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Method for assessing the dynamics
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This article presents a method for an evaluation of the dynamic ability and efficiency of diving fins. There is paucity in the literature
on the process of selecting optimal fins. As a result, there are efforts made to develop a methodology for selecting fins that meet the
proposed criteria. In the present study, an analysis on the two types of fins most popular within the commercial market was conducted.
The experiment took place in a test water tunnel fully equipped with a measuring system and strain gauges for recording forced interac-
tion between the moving fin and flowing water. The tested fins rested on an artificial leg, which moved respectively, thereby developing
movement algorithms. This forced fluid flow was implemented by a pump that was able to control the fluids velocity, and a non-invasive
method involving an ultrasonic flow meter was used to measure the fluids velocity. Finally, the fin efficiency was calculated as the ratio
of multiplication of generated thrust to electrical energy consumption whilst also considering the mechanical efficiency of the leg ma-
nipulator. The results of these experiments are discussed in depth and a method is created for the subsequent stage in which a new type of
fins called biomimetic is to be analyzed and compared.
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1. Introduction

The commercial diving is a popular way of rec-
reation, and it is growing every year. Diving has
a variety of tasks ranging from sports and recreation
to the exploration of wrecks or studying of marine
fauna and flora. The diving equipment market is
currently extensive, and the customer has various
equipment offered by many companies at his dis-
posal. Currently produced fins allow for three basic
modes of propulsive finning, i.e., scissor (flutter
kick), frog kick and dolphin kick. This paper focused
on the energetic analysis of the fins of the flutter
kick mode types. Most fin performance tests refer to
medical examinations for oxygen consumption under
the same swim conditions [19], or they are focused

on increasing a swimming speed or an efficiency
received by the swimmers and/or divers [5], [8].
However, the presented analyses are ambiguous be-
cause the oxygen consumption depends on metabolic
processes, physical condition, training status and
neuromuscular factor on the day of diving. Difficul-
ties in assessing fin parameters are mainly caused by
a strongly nonlinear interaction between flexible fin
and fluid. Moreover, this interaction is currently
possible to simulate only for a discrete model, with
assumed a number of degrees of freedom [8]. Even if
any laboratory test stand is designed and used for fin
parameter experimental verification, the results have
not been published. Parameters and production de-
tails are highly guarded trade secrets. Some results
made by scientific teams can be found in [21], but all
tests were provided for the human body, with re-
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striction mention above. The experiment presented
here was made for the artificial leg with defined con-
trol algorithms. The designed software can archive all
the input and output data for the objective assessment
of fin parameters and coefficient. In Figures 1a, b, two
reference fins used for the designed methodology
verification are depicted. Then, the newly designed
biomimetic fins (Fig. 1c) were compared with the
tested ones. The process of implementation of the new
biomimetic fins for civilian purposes is in progress. In
addition to the laboratory test stand, additional tests
were carried out among professional divers.

This paper was organized as follows. In Section 2.1,
the geometry of the test tunnel with equipment for water
velocity control is described. The design of the artificial
leg and its implementation in the water tunnel was dis-

cussed in Section 2.2. Section 2.3 provided a discussion
on the leg kinematics and dynamics. Chapter 2.4 in-
cludes the description of plan the experiment and soft-
ware used as well. Finally, the test results achieved ac-
cording to the proposed methodology are presented in
Chapter 3, and the conclusions and future research are
depicted in Chapter 4.

2. Materials and methods

2.1. The water tunnel

The tunnel was made of laminate parts, with dimen-
sions depicted in Fig. 2. In Figure 3, the photography of

(a)       (b)       (c) 

Fig. 1. Swimmer’s fins Express from Aqualung company (a), diver’s fins Jet Fin from Scubapro company (b),
fins from Exotech company for military purposes (c)

Fig. 2. Geometry of the water tunnel
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the water tunnel after construction is presented. It is an
open type channel with additional remote-control water
pump for keeping the desired fluid velocity [14]. The
fluid speed was measured with the specialised ultrasonic
flowmeter. Besides, the vanes were placed in front of the
manipulator’s leg to maintain laminar flow. The interac-
tion between the leg with fin and fluid was measured
with strain gauge system mounted inside manipulator.
Plexiglas window was mounted in the test section for
observing and measuring the vertical strokes of moving
fins. Above the test section, a crane was mounted for
submersion of the manipulator in the tunnel.

2.2. The leg’s manipulator

The diver’s body was divided into anatomical,
movable segments, while the horizontal position of

the torso with hands and head was assumed, acting
as a support [18]. A general view of the manipulator
leg design is shown in Fig. 4a. The more detailed
cross-section with kinematic structure and dimen-
sions is depicted in Fig. 4b. The moving elements
were the thigh, lower leg and foot with the fin. Pas-
sive video recording occurred on markers attached to
the diver at the following points: fin trailing edge,
calcaneus of the foot, the lateral malleolus of the
ankle, the lateral condyle of the knee and the greater
trochanter of the hip [2], [8]. The diver’s leg move-
ment was recorded in the pool with a Panasonic
camera, set on a tripod, recording videos at 30 fps.
Reflective markers were illuminated with artificial
light and the analysis included movements in two-
dimensional coordinates.

The biomechanical study of leg movement involved
the Cartesian system where the centre of the coordi-

Fig. 3. Photography of the water tunnel

(a)      (b) 

Fig. 4. The leg’s manipulator: design (a), cross-section with dimensions (b)
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nate system was in the greater trochanter of the hip.
Leg displacement was considered to be a progressive
change in the position of the markers over time,
hence, it was considered a vector. The calculations of
the marker displacement are shown in Y–0–X coordi-
nates and then calculated as a resultant vector from
the Pythagorean relationship. Velocity vectors were
also obtained from the relative differences of dis-
placements and the time of their positions. A sample
of velocity measures is collected in the table’s vs
time diagram, which enabled acceleration tables for
all markers to be obtained in a similar way. The re-
search results allowed the presentation of different
slopes of all tags versus time. The leg’s manipulator
above the surface of the water tunnel just before im-
mersion is shown in Fig. 5a. In Figure 5b, the ma-
nipulator leg with the referenced fin is visible through
a Plexiglas window. The photo was taken during the
test and video recording for further kinematics and
dynamic analysis for each fin being examined.

The manipulator allows for the simulation of the
diver’s leg movement in the range of deflections (am-
plitudes) and movement frequencies adopted as char-
acteristic for recreational swimming. The device is
equipped with two drive motors powered by DC volt-
age U = 24 V, making cyclic movements of the thigh
and lower leg, simulating the movement of the diver’s
leg. The measuring system enables precise current
readings drawn by both motors with a sampling fre-
quency fs = 1 kHz. This solution allows for reading of
current values, which, at the known supply voltage,
allows for the calculation of instantaneous power de-
mand values.

2.3. Kinematics and dynamics
of the leg with fin

The recreational swimming speeds were taken into
consideration to analyze the energy efficiency of two
types of fins. Speeds for professional sport swimming
in the fins reach up to 0.92 m/s, while recreational
swimming and exploration are the speed range from
0.2 to 0.3 m/s. The method for the selection of the
kinematic parameters of the manipulator’s leg move-
ment has been developed using the results of studies
presented in the literature [11], [17]. At the initial
stage of the project, tests were carried out in the pool
to determine the typical movements of the diver’s leg
during recreational swimming. The developed opera-
tional scenarios included free swimming, with low
speeds, rapid acceleration and rapid immersion. For
all scenarios, visual analysis of the range of motion
and frequency of hip, thigh, lower leg and two tags of
diver’s feet were developed. Due to the different fin
lengths, the parameters analyzed were the displace-
ment of the knee and the ankle of the swimmer’s,
respectively. The ankle joint is reflected in the form of
a flexible element with a limited swing angle, deter-
mined in the indicated tags of an ankle and toes meas-
urements. Taking under consideration the manipulator
kinematics and the need to change the dynamics de-
pending on the type of fins, the following parameters
(Fig. 6) were used to control the leg:
• P1 – the lower position of the lower leg,
• P2 – the target upper thigh position,
• P3 – the angular velocity of thigh movement,

(a)      (b) 

Fig. 5. Manipulator leg: above the surface of the water tunnel (a),
in the Plexiglas window during reference fin testing (b)
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• P4 – the target position, upper calf,
• P5 – the angular velocity of calf movement,
• P6 – the top position of the thigh in relation to the

calf,
• P7 – the top position of the calf relative to the

position of the thigh,
• P8 – the target position of the thigh in the lower

position,
• P9 – the angular velocity of the thigh in the lower

position,
• P10 – the target position of the calf in the lower

position,
• P11 – the angular velocity of the calf in the lower

position.
During the test, the next parameters were recorded

and used for further analysis:
• The water speed [m/s];
• The water stream [m3/s];
• The instantaneous value of the thrust force [N];
• An average value of the thrust force [N];
• An instantaneous value of the currents drawn by

the motors no. 1 and 2 [mA];
• An average value of the currents drawn by the

motors no. 1 and 2 [mA];
• The flipper frequency [Hz].

The interface of the manipulator test stand (Fig. 6),
provides the ability to change the frequency of the ma-
nipulator’s thigh and lower leg by adjusting the speed

of movement and the values of the maximum deflec-
tions in the upper and lower position of both moving
segments. The ankle joint is reflected in the form of
a flexible element with a limited swing angle, and is
determined in the indicated tags of ankle and toes
measurements.

The same measurement conditions for all types
of the fins can be obtained by adjusting the ampli-
tude and the frequency as well as angular velocity
using eleven parameters depicted [21]. Moreover,
these parameters can be adapted to the results of the
video of divers’ limbs movement. The energy and
kinematic parameters of the manipulator are ar-
chived automatically, and only the values of the
traverse edge stroke of both tested fins were read
visually.

2.4. Plan of the experiment

It was assumed that water is considered as an in-
compressible fluid with constant temperature, den-
sity ( ρ) and viscosity (γ). The Reynolds number de-
fined as a ratio of inertia to viscosity forces

γ
ν⋅

=
LRe  should be the same for all type of fins.

That is why, for constant dimension of the manipu-
lator leg, the measurements should be provided for

Fig. 6. Screenprint of the interface of the manipulator test stand with dynamic parameters of fins in operation [5]
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the same range of fluid velocity. The towing power
(Nh) of the stationary manipulator with fin is propor-
tional to the fluid velocity (ν) and shape dependent
coefficient (R), according to the equation (1):

ν⋅= RNh . (1)

For constant fluid velocity, the Strouhal number is
used for characterizing the structure of the stream fol-
lowing the fin according to the following equation (2):

ν
AfSt = , (2)

where:
f – a flipper frequency;
A – an amplitude of the fin trailing edge.
The horizontal thrust force component was meas-

ured directly with the use of strain gauge measure-
ments system. Energy efficiency tests were designed
to indicate the energy demand of the manipulator
equipped with different types of fins. The energy
input was proportional to the current value in the
manipulator’s electric motors (NM1 and NM2). The
electric power consumption was proportional to the
force the fin works on the water, and defined as load

factor τT characterizing the unit pressure ⎥⎦
⎤

⎢⎣
⎡

2m
N

S
T .

The active fin surface Af [m2] presented in Table 1
has an impact on the maximal current restriction in
servomotors. The efficiency was calculated as the
ratio of average thrust Tavg generated by the fin to the
average power Pavg consumed by artificial leg driv-
ers. The average values were calculated for period of
time proportional to the few leg interval with restric-
tion to constant fluid velocity in water tunnel.

In the next stage of an analysis, the fin efficiency
was calculated using Particle Image Velocimetry

(PIV) method, where the water inflow sped to fin ν
and the water velocity at the trailing edge νTE wass be
compared. This analysis may give more complex and
detailed information about parameters impact on the
fin efficiency.

Scenarios for recreational swimming were pro-
posed, which corresponded to the most common be-
haviour of swimmers:
– Small Amplitude and Low Frequency of oscilla-

tion (SALF), typical for free speed swimming;
– Large Amplitude and High Frequency of oscilla-

tion (LAHF), analogy to fast diving;
– Large Amplitude and Low Frequency of oscilla-

tion (LALF), typical for making turns;
– Small Amplitude and High Frequency of oscilla-

tion (SAHF), typical fast swimming in a restricted
area, e.g., caves, wracks, etc.
All experiments were carried out under the same

simulated conditions for four models of float leg
movement in the measuring channel. The swimmer
motion patterns mentioned above were based on the
motion of real swimmers identified using the optical
system [12]. The motion patterns include time varying
positions of hip and knee joints, i.e., changes of both
an amplitude of motion oscillation of each joint and
also a phase difference between motion oscillations of
each joint.

The research on the dynamic features of two types
of recreational fins was aimed at validating the kinematic
parameters of movement and determining the dynamic
and energetic characteristics of both fins. The tests were
carried out for three representative swimming speeds,
understood as constant water velocities in the water tun-
nel. Variable kinematic parameters performed by the
programmable manipulator were the frequency of
movement and upper and lower deflections. Graphic
structure of the research plan is shown in Fig. 7. Each
fin was examined for four patterns of motion: SALF,

Fig. 7. Graphic structure of the research plan
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SAHF, LALF and LAHF and each motion of the fin
was tested for three different velocities of water flow
inside the tunnel. To summarise, the following pa-
rameters of water flow and fin motion were used:
• 3 water flow velocities: 0.21, 0.26 and 0.29 [m/s],
• 2 frequencies of the fin motion: 0.4, 1.2 [Hz],
• 2 foot deflections: 0.3, 0.5 [m].

The obtained values of the kinematic and dynamic
parameters were related to the dimensions of the fins
illustrated in Table 1.

3. Results

All the tests were carried out for three constant
velocities of water in the tunnel, provided by the elec-
tric motor – screw propeller set. In Figure 8, meas-
urement results are provided in the form of the aver-
age values of produced thrust (Tavg) and power
consumed (Pavg) by the examined fins oscillating with
different parameters and in the absence of water flow
with different velocities, while in Figs. 9 and 11 ex-
amples of changes in time of momentary thrust pro-
duced by the fins AEF and SJF were inserted.

Taking into consideration the average thrust Tavg
and corresponding average power Pavg (Fig. 8) ob-
tained for different motion patterns and different ve-
locities of water flow in the tunnel, we can formulate
the following conclusions:
• Increasing the amplitude and, to a lesser extent,

the frequency of the fin oscillation resulted in an
increase of the thrust produced by the fins;

• AEF produced larger thrust than SJF except dur-
ing SAHF motion pattern. It can be caused by the
fact that AEF has a larger active surface compared

to SJF. Although, during motion with fast oscilla-
tion and small amplitude (SAHF), the more elastic
fin with the larger active surface is not able to
change effectively its attack angle effectively;

• AEF showed significantly lower power consump-
tion for a small amplitude of the fin oscillation
(SMLF, SAHF) at similar values of produced
thrust, which indicates their higher efficiency;

• For the most frequently used recreational swim-
ming motion pattern, i.e., LALF, AEF is charac-
terized by the production of higher thrust at almost
identical power consumption, especially for larger
velocities of water flow in the tunnel;

• AEF achieved the highest value of Reynolds num-
ber, which is the result of its greater length.
The structure of the time course of the thrust pro-

duced by SJF indicates the symmetry of operation
(Fig. 9), which means that in the work cycle, there are
two active movements in the direction of the velocity
vector. In contrast, AEF work is characterised by
asymmetrical thrust (Fig. 10), which indicates the ef-
fects of flexible deflection in the dead upward move-
ment of the fin.

Obtained results enable us to determine values of
Strouhal number and fin efficiency illustrated accu-
rately in Tables 2 and 3.

Considering values of Strouhal number for differ-
ent motion patterns illustrated in Table 2, we can ob-
serve optimal conditions of the fin motion for SALF.
Conditions of motion according to the patterns other
than SASF differ from the conditions of free-swimming
fish.

An analysis of the calculated fin efficiency based
on the thrust load factor indicates a higher efficiency
of AEF compared to SJF fins. The efficiency analysis
(Table 3) was provided for large amplitude of the
movement for both reference fins.

Table 1. Geometric parameters of the fins
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(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 8. Average thrust Tavg produced by fins AEF and SJF oscillating with (a) SAHF, (b) LALF, (c) SALF,
(d) LALF and corresponding average power Pavg consumed by the fins oscillating

with (e) SAHF, (f) LAHF, (g) SALF, (h) LALF
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Table 2. Strouhal numbers for examined reference fins:
AEF and SJF

Strouhal number [–]
forParameters

of fin oscillation

Velocity
of water flow

[m/s] AEF SJF
0.21 0.71 0.68
0.26 0.6 0.58SASF
0.29 0.53 0.51
0.21 1.45 1.41
0.26 1.18 1.02LASF
0.29 1.03 0.96
0.21 4.12 3.98
0.26 2.89 3.02LALF
0.29 2.29 2.45
0.21 2.09 2.02
0.26 1.71 1.64SALF
0.29 1.51 1.38

Table 3. Fin efficiency for examined reference fins:
AEF and SJF

Fin efficiency [–]
forParameters

of fin oscillation

Velocity
of water flow

[m/s] AEF SJF
0.21 – –
0.26 – –SALF
0.29 – –
0.21 0.65 0.6
0.26 0.73 0.67LALF
0.29 0.82 0.72
0.21 0.65 0.64
0.26 0.76 0.69LAHF
0.29 0.78 0.73
0.21 – –
0.26 – –SAHF
0.29 – –

Fig. 9. Changes in time of momentary thrust T produced by Scubapro Jet Fin oscillating
with LAHF with water flow 0.26 m/s

Fig. 10. Changes in time of momentary thrust T produced by Aqualung Express Fin oscillating
with LAHF with water flow 0.26 m/s
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4. Discussion

In contrast to the objective evaluation of the fins,
the divers often ranked the stiff fins better than their
flexible counterparts [11]. Another result questioned
was the reliability of air intake consumption by the
divers as a cost of swimming energy for the different
fin models [4]. Further, passively measured body re-
sistance with fins [8] may be insufficient for dynamic
analysis of the fin parameters. Hence, the decision to
design and build a water tunnel with a one-to-one
scale equipped with precise sensors. Besides the fin
popularity in the market, their characteristic features
emphasised and analysed earlier on informed the
choice of commercial fins. The electric motors that
provide an objective value of power consumption also
drive the submerged artificial leg. At the same time,
the thrust force is a direct measurement of the fluid-
structure interaction phenomenon.

The method presented in this paper is based on
measurement of thrust generated by manipulator
moving with the same desired motion pattern. There-
fore, it is devoid of human error and, subsequently,
provides more reliable and independent results. While
in [10], the results were achieved using twelve inter-
national level swimmers. Although, the swimmers were
performing at a high level of swimming techniques
(four of them were medalists in World Champion-
ship), the statistical analysis had to be provided. Also,
the results presented in [15] differs due to different
strategies of leg movements.

Taking the kinematics into consideration, the pre-
sented method has limitation, i.e., fin motion is con-
trolled in an open-loop control system and in a verti-
cal surface (changes of 2D coordinates of the hip,
knee and ankle joints). On the other hand, every fin
can be examined for exactly the same kinematic
measurement conditions.

Active Drag Evaluation System used in [1] is
based on Velocity Perturbation Method presented by
[3] and used for active drag computation. In the case
of force measurements [9], swimmers were linked via
a non-elastic wire to a force sensor with a belt placed
around the hip joint. As shown in [16], the drag coef-
ficient for towed swimmers significantly decreases
with swimming depth. Taking the active drag meas-
urements presented in this paper into consideration, it
can be observed that the mean value of active drag
force is equal to 5.36 [N] for Aqualung Express Fin
and 3.20 [N] for Scubapro Jet Fin. The presented
measurements were made for Low Amplitude and High
Frequency (LAHF), with a water velocity of 0.26 m/s.

The passive drag force [13] mainly depends on the shape
while the active drag force depends on the amplitude and
frequency. It was shown how the active drag force
changes with time, in a range 52.06 [N] for Aqualung
Express Fin and in a range 108.34 [N] for Scubapro Jet
Fin. This result can be compared with [10], where ac-
tive drag for underwater swimming was 78.90 [N] and
for surface swimming was about 84.7 [N]. It is worth
underlining that the thrust measurements presented in
the paper have been performed in the liquid environ-
ment with flowing water, while the measurements
included in [10] have been obtained for tethered
swimmers. Moreover, it is worth emphasizing that in
the present research, only one artificial leg was de-
signed in order to reduce the impact of body shape on
the fins parameters. Thus, a more detailed analysis can
be carried out in terms of the shape of the fin and the
influence of material parameters on the fin capabili-
ties. On the other hand, this method does not under-
take the problems of interaction between two fins.

Additionally, the active drag force is affected by
swimming technique, which can be evaluated through
Strouhal number and Froude efficiency. The Strouhal
number is the tradeoff between amplitude and fre-
quency that generates forward speed. Taking marine
animals into account, the value of Strouhal number
ranges from 0.25 to 0.40 [6], [7]. While the lowest
value of Strouhal number for professional swimmers
with highest velocities, highest efficiencies and lowest
active drag equal to 0.34 has been obtained in [9]. In
this research, the Strouhal number ranges from 0.51 to
4.12 with a mean value of 1.67 for Aqualung Express
Fin and mean value of 1.63 for Scubapro Jet Fin. The
efficiency analysis presented in [9] shows the ten-
dency to peak (equal to 82% of Froude efficiency) at
a narrow range of Strouhal numbers near 0.4. Accord-
ing to the presented method, the fin efficiency was
calculated as a ratio of a power of consumed electric
energy to the generated thrust. This presented propo-
sition is due to the ambiguity in Froude efficiency
calculation, and it means that it is difficult to calculate
the ratio of the thrust power in comparison with total
power. The efficiency calculation presented in this
paper is based on electric power consumption meas-
urements and direct method of thrust measurements.
This proves a more convenient way to fin quality as-
sessment. Froude efficiency equal to 1 means that the
total power is equal to the thrust power, thus, the effi-
ciency presented in this paper means that all the elec-
tric power is converted to the propulsion force. The
Froude efficiency calculated for a crawl is equal to 0.42
for swimmer without fins and 0.50 for those with fins
[20]. The fin efficiency calculated according to the
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proposed method starts with a minimum value of 0.6
for Scubapro Jet Fin with parameters of oscillation Large
Amplitude Large Frequency (LALF) to a maximal
value of 0.82 for Aqualung Express Fin. The high
value of fin efficiency is primarily because the fin is
a designed and optimized commercial products. It is
expected that the newly designed fins are to be tested in
the water tunnel, and the efficiency could be lower at
the beginning. However, having it ready to use water
tunnel with accurate measurement system as well as
manipulator guarantying repeated kinematic and dy-
namic conditions, it will be possible to evaluate a new
fin design and material parameters as well as different
strategies of leg movements.

What is more, the vision system can be applied for
verification of various fin swimming techniques. The
vision system is currently capable of doing verifica-
tion, but not to control at real-time in a closed-loop
system. Further, it is unable to control the movement
of an artificial leg because of the lack of software that
can directly control the position of the artificial leg in
the closed-loop.

According to the method, it is possible to have an
analysis of the dynamics and efficiency associated
with diving fins as a continuous system. In making
use of a wide variety of input data, the fin construc-
tion optimization process is available for the different
control algorithms obtained from a selected sample of
the divers. The method consists of all technical data
created for a dynamic system. Further, from the char-
acteristics presented, the water speed may influence
the selection of material and construction parameters
of the fins.

5. Conclusions

The article presents a method for estimating the
dynamics and efficiency of the fins. There was a method
verification performed on the commercial fins, which
is one of the most popular fins on the market. The
discussion on the results obtained from the fins’ op-
eration seem to be comprehensive thanks to the pre-
sented test stand of the water tunnel. Although, the
stand enables us to extend conditions of measure-
ments, e.g., other motion patterns and other velocities
of water flow in the tunnel.

The presented research results and the discussion
of the literature lead to the following conclusions. The
tests carried out with the use of a leg manipulator have
an advantage over the results known in the literature,
mainly in the repeatability of the experimental condi-

tions and the accuracy of dynamic parameter meas-
urements. The same applies to the laminar flow con-
ditions of the water inflow provided in the tunnel. The
presented tunnel lab stand can be used for testing
other fins and small propellers as well as for training
divers to dive in small spaces, e.g., wrecks or under-
water caves. The authors of the paper also see weak-
nesses in their work. The first problem is the assess-
ment of changes in the efficiency of the manipulator
drive during one work cycle for different behaviours
of swimmers motions. The second problem is that the
efficiency of the manipulator’s electromechanical
drive is much lower than that of the fins hydrome-
chanical one. Both problems definitely had an impact
on the achieved results. For this reason, the authors
made a lot of effort to ensure that the measurement
conditions for the tested fins were identical.

The expectation is that the above would change
after measuring the biomimetic fins, which are currently
in the process of implementation.

Acknowledgements

The research presented in the paper was co-financed by the
Polish National Centre of Research and Development within project
no. POIR.01.01.01-00-0046/17 carried out in 2017–2020 years.

References

[1] BIDEAU B., COLOBERT B., NICOLAS G., LE GUERROUÉ G.,
MULTON F., DELAMARCHE P., Development of an active drag
evaluation system (A.D.E.S.), [in:] J.C. Chatard (Ed.), Biome-
chanics and medicine in swimming IX, Publications de
l’Université de Saint Etienne, France, 2003, pp. 51–56.

[2] GROH B.H., CIBIS T., SCHILL R.O., ESKOFIER B.M, IMU-
based Pose Determination of Scuba Divers’ Bodies and Shanks,
Conference paper, DOI: 10.1109/BSN.2015.7299376, https://
www.researchgate.net/publication/296827144, 2015

[3] KOLMOGOROV S., DUPLISHEVA O., Active drag, useful me-
chanical power output and hydrodynamic force coefficient in
different swimming strokes at maximal velocity. Journal of
Biomechanics, 1992, 25, 311–318.

[4] MORRIS K.S., OSBORNE M.A., SHEPHARD M.E., JENKINS D.G.,
SKINNER T.L., Velocity, Oxygen Uptake, and Metabolic Cost
of Pull, Kick, and Whole-Body Swimming, Int. J. Sports
Physiol. Perform., 2017 Sep., 12 (8), 1046–1051, DOI: 10.1123/
ijspp.2016-0322. Epub 2016, Dec 14, PMID: 27967275.

[5] MINAK G., Evaluation of the performance of free-diving fins,
Sports Eng., 2004, No. 7, 153–158, DOI: 10.1007/BF02844053.

[6] MORAWSKI M., MALEC M., ZAJAC J., Development of Cyber-
Fish – Polish Biomimetic Unmanned Underwater Vehicle BUUV,
Applied Mechanics and Materials, 2014, 613, 76–82, https://
doi.org/10.4028/www.scientific.net/amm.613.76

[7] MORAWSKI M., MALEC M., SZYMAK P., TRZMIEL A., Analysis
of Parameters of Traveling Wave Impact on the Speed of Biomi-
metic Underwater Vehicle, Solid State Phenomena, 2013, 210,
273–279, https://doi.org/10.4028/www.scientific. net/ssp.210.273.



A. GRZĄDZIELA et al.150

[8] NAKASHIMA M., TANNO Y., FUJIMOTO T., MASUTANI Y., De-
velopment of a Simulation Model for Swimming with Diving
Fins, Proceedings, 2018, No. 2, 288, DOI: 10.3390/
proceedings2060288.

[9] NICOLAS G., BIDEAU B., COLOBERT B., BERTON E., How are
Strouhal number, drag, and efficiency adjusted in high level
underwater monofin swimming?, Human Movement Science,
2007, 26, 426–442.

[10] NICOLAS G., BIDEAU B., A kinematic and dynamic compari-
son of surface and underwater displacement in high level
monofin swimming, Hum. Mov. Sci., 2009 Aug., 28 (4), 480–
493, DOI: 10.1016/j.humov.2009.02.004. Epub 2009, Apr.
22, PMID: 19395109.

[11] PENDERGAST D.R., MOLLENDORF J., LOGUE C., SAMIMY S.,
Evaluation of fins used in underwater swimming, Undersea
and Hyperbaric Medical Society, UHM, 2003, Vol. 30, No. 1,
55–71.

[12] PISKUR P., SZYMAK P., SZNAJDER J., Identification in a Labo-
ratory Tunnel to Control Fluid Velocity, [in:] Bartoszewicz
A., Kabziński J., Kacprzyk J. (eds.), Advanced, Contempo-
rary Control, Advances in Intelligent Systems and Comput-
ing, 2020, Vol. 1196, Springer, Cham., https://doi.org/
10.1007/978-3-030-50936-1_128.

[13] PISKUR P., SZYMAK P., FLIS L., SZNAJDER J., Analysis of a Fin
Drag Force in a Biomimetic Underwater Vehicle, OUR SEA:
International Journal of Maritime Science and Technology,
2020, Vol. 67, No. 3, https://doi.org/10.17818/NM/ 2020/3.2

[14] PRACZYK T., SZYMAK P., HOŻYŃ S., Applying Optical System
to Model the Motion of Human Leg Moving in Water Ac-
cording to Swimming Style Crawl, Proceedings of 8th Inter-

national Maritime Science Conference, Montenegro, 2019,
215–222.

[15] REJMAN M., SIEMONTOWSKI P., SIEMIENSKI A., Comparison
of performance of various leg-kicking techniques in fin swim-
ming in terms of achieving the different goals of underwater
activities, PLoS One, 2020, Aug 3, 15 (8), e0236504, DOI:
10.1371/journal.pone.0236504, PMID: 32745109, PMCID:
PMC7398542.

[15] VENNELL R., PEASE B., WILSON B., Wave drag on human
swimmers, Journal of Biomechanics, 2006, 39, 664–671.

[16] WOJTKÓW M., NIKODEM A.M., Biomechanics of diving: the
influence of the swimming speed on the kinematics of lower
limbs of professional divers, Acta Bioeng. Biomech., 2017,
Vol. 19, No. 4, 117–125.

[17] WYLEGALA J., SCHAFER-OWCZARZAK M, PENDERGAST D.R.,
Optimization of fin-swim training for SCUBA Divers, UHM,
2007, Vol. 34, No. 6, 431–437.

[18] ZAMPARO P., PENDERGAST D.R., TERMIN B., MINETTI A.E.,
How fins affect the economy and efficiency of human swim-
ming, The Journal of Experimental Biology, 2002, Vol. 205,
2665–2676.

[19] ZAMPARO P., PENDERGAST D.R., MOLLENDORF J., TERMIN B.,
MINETTI A.E., An energy balance of front crawl, European
Journal of Applied Physiology, 2005, 94, 134–144.

[20] ZAMPARO P., Froude efficiency in human swimming, Com-
parative Biochemistry and Physiology, Part A, Molecular and
Integrative Physiology, 2008, Vol. 150, Issue 3, Supplement,
ISSN 1095-6433, https://doi.org/10.1016/j.cbpa.2008.04.078.
(http://www.sciencedirect.com/science/article/pii/S10956433
08001694).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


