from the first published data [2], and is also
different from the hierarchy for intra-cyclic velocity variations [3,4]. Supposedly, differences
in maximal velocity and energy cost should be related with the capacity to efficiently
produce thrust, the ability to reduce drag and the possibilities of better combining both
within a stroke cycle to minimize energy cost [5]. Regardless of the swimming technique,
when a swimmer propels through the water, some amount of metabolic power above
basal values is elicited, which is converted into mechanical power and transformed into

Appl. Sci. 2021, 11, 8511. https:/ /doi.org/10.3390/app11188511

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6666-0920
https://orcid.org/0000-0002-4109-2939
https://doi.org/10.3390/app11188511
https://doi.org/10.3390/app11188511
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11188511
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11188511?type=check_update&version=3

Appl. Sci. 2021, 11, 8511 20f14

swimming velocity. This process is described in the form of a corresponding biophysical
model [6,7], developed from the seminal work of di Prampero et al. [5]:

vo = Py X eg X ep X F,(fd)_l 1

where: vp—average swimming velocity at competitive distance or training lap (m-s 1), P;—
metabolic power (power input) (W), e;,—mechanical efficiency: the ratio of total external
mechanical power (power output) Py, to P,; (dimensionless), e,—propelling efficiency,
i.e., the ratio of useful external mechanical power P, to P;, (dimensionless) and F,(fd)—
frontal component of active drag force (N). The experimental determination of this model’s
variables requires an interdisciplinary approach, which was implemented in this study.
This has rarely been tried for the four competitive swimming techniques, probably due to
methodological difficulties to assess F,) in techniques other than front crawl, allowing to
particularly accommodate the apparent relative biomechanical evolution of the butterfly
stroke over the last years, eventually associated with the characteristic undulatory body
movement and its possible repercussions on F ).

The purpose of this study was to determine the main biophysical (energetic and biome-
chanical) reasons for the observed differences in maximal swimming velocity between the
different competitive swimming techniques. We hypothesized that the frontal component
of active drag force plays a decisive role in determining the differences in maximal velocity
between the different competitive swimming modes.

2. Subjects and Methods

Research subjects were eight elite swimmers—4 females and 4 males—(age, body mass
and height are presented in captions of Figures 1 and 2), specialized in different swimming
techniques and ranked among the world’s top 10 swimmers in the respective 100 m
competitive event. During testing, maximal individual performances ranged between
5.5% and 7% lower than in the following competition. Participation in this study occurred
during the preparation process for the World Swimming Championships 2017, in Budapest.
Since all the considered variables—Equation (1)—are possibly affected by the training
period [7], all tests were carried out at the end of the specific training period (20-30 days
before competing at the World Championship). This period allowed for subjectively
accommodating individual adaptations to tapering, aiming to test all the subjects in a
similar conditioning state.
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Figure 1. Functional relationships between vgex, and P,; (A), and between Py, and P,; (B) in the swimming pool 8 x 100 m
step-test for female swimmers in the four swimming techniques. Legend: F1 (25 years old, height—1.82 m, body mass—
62.6 kg, V'Oy,,s—0.23 L-min—}, Cx(ad)—0-331); F2 (21 years old, height—1.80 m, body mass—60.0 kg, V'O5;,s—0.22 L-min—},
Cx(ad)—0-391); F3 (26 years old, height—1.81 m, body mass—69.5 kg, V'O;,s—0.25 L-min~1, Cx(ad)—0.369); F4 (25 years
old, eight—1.78 m, body mass—62.5 kg, V'Oj,,;—0.23 L-min~ 1, Cx(aq)—0.515).
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Figure 2. Functional relationships between vpex, and P,; (A), and between Py, and P,; (B) in the swimming pool 8 x 100 m
step-test for male swimmers in the four swimming techniques. Legend: M1 (24 years old, height—1.89 m, body mass—
78.9 kg, V'Oy,,s—0.28 L1, Cx(aq)—0-365); M2 (23 years old, height—1.84 m, body mass—76.0 kg, V'O5,,,—0.27 L-min~1,
Cr(aqy—0-486); M3 (21 years old, height—1.86 m, body mass—73.0 kg, V'Oy;,s—0.26 L1, Cx(aq)—0.491); M4 (23 years old,
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height—1.94 m, body mass—89.5 kg, V'O5,,s—0.30 L1, Cx(aq)—0.605).

Each subject performed two intermittent step-tests with progressively increasing
swimming velocity (from low to maximum): the first test was conducted in a swimming
flume and the second test was carried out 72 h later in a 50 m pool. The test in the
swimming flume consisted of repeated efforts of 8 x 1 min. In the pool, swimmers
performed a set of 8 X 100 m swims. Rest intervals in both tests (regardless of the testing
site) were: 3 min after the laps 1, 2, 3 and 4, 5 min after the lap 5, 7 min after lap 6 and
9 min after lap 7. Swimming velocities for each subject were previously calculated for the
stages 1-7 of both flume and pool testing (except for the last stage, which was performed
at maximal intensity) using the “SwimPlanyzer” (http://www.softconst.ru/sp; accessed
on January 2017) software, which allows calculating individual swimming velocity in all
training categories (intensity zones) provided for by the international classification [8]. The
calculated velocity gradually increased from stage 1 (category “Endurance 1” minimal
aerobic metabolism) to stage 7 (category “Speed 1” anaerobic metabolism in the zone of
tolerable lactate). These calculations are based on the results of preliminary testing in the
flume and pool and are performed by one of two computing units: “USS Standard” and
“RUS Standard”. The calculation method was individually chosen, taking into account the
predominant type of energy supply—anaerobic or aerobic. During swimming pool tests, a
visual light pacer was used for velocity control (“Virtual Trainer 2”7, Aqvaspeed, Italy). At
the swimming flume, the flow velocity was controlled with a dedicated gauge.

When designing the study, three important assumptions were made: (1) With the
same P,; values, swimmers demonstrate a significantly lower swimming velocity in the
swimming flume (by 8-14%) compared to the pool [7,9,10]. (2) The duration of the rest
intervals allowed for attaining maximum values of metabolic power at the last steps of the
test [11-13]. (3) Seventy-two hours is the optimal period for restoring energy systems after
testing in the swimming flume, where the physical load performed on the last steps was
characterized as extremely hard repeated training intensities [14].

During the flume tests, metabolic gas exchanges were continuously measured using
the “MetaSwim” testing system (“Cortex”, Leipzig, Germany). However, when testing
in the pool, metabolic gas exchanges were measured during the first 2 min of each rest
interval using a “MetaMax” mobile system (“Cortex”, Leipzig, Germany). Basal values
were obtained after 5 min of resting in an upright position immersed up to the neck in
the pool in both tests, using the same instruments as for exercise measurements. Before
each test stage and after performing in both conditions, blood samples were taken from
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swimmers’ finger for peak capillary blood lactate concentrations” assessment using a
biochemical analyzer “Stat Fax 4500” (“ Awareness Technology”, Palm City, FL, USA).

To determine the total energy expenditure (E;;) in both tests, the method of indirect
calorimetry was used [5,13,15-18]. The experimental-theoretical approach was based on the
results of a previous study using direct calorimetry of physical activity performed at various
intensities by subjects on a bicycle ergometer using a bio calorimeter [19]. This approach is
formalized as an equation for determining E,;, consisting of the sum of three components:
aerobic (E,j4er)), anaerobic alactic (Ezjanan) and anaerobic lactic components (Eja,1)):

Euyi = (VOoiot — (VIOgpes X 1)) x & 4+0.55 x mg /70 X « < Esi(aer)
+(V02b0r — (055 X m0/70)) X ax 0.6 $— Eai(AnAl) (2)
+ﬁ x ALa x my < Eai(Anl)

where, E;; is the metabolic energy input (kJ), VOyot is the total amount of oxygen intake
during the exercise (L), V’Opy,s is the rest oxygen intake (L-min~1), VOyp, is the amount of
net oxygen intake above the rest level during the first 2 min of recovery (L), t is the exercise
duration (min), 0.6 is the coefficient of the “phosphagen cycle efficiency”, « is the energy
equivalent for Oy, equal to 20.9 (KJ-(L-min—1)~1), ALa is the net lactate concentration after
exercise (mmol-L1), B is the energy equivalent of the accumulation of lactate in the blood,
equal to 0.0689 (kJ-(kg-mmol~1)~1), m is the body mass of the subject (kg) and 0.55 is the
coefficient of «oxygen store of the body» for a person with a body mass of 70 kg [19].
When testing in the swimming flume, at each stage of the test, all three components of
E,; were determined based on direct measurements. In the pool test, on the other hand,
Eitanan and Egjca,;) were also determined based on direct measurements from capillary
blood lactate concentrations and recovery VO, values, but E ;4.r) was calculated taking
into account the individual values of E,j 4,41 and Ejc4,;) obtained in the pool and the
individual partial contributions of the main energy systems to E,; obtained earlier in
the flume for the corresponding intensity step of the swimming pool test. It should be
noted here that the use of Equation (2) allows for determining E,; over the entire range of
swimming velocities attained by the swimmer in the step-test. The magnitude of metabolic
power for each stage of the pool test was determined using the following equation:

Pai = Em'Xtil (3)

where, P,; is metabolic power (W) and ¢ is the swimming time of the 100 m lap in test s.

To verify the E,;; values obtained using the above-described approach at the last
stage of the test, as well as to compare them with published data, a second approach
was used, which is most often used in studies of the energy cost of human swimming
at maximum or near maximum velocity [1,20-22]. This approach, commonly referred as
the Wilkie’s approach [23], allows determining the amount of the total metabolic energy
input (Ey;) (Ey; = Ey; + Epi; Epi—energy of basal metabolism, for supramaximal efforts). The
total metabolic rate for the last step of the test was also calculated based on Equation (3):
P =E; x L

To experimentally determine the total external mechanical power (Py,), active hydro-
dynamic resistance force (F,,)), or active drag force, and the dimensionless coefficient
of active drag force (Cy(,q)) were assessed using the method of small perturbations, usu-
ally known as the velocity perturbation method—VPM (for more methodological details,
see [24,25]). A 30 m swimming test was performed twice at maximum velocity (Ugmax)
by each swimmer using the swimming technique of his/her specialty. The first trial was
performed in free swimming and, in the second trial, the swimmer towed a hydrodynamic
body of known drag. The key point of the VPM (affecting the measurement accuracy) is
the optimal value of the perturbation factor. Therefore, in all cases, the magnitude of the
resistance of the hydrodynamic body was selected individually, so that the differences
in vgmax between the first and second trials were in the required range: Avymax = 4-6%.
VPM is usually considered limited by the possibility of each subject not being able to
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produce the same power in both consecutive repetitions, as assumed as a precondition,
but this seems to be controlled in these velocity reduction conditions. The VPM, or its
modifications, are often used in similar studies [26-30], since it allows to obtain, in all
swimming techniques, quantitative values of F;q) and Py, and calculating Cy(,q), taking
into consideration the characteristic hydrodynamic size of the subject’s body. Further,
for each experimental velocity of the step-test (vpexp), the Py, value was calculated using
the equation: Py, = Promax/Vomax> X vgexp3. The basis for this approach are the results of
a special study in which the relationship between the swimming velocity and the main
hydrodynamic characteristics was studied [31]. In a special research pool with a length
of 500 m filled with seawater, five elite male swimmers who specialized in front crawl
performed repeated swimming trials of various lengths (30, 75, 120, 200, 350 m). The
VPM was used to determine the main hydrodynamic characteristics of each swim for each
swimmer. It was found that with an increased test distance and, accordingly, the duration
of the swim, the vgex, 0f the subjects naturally decreases. The analysis of the results, carried
out based on the general fluid force equation, showed that there is a quadratic dependence
between vgexp and Fy(aq), @ cubic dependence between vpexp and Py, and that the values of
Cx(aq) remained constant.

The mechanical efficiency was also determined for each vgeyp, based on the equation:

g = Py x Pai_l 4)

Here, it is necessary to clarify the physical meaning of P;, during human active
swimming, that is, the mechanism of further transformation of Py,, which is formalized by
the following equation [25,32,33]:

Pto:Pua+P1+P2 (5)

where, P, is the useful external mechanical power, or useful propulsive power, applied to
overcome only the frontal component of active drag (Fr(). P1 is the mechanical power
spent on the impulse transferred to a certain mass of water, directed backwards and
necessary to create thrust in the direction of swimming locomotion. P; is the mechanical
power wasted on the formation of turbulent eddies when propulsive segments (arms and
legs of a swimmer) interact with the flow, as well as on the inductive resistance of the
propulsive segments.

For the experimental determination of the instantaneous values of Fr(g)(t), under the
conditions of steady-state non-stationary motion of the subject who swam using a particular
swimming technique, a hydrodynamic method was used [32,33] in these works, the theory,
technology and verification of the hydrodynamic method are presented in detail. A key
characteristic of swimming locomotion is the intra-cyclic fluctuations of the instantaneous
values of the swimmer’s body velocity, which are included in the mathematical model of
the method:

Fy(7a) (£) = Cany () X (0/2) X Sppys) (£) X 0% (1 (£) (6)

where: Cyy(t) is the instantaneous value of the dimensionless coefficient of the frontal
component of the active drag force, corresponding to the unsteady mode of motion of
the body, p is the density of water (kg~m’3), S(ps)(t) is the instantaneous value of the
characteristic hydrodynamic size of the subject’s body (m?) and U(pb)(t) stands for the
instantaneous value of the velocity of a point on the surface of the human body (trunk)
when swimming (m-s™).

Based on previously described methods, all the mathematical model variables were
quantified experimentally in one biomechanical cycle of the subject’s movements: to
determine U(pb)( t), an acoustic method based on the Doppler effect was used [32,33], and
to determine Sg)(t), a three-dimensional kinematic analysis of the movement of all the
main segments of the human body was used, based on underwater and surface video
recording. S, () was defined as 2/3 of the immersed volume of the subject’s body at
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a given time instant (m?). The specified volume does not include the volumes of the
body segments, which, at a given moment of the biomechanical cycle, are the movers and
have a negative velocity vector with respect to the direction of translational motion of
the center of mass of the subject’s body [8]. To determine Cx(,(t), a method of full-scale
hydrodynamic tests of a swimmer and respective special models in conditions of stationary
and non-stationary movement was implemented [32,33]. Then, on the basis of Equation (6),
with a discreteness of 0.06 s, the instantaneous values of Fria) (t) were calculated (from 16
to 25 values depending on the cycle duration).

On the basis of the obtained F; (1) values, the average Fy ), Cx () and Sgps) values
were calculated for a complete cycle in each swimming technique. Since there were strict
time limits for the study, related to the preparation of athletes for the World Championships,
this characteristic was estimated only for vgexp at the last stage of the test. Correspondingly,
only for this vpexp were values of useful external mechanical power: Py = Fy () X Ugexp and
propelling efficiency: e, = Py % Pj,~! determined. The generally accepted mathematical
definition of propelling efficiency [34-38] was used.

The degree of non-stationarity of the complete biomechanical cycle of swimmers’
movements in the various swimming techniques (according to the elongated-body theory
in a liquid) is most accurately characterized by the dimensionless Strouhal number (Shy),
which was determined on the basis of the experimental data. Sh; is the ratio of local and
convective forces of inertia of a liquid and, in relation to human swimming, is determined
by the expression Sh, = L-v()exp_2~2dv-TC_1, where: L is the subject’s body length (m), 2dv
is the doubled difference between the maximum velocity (Umax(em)) and the minimum
velocity (Omin(em)) Of the center of mass of the human body in the cycle of movements using
the butterfly and breaststroke, and for the front crawl and the backstroke, 2dv of the full
cycle = 2dv half cycle of movements with the right hand + 2dv half cycle of movements with
the left hand (m-s™!), and Tk is the time of one swimming cycle of a regularly repeating
process (period) (s) [26,33-35].

All experimental measurements and data collection were conducted in accordance
with the CIOMS (Council for International Organizations of Medical Sciences, Geneva,
Switzerland, 2016. ISBN 978-929036094-0) ethical guidance and standards, and all subjects
signed an informed consent form.

3. Results

Table 1 presents exemplary results of a female front crawl swimmer, F1 (chart A), and
of a male backstroke swimmer, M3 (chart B), in the 8 x 100 m step-test performed in the
swimming pool.

Figure 1 depicts the relationships between vgexp and P;; (A) and between Pj; and
Py, (B) for female swimmers in the four swimming techniques, and Figure 2 presents the
corresponding results for males. Figure 3 displays the relationship between vgex, and eg
values for females (A) and males (B) using different swimming techniques, which were
determined in the swimming pool step-test.

Tables 2 and 3 display the experimental values obtained for the variables of the
mathematical model of the P;; into vgexp transformation process in the last stage of the
8 x 100 m step-test, conducted for female and male subjects, respectively. Once data were
extracted from one female and one male per technique, no sample mean values were
obtained and, consequently, no inferential statistics was conducted regarding differences.
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Table 1. Standard protocol of experimental records of the results in the swimming pool 8 x 100 m step-test for female subject F1 (chart A, front crawl, height—1.82 m, weight—62.6 kg,

V’02,6s—0.23 L-min~') and for male subject M3 (chart B, backstroke, height—1.85 m, weight—73.0 kg, V'O5,,s—0.26 L-min~1!).

Chart A t Voexp VOztot VOopor ALa Egi(aen EqiAnal Egiann E,; Eai(Aer)/Eai Eai(AnAl)/Eai Eai(Anl)/Eai P Py, e

Ne (s) (m-s~1) (L) (L) (mmol/L) (19)) k) (19)) (19)] (%) (%) (%) W) W) $

1 71.5 1.38 1.72 0.98 0.89 40.50 6.12 3.84 50.46 80 12 8 706 69 0.098
2 68.9 1.43 1.86 1.28 1.11 43.63 9.88 4.79 58.31 75 17 8 846 77 0.091
3 67.3 1.47 2.03 1.42 1.78 47.31 11.64 7.68 66.63 71 17 12 990 83 0.083
4 65.3 1.51 221 1.73 2.28 51.24 15.53 9.83 76.60 67 20 13 1173 90 0.077
5 63.4 1.56 241 2.15 3.02 55.57 20.79 13.03 89.39 62 23 15 1410 99 0.070
6 61.6 1.60 2.61 2.48 433 59.89 24.93 18.68 103.50 58 24 18 1680 107 0.064
7 59.8 1.65 2.75 2.87 6.78 62.96 29.82 29.24 122.03 52 24 24 2041 117 0.057
8 58.1 1.70 2.69 3.35 11.77 61.84 35.84 50.77 148.45 42 24 34 2554 128 0.050

Chart B t Voexp VOoiot VOopor ALa Egi(Aen Egianay Egicany E,i Esiaen/Eai  Eaianad/Eai  Egian)/Eai P, Py, e

Ne (s) (m-s~1) (L) (L) (mmol/L) (1N)) (13)) (1N)) k) (%) (%) (%) W) W) 8

1 73.9 1.34 2.06 1.56 0.64 48.35 12.37 3.22 63.94 76 19 5 865 103 0.119
2 721 1.37 2.11 1.78 1.19 49.56 15.13 5.98 70.67 70 21 9 980 111 0.113
3 68.0 1.45 2.52 1.92 1.33 58.50 16.88 6.69 82.07 71 21 8 1207 132 0.109
4 63.9 1.55 3.15 2.26 2.4 72.04 21.15 12.07 105.25 68 20 12 1647 158 0.096
5 61.9 1.59 3.45 2.74 4.09 78.49 27.17 20.57 126.22 62 22 16 2039 174 0.085
6 60.5 1.63 3.75 3.08 5.16 84.88 31.43 25.95 142.27 60 22 18 2352 186 0.079
7 58.9 1.68 4.01 3.37 8.77 90.46 35.07 44.11 169.64 53 21 26 2880 202 0.070
8 58.3 1.69 415 3.97 10.05 93.44 42.59 50.55 186.58 50 23 27 3200 208 0.065

Legend: t—swimming time at the 100 m test’s lap, vpexp—average swimming velocity of the lap, VOyor—total amount of oxygen intake during the exercise, VOap,,—amount of net oxygen intake above the rest
level during the first 2 min of recovery, ALa—net lactate concentration after exercise, Eyj(aery—amount of aerobic component energy, Eqjanany—amount of anaerobic alactic component energy, Eyj(any—amount of
anaerobic lactic component energy, E,;—metabolic energy input, P;;—metabolic power, Pr,—mechanical power, e,—mechanical efficiency.
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Figure 3. Relationships between vpex, and ¢g in the swimming pool 8 x 100 m step-test for different swimming techniques

in female (A) and male (B) subjects.

Table 2. Numerical values of parameters of the mathematical model 1 and the main indicators for the female subjects in the

last stage of the step-test.

Voexp = Pai X eg X ep X Frgg)~1 Main Indicators
Subjects Voex P.: P F P S
P ai to r(fd) ai(sa) (bs)

ms) W) w5 N W W @) St Cw

F1 (front crawl) 1.70 2554 128 0.050 0.67 50 2575 0.306 0.113 0.201 32
F2 (butterfly) 1.56 2325 115 0.049 0.67 49 2360 0.339 0.119 0.395 30
F3 (backstroke) 1.55 2328 117 0.050 0.69 52 2499 0.328 0.132 0.377 27
F4 (breaststroke) 141 2181 113 0.052 0.71 57 2248 0.415 0.138 0.933 27

Legend: Vgexp—average swimming velocity at the lap, P,;—metabolic power, Py,—mechanical power, eg—mechanical efficiency, ep—
propelling efficiency, F;m—frontal component of active drag in the unsteady mode of body motion, Py;(ss—metabolic power calculated
based on the second approach, Cy(,)—average value of the dimensionless coefficient of the frontal component of the active drag force,
Sps—average value of the characteristic hydrodynamic size of the subject’s body, Sh,—Strouhal number, C;,—dimensionless coefficient

(Cm =Py x Pbi71)~

Table 3. Numerical values of parameters of the mathematical model 1 and the main indicators for the male subjects in the

last stage of the step-test.

Voexp = Pai ¥ eg X ey X Fy(gg) ™1 Main Indicators
Subjects v P . P E P S
Oexp ai to r(fd) ai(sa) (bs)

ms) W) W %P N W W mh) S Cw

M1 (front crawl) 1.84 3381 210 0.062 0.69 79 3560 0.335 0.140 0.225 36
M2 (butterfly) 1.72 3218 220 0.068 0.65 83 3400 0.405 0.142 0.487 36
M3 (backstroke) 1.69 3200 208 0.065 0.67 82 3346 0.395 0.145 0.444 37
M4 (breaststroke) 1.52 3211 211 0.066 0.71 99 3481 0.482 0.178 0.991 33

Legend: vpexp—average swimming velocity at the lap, P,;—metabolic power, Pr,—mechanical power, e,—mechanical efficiency, e,—
propelling efficiency, Fy(s—frontal component of active drag in the unsteady mode of body motion, Py;(say—metabolic power calculated
based on the second approach, Cy(,—average value of the dimensionless coefficient of the frontal component of the active drag force,
Sps—average value of the characteristic hydrodynamic size of the subject’s body, Sh,—Strouhal number, C;,—dimensionless coefficient

(Ci =Py x Py h).

4. Discussion and Implications

Results in Table 1 show that subjects fulfilled the main condition of the test: swimming
speed consistently increased from the minimum at the first stage (F1—0pexp = 1.38 m-s~!,
M3—0pexp = 1.34 m-s~!) to the maximum at the last stage (F1—vgexp = 1.70 m-s~ 1, M3—
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Voexp = 1.69 m-s~1). The calculation of the average swimming speed on the test segment
was carried out according to the formula vgeyp = 100 m x (¢ + 0.75 s)~!, where 0.75 s is
the standard empirical value at a distance of 100 m, used by coaches and specialists in
order to exclude the positive effect of turning on this indicator [7,14]. Such an increase
was naturally accompanied by a progressive increase in oxygen consumption during work
(VOgtot) and during the first two minutes of recovery (VOspor). The net capillary blood
lactate concentrations in each one of the consecutive test stages (ALa) also escalates with
swimming speed. The metabolic energy input increased as well as the metabolic power.
With increasing swimming intensity (vgexp), the absolute contribution of each metabolic
pathway (Egi(aer), Esi(anal) and Egi(ann) to the total energy production also increased, but
the partial contributions of the three energy sources changed differently. As vgeyp increases,
the total external mechanical power also increases (F1—from 69 to 128 W, M3—from 103 to
208 W). Meanwhile, e, was inversely related to vpexp. Indeed, eg decreased from 0.098 (F1)
and 0.119 (M3) at the minimum vgexp to 0.050 (F1) and 0.065 (M3) at the maximum Vgexp.

The functional relationship (metabolic curves) between the metabolic power (P,;) and
swimming speed (vgexp) Of female (Figure 1A) and male (Figure 2A) subjects in each of
the four swimming techniques during the step-test have a similar aspect, but markedly
differ in location along the abscissa axis, with the exception of the curves obtained for
backstroke and butterfly. A simple analysis of the metabolic curves clearly shows that, at
the same level of P,;, the highest vgex, values were achieved for the front crawl swimmers,
while the lowest were observed for the breaststrokers. Elite subjects specialized in butterfly
and backstroke displayed very similar energy cost profiles: for the same P,; value, prac-
tically the same values of vpex, were obtained. Meanwhile, corresponding curves for the
four techniques are located at a higher range of velocities for males compared to female
subjects. These results, compared with the previously published ones of a similar nature
by Holmér in 1974 [2] and some years later by Barbosa et al. in 2006 [1], demonstrate a
clear relative evolution of the butterfly technique’s biomechanical quality over the years.
Indeed, in the beginning of the 1970s (just after its “independency” from breaststroke),
butterfly was shown as the least economic swimming technique. Then, more than 30 years
afterwards, it evolved towards a hierarchical position between breaststroke and backstroke.
Now, 15 years later, it assumes a similar position as backstroke, inclusively showing some
tendency to overtake. The technical hierarchy now unveiled is of extreme importance, as
it shows a tendency for the economy profiles to align with the relative velocity of each
technique, defined by the world records over the official competitive distances for females
and males (especially if taking into account differences in performance imposed by the
specific effect of the starts used). Despite the fact that butterfly showed, compared to
backstroke, only a slight tendency toward higher unsteadiness (Shy,) during the 8th step
of the test—converging to the previously shown [3] tendency toward higher intra-cyclic
velocity variations—the similar economy profiles of both techniques suggest that some
compensatory specific biomechanical and motor control factors may empower the biome-
chanical quality of butterfly relative to backstroke. This may be related to F; ), slightly
lower for female butterfly, despite being similar for both techniques performed by males.
Therefore, the mechanisms might be further searched among the constraints determined by
the dorsal position, imposing possible special orientation problems, but mostly, determin-
ing difficulties exploring propulsive actions below the trunk due to shoulder amplitude
limits. These considerations stress the importance of nonlinear, complex and integrated
analysis of multifactorial swimming performance-determining factors, eventually using
artificial intelligence, in future swimming biomechanics.

For an objective assessment of the established functional dependencies in all swim-
ming techniques, a traditional approach based on the principle of multiplicity (propor-
tionality) between the power of basal metabolism (Pj;) and exercise metabolic power
(P4i) [34,35]—Brodies’ principle—was utilized. In general terms, this approach assumes
that P;; depends on body mass (m), velocity (vgexp) and movement mode, i.e., the used
biomechanical system of cyclic locomotion (walking, running, swimming, flying). This
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approach is a decisive tool for comparing different modes of locomotion and locomo-
tion of humans and other animals. It should be noted here that Py; also depends on mj
(Pyi = 3.7 x mg"7*) and that it is a constant value that can be verified when the human
body moves one meter. The main factor of the basal metabolism of warm-blooded (ho-
moeothermic) animals is body weight (19). For animals of different species (including
bottlenose dolphin weighing 50250 kg) and humans (on land), the following relationship
was obtained: Py; = 3.4-m%74, 20-107 < mg < 3.7-10% [34]. The factor responsible for a
slight increase in Py; for swimmers is the water temperature (27-28 °C), which is not a
thermoneutral zone for humans. As a result of the research, a dependence that takes
into account an impact of the temperature factor of the aquatic environment upon basal
metabolism was obtained: Py; = 3.7-m(%74, 55 kg < mq < 95 kg [39]. For the conditions of
human swimming, we formalized this approach as follows:

P, = 3.7 x my7* x vgexp X Cy(ad) X €5 (7)
where Py;, M, Ugexp, Cx(ad) and g are the same variables as previously identified. Analysis
of the calculated metabolic curves obtained on the basis of Equation (7) in all swimming
techniques showed that relationships between vgexp and P,; obtained during swimming
in humans are similar to those for warm-blooded animals, including for bottlenose dol-
phin [34,35]. Regardless of the swimming technique, the value of maximum deviation
of the experimental metabolic curve regarding the calculated dependence over the entire
range of vgexp does not exceed +£2% for females and 4% for male swimmers.

Py, values obtained for the four swimming techniques (Figures 1B and 2B) just slightly
differed between swimming modes over the entire estimated range of P,; values. Thus,
for all swimming modes performed by females, at an energy input of P,; = 1000 W, the
difference between minimal and maximal values of Py, is less than 7 W, and at P,; = 2000 W,
the difference between swimming techniques is AP;, < 8 W. With comparable values of
P, =1500 W, for all swimming techniques performed by males, the difference between
minimal and maximal values of Py, is less than 25 W, and for P,; values of 3000 W, P;, < 16 W.
In addition, the P}, values over the entire studied range of P,; values were markedly higher
than the comparable values obtained for the female subjects, expressing expected gender
differences. Consequently, total mechanical power should not be considered a relevant
discriminant factor among the four swimming techniques.

In all four swimming techniques, the mechanical efficiency (eg) was in inverse linear
dependence of vgexp, both for males and for females (Figure 3A,B), at least for the range of
tested velocities. For aquatic locomotion, such a dependence may be easily understood
from Equation (5) and in association with the conditions of the swimmers’ propulsive
segments’ (arms, legs and, in some swimming strokes, the trunk) interaction with the
aquatic medium. In contrast to terrestrial cyclic locomotion (walking, running), where
the distal part of the propulsive segment interacts with a stationary surrounding, in
swimming locomotion, a fluid medium is involved, which moves relative to the mover as
a consequence of any action of the latter. Consequently, with increased swimming velocity,
it is expected to obtain a higher value of P2—Equation (5)—expressing a higher amount of
energy wasted to increase the kinetic energy of the water mass surrounding propulsive
segments. The ¢, values obtained in our study for the female swimmers at P;; = 1000 W
were in accordance with those observed during front crawl swimming at similar P,; values
by another experimental method: the MAD system [38].

A comprehensive quantitative and interrelated analysis of the studied variables
influence on vgeyp in various swimming techniques in female (Table 2) and male (Table 3)
swimmers was performed for the last stage of the step-test, utilizing the model described
in Equation (1). It was found that the swimming velocities attained differ from technique
to technique and are in the same hierarchical sequence shown by the metabolic curves
(females: max vgexp = 1.70 m-s~! in front crawl, min Voexp = 141 m-s~! in breaststroke;

’

males: max Ugexp = 1.84 m-s~! in front crawl, min Vpexp = 1.52 m-s~! in breaststroke).
Simultaneously, the metabolic power range between P,; values was between a maximum
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of 2575 W (front crawl) and a minimum of 2248 W (breaststroke) for females, and between
a maximum of 3560 W (front crawl) and a minimum of 3400 W (backstroke) for males.
Male values were higher, as expected, than those obtained for female subjects. The referred
differences are primarily related to the swimming time of the last 100 m lap of the step-test
(for females, t = 58.1 s in front crawl and ¢ = 70.3 s in breaststroke, and for males, t =53.5 s
in front crawl and ¢ = 65.1 s in breaststroke).

Values of P, were quite acceptable when comparing results from the Wilkie’s
approach (second approach described in the Methods Section) to determine the metabolic
power at the last stage of the test (as Pyjsa) = Pii — Pp;i)- Only slightly higher individual
values (as A = Pgj(sa) — Pg;) than those obtained through Equation (2) and presented in
Table 2 for females: minA =21 W front crawl, maxA = 171 W backstroke, and Table 3 for
males: minA = 146 W for backstroke, maxA = 270 W for breaststroke, were observed.

In all swimming strokes, Py, and ey values were within a relatively narrow range of
values, both for females and males (Py,: females: max = 128 W in front crawl, min = 113 W
in breaststroke, males: max = 220 W in butterfly, min = 208 W in backstroke; eg: females:
max = 0.052 for breaststroke, min = 0.049 for butterfly, males: max = 0.068 for butterfly,
min = 0.062 for front crawl). It is important to note that maximum and minimum values of
Py, and eg were observed in different swimming techniques for both genders. According to
these values (P, and eg), male swimmers have an obvious advantage over females. The
indicated range of e; values at maximum swimming speed is expressively lower than
eq values previously obtained for female and male subjects during land locomotion at
maximum intensity (females: e = 0.17-0.19, males: e¢ = 0.20-0.23) [19].

Meanwhile, in a large analytical review [18] devoted to the analysis of e, obtained
using various experimental methods, the authors indicated a significantly wider range
of values of this variable than those obtained in our study—from 0.03 to 0.23, though the
maximum e; values obtained when determining Py, in on-land activity using a simulator
(a whole-body “swimming ergometer” [40]) coincide with the magnitudes of e, established
in tests on a bicycle ergometer. It should be noted here that methods which simulate
swimming movements using dry-land ergometers violate such important criteria as Re)
and Shy, which contradicts the theory of mechanical similarity and the dimensions of
nonstationary processes [34-36] and makes it difficult to correctly compare such data with
the results that are obtained in real aquatic locomotion (such as swimming).

In all swimming strokes, ¢, values for male swimmers were within a range of values
between 0.71 (in breaststroke) and 0.65 (in butterfly), which does not differ from analogous
indicators for female subjects: max 0.71 in breaststroke, min 0.67 in front crawl and but-
terfly. Male and female subjects do not differ from each other in this variable, which is in
accordance with earlier experimental data [16,38]. According to this characteristic, elite
swimmers are inferior not only to dolphins, but also to elite mono-fin swimmers. Data
obtained using various experimental and analytical methods [34,35,37] show that dolphins
and the best mono-fin swimmers demonstrate e, values > 0.90, while e, for elite swimmers
was within the range 0.65-0.71. In human aquatic locomotion, the mechanical efficiency
(eg) is almost an order of magnitude lower than the propelling efficiency (e,), which is
associated with the laws governing the transformation of metabolic energy into mechanical
energy in the first stage.

The Fr(fd) values of male and female subjects at the maximum swimming velocity
depend on the swimming technique, since each competitive mode has a different degree
of non-stationarity of the complete biomechanical cycle of movements. The Strouhal
number (Shy) accurately assesses this non-stationarity. Consequently, intra-cycle velocity
variations, which are due to various biomechanical factors in each particular swimming
stroke, affect the efficiency of humans” aquatic locomotion. Values of F; ;) obtained for
the different swimming techniques demonstrate a tendency for an inverse relationship
with maximal vgex, allowed for swimmers of both genders, and are within the range of
min =79 N (for front crawl) and max = 99 N (for breaststroke) in male swimmers. For
females, a maximal value of 57 N was found in breaststroke and a minimal value of 49 N in
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butterfly. The analysis of the obtained F; ;) values based on Equation (6) made it possible
to identify the main reason for the observed tendency, which is a significant increase in the
biomechanical cycle mean values of the dimensionless coefficient of the frontal component
of the active drag force in the unsteady mode of body motion (Cy(,)). For the last stage
of the step-test, this increase occurred, among all competitive swimming strokes, in the
following sequence: front crawl, backstroke, butterfly and breaststroke, and similarly for
males and females (Tables 2 and 3). This hierarchic order of Cy;,) is associated with the
various biomechanical systems of inter-segments’ motion (determining the mechanism
of interaction of the propulsive segments with the water for each swimming technique),
which leads to an increase in the non-stationarity of the locomotion process and to the
difference between the minimum and maximum values of v(p,)(t) achieved in different
swimming techniques. This conclusion for swimmers of both genders was confirmed by
similar changes in the Strouhal number (Tables 2 and 3), which was determined based
on experimental data (for females: min Sh, = 0.201 in front crawl, max Sh, = 0.933 in
breaststroke, for males: min Sh, = 0.225 in front crawl, max Sh, = 0.991 in breaststroke).
Therefore, values of Fr(fd) are the main reason, both for female and male swimmers, for the
observed difference in swimming velocity between the competitive swimming techniques.

5. Conclusions

The frontal component of the active hydrodynamic drag force that swimmers need to
overcome is the main reason for the existing differences in maximal swimming velocity
attainable in the four different swimming techniques used in competition.

In all swimming techniques and for both genders, as expected, metabolic power
values and mechanical power increased with exercise intensity, but gross mechanical
efficiency decreased. Furthermore, the variation in metabolic power with swimming
velocity, taking into account body weight, dimensionless coefficient of active hydrodynamic
drag force and mechanical efficiency, was formalized by the standard mathematical model
used in the analysis of aquatic locomotion of animals, which is the same for the various
swimming techniques. Nevertheless, for the first relationship, curves were distributed
across the abscissas axis as a function of energy cost of locomotion, with higher values
for breaststroke and lower values for front crawl, with intermediate and very similar
functions for backstroke and butterfly. Regarding the second relationship, expressing the
inverse of mechanical efficiency, the different swimming techniques were almost grouped,
especially for females. This last finding pointed out very similar mechanical efficiency
values for females swimming the four swimming techniques and quite close inter-technique
comparative values for males, despite an observable tendency for slightly lower values in
front crawl.

In all swimming competitive modes, males surpass females in terms of metabolic
power, total external mechanical power and mechanical efficiency, which are the main
reasons for their advantage in terms of maximum swimming velocity. The functional
relationships between vgex, and Py;, obtained in this study through the step-test in elite
male and female swimmers, correspond to the main metabolic, biomechanical and hydro-
dynamic patterns previously obtained in swimming animals.

At maximum swimming velocity, male subjects developed higher P,; values than
female subjects. The dimensionless coefficient C;; = P,; X Py 1, estimated for the last stage
of the step-test, allowed us to compare the values of the active metabolic power of human
swimmers with those of animals (Tables 2 and 3). Elite female swimmers at a distance of
100 m are able to develop P,; values that exceed basal metabolism by 27-32 times, and
male swimmers by 33-37 times, which exceeds the amount of the metabolic power of
warm-blooded aquatic animals. Therefore, it becomes clear that the potential for significant
progress in increasing the maximum energy metabolism of elite athletes is limited. These
factors stress the relevance of optimizing human swimming biomechanics as the best and
most profitable strategy to empower performance progressions.
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