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Abstract: The aim of the work is to present a newly developed stand and methodology of acceler-
ated tests of fatigue strength of flexible propellers and fins. The paper presents the design and
concepts of the measuring elements used in the research. Test methodology and water stressing
were developed. The mechanical properties of the following materials were presented: Arnitel EL-
550 and QUEO 8230 with the addition of PP / EVA 50/50 (polypropylene / ethylene-vinyl acetate) -
in the proportion of 70/30 (QUEO 8230 / additive). The constructed test stand and a new method of
fatigue testing of biomimetic fins made it possible to determine the number of fin movement cy-
cles under a given load, which may facilitate the determination of a warranty for a newly intro-
duced product. The current consumption by the fin drive and video monitoring allowed for the
selection of the range of the number of movement cycles and the determination of the moment of
fatigue cracks until the fin structure loses its capacity. During the analysis, the test results showed
that the fins made of Arnitel EL-550 did not show changes in the measured values of the current
and the force generated by the fin. For a fin made of QUEO 8230, at 35,000 cycles, there is a de-
crease in the current and force consumed, which indicates the initiation of fatigue damage to the
fin. The performed tests can be the basis for the development of standards for the fatigue strength
of flexible propellers.

Keywords: swimming fins testing, biomimetics, fatigue testing, thermoplastics, laboratory stand,
accelerated fatigue testing

1. Introduction

Swimming fins are an indispensable element of every diver. They are used in many
water sports such as snorkelling, recreational or deep diving. Various types of plastics or
rubbers are often used to construct the fins. There are also many design solutions to im-
prove the efficiency and comfort of use. There has been a significant interest in biomi-
metics in recent times [1-4]. Biomimetics is an interdisciplinary science dealing with the
analysis of the structure and principles of living organisms' operation while adapting
these principles to the construction and operation of technical devices [5,6]. The devel-
opment of new solutions thanks to biometrics reduces randomness in scientific research
and enables the easier generation of new solutions. One such solution is biomimetic
swimming fins. Their innovation results from the design that mimics the movement of a
fish's tail, increasing the fins' efficiency. This invention is already used by special mari-
time units, including divers from the Polish GROM commando unit. The EXOTECH
company (Gdynia, Poland, https:/foldingfins.com) which produces the above-
mentioned innovative fins, also undertook the production of recreational equipment
based on similar assumptions and solutions. Tourists and diving enthusiasts can use
such a fin. This solution is based on an invention covered by patent protection (No.
PL403075) of the PPO. The innovation of the fins is the possibility of folding them like
scissors, which significantly reduces the amount of space occupied. Moreover, thanks to
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the use of flexible film, the movement of the fin has been brought closer to the move-
ment of the fish tail, which is both an element of biomimetics and an increase in the effi-
ciency of the fins.

The shape and size of individual components of biomimetic fins, for strength rea-
sons, are closely related to the type of construction material from which a given, specific
component of the fin is made. The fin design includes using thermoplastic elastomers
with properties similar to thermoplastics from the TPC group (Thermo Plastic Copolyes-
ter). The properties of biomimetic fins depend on the proper selection of the material,
e.g. weight (mass) and volume or elasticity. The construction of a recreational biomimet-
ic fin is shown in Figure 1.

Figure 1. Biomimetic fins in the following versions: a) rescue, b) recreational

The main part introducing the element of innovation and biomimetics is the mem-
brane. The movement of the fish tail inspired the concept of the construction of the en-
tire fin. Analyzing the shape of the fish's tail, it can be concluded that it consists of two
stiffeners and a thin film between them. The above phenomenon was used in the design
and construction of the whole structure of the fins. Using the modal analysis, the
planned movement of the fins in the water was presented in analogy to the movement of
the fishtail (Figure 2).
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Figure 2. Selected deformation of the fins. The deformed fins resemble the movement of a fish's
tail

The size of the membrane, its surface and thickness determine, for the same poly-
mer, its elasticity, strength and durability. It also affects the efficiency and weight of the
fin. Additionally, it is connected with other load-bearing elements, which, due to their
functions, are made of different thermoplastic materials. In addition, the experience re-
ported by divers using military fins shows that reinforcing strips are the most frequently
damaged element. Thus, the fatigue strength of the fins and the durability are challeng-
ing to determine solely based on laboratory tests.

Both propellers and fins are devices on which human health and life rest. If the div-
er or a Biomimetic AUV (Autonomous Underwater Vehicle) [7] comes under water
without efficient drive, there is a risk of loss of life or the vehicle. In order to carry out
appropriate diagnostics of flexible components of flexible propellers and biomimetic
fins, a stand for fatigue tests of such devices was developed. Due to the fact that current-
ly there are no ready solutions to check the assumed fin strength, this manuscript pre-
sents a stand developed at the Polish Naval Academy for testing the fatigue strength of
fins and biomimetic propellers. The stand was inspired by research work to measure the
efficiency of the fins [8]. During research the problem of the assumed durability of the
fins appeared.

In the case of polymeric materials, there are standards that allow to define the fa-
tigue strength of a given material. However, this value depends on the type of injection
and the forces acting on a given element. The determination of the fatigue strength of a
material does not in any way say about the strength of the product. In this case, the
product is new and the manufacturer would like to have a basis for providing an ade-
quate warranty. Testing in real conditions would extend the process of introducing the
product to the market, which would reduce its competitiveness. For example, when a
manufacturer wants to test resistance to aging, samples are subjected to appropriate ex-
posure to a UV lamp in accordance with PN-EN ISO 2440 [9]. This document specifies
laboratory procedures simulating the effect of natural reactions, such as oxidation or
hydrolysis under the influence of moisture, on flexible and rigid porous plastics. The
physical properties of interest are measured before and after applying specific treat-
ments. Taking into account the above assumptions, in the developed stand it was decid-
ed to simulate conditions similar to real ones in order to conduct accelerated fatigue tests
of the final product. A literature analysis was carried out and no ready solution to the
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problem was found. Therefore, following the standards and publications relating to the
testing of polymeric materials [10-14], a stand for fatigue testing of swimming equip-
ment and flexible propellers was developed.

Moreover, the article proposes a methodology for conducting fatigue tests of
swimming fins. The solution presented in the manuscript is also intended to encourage
the development of this type of research, which may constitute the basis for the imple-
mentation of fatigue standards for flexible propellers.

2. Materials and Methods

EXOTECH made the tested fins in two variants of recreational and rescue fins.

Rescue fins are to be an additional equipment of escape and rescue suits used to
save life at sea, which is why they are planned as a cheap and disposable product. Rec-
reational fins are to be a civilized military product representing a new trend in water
sports. Due to different purposes, the material from which they are made has other fea-
tures. ARNITEL EL 550 (manufacturer: DSM) is selected for recreational fins due to du-
rability reasons. It is a high-performance thermoplastic copolyester (TPC-ET) that offers
a unique combination of flexibility, high-temperature resistance and strength, as well as
excellent processing properties. This material has the following mechanical properties
[15]:

e Shore hardness D = 35;

¢ Young's modulus 170 MPa;
e Tensile strength 32 MPa;

e  Strain 640%;

o Density 1200 kg/m?3.

For (disposable) rescue fins, the most crucial selection factor was the economy.
Therefore, the octene-1 plastomer based on ethylene, produced in the process of
polymerization in a solution using a metallocene catalyst, under the trade name QUEO
8230 (manufacturer: Borealis) with the addition of PP / EVA 50/50 (polypropylene / eth-
ylene-vinyl acetate) was selected to make the rescue fins (in the proportion of 70/30
(QUEO 8230 / additive). The catalogue of this material is characterized by the following
mechanical properties [16]:

e  Shore hardness D = <30;

¢ Young's modulus 22 MPa;
e Tensile strength 7 MPa;

e Strain 980 %;

e Density 883 kg/m3.

Methods
Methodology of the polymers mechanical properties testing

To find out the exact mechanical properties of the material, a static tensile test in ac-
cordance with PN-EN ISO 527-1 was carried out (
Figure 3). The test was performed quasi statically on the FU1000 testing machine.
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Figure 3. Testing the mechanical properties of Arnitel EL 550 on a laboratory stand

The experimental methods used to test the fatigue strength of polymers differ from
each other. Pure shear load, tensile, or tear load are often used, the most common of
which is the periodically alternating tensile test of a normalized sample [13]. This is be-
cause polymers have viscoelastic properties and poor thermal conductivity and are more
sensitive to the conditions of their cyclic loading than metal [17]. Unlike metals and oth-
er alloys, polymers tend to soften under cyclic loading.

In the case of polymers, during loading, due to changes in the distance between
polymer chains and rotations around chemical bonds, three types of deformation usual-
ly occur elastic, highly elastic and plastic, the value of which depends on the load. In ra-
re cases, the polymers can remain stable at low strain, during which the polymer re-
mains linearly elastic [17,18]. When analyzing the tensile curves of the tested polymers,
it is difficult to correctly determine the linearly elastic sections, which makes the analysis
much more difficult. Therefore, to assess the strength of the swimming fins, it was de-
cided to build a test stand (Figure 4).

There are attempts in the literature to describe and analyze the movement of fins,
but it is a very complex process [19,20]. However, there is no standard defining the fa-
tigue testing of finished products such as swimming fins. Lack of the standard and other
procedures for testing the properties of fins, including the fatigue strength of the fins,
does not allow for a clear definition of the procedure for carrying out such a test. There-
fore, based on the observation of the movement of the fins in the water, the fatigue cycle
for the extreme load was determined. The test condition was established for the fin de-
flection with an angular range of + 20 °, a movement frequency of 0.5 Hz (~ 30 strokes
per minute) and the assumption of a lifetime of at least 100,000 cycles.

The stand was designed to receive a relatively constant load resulting from the flow
of water, and not to test the thrust and efficiency of the fins, which was performed on
the stand presented here [8]. The stand described here can also be used to test the dura-
bility of other flexible propellers [2,4].
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The designed and built stand allows for fatigue testing of practically any type of
swimming fins in the angular range from * 10 ° to + 30 ° (with the possibility of step ad-
justment depending on the size of the fins). The fin fatigue strength test stand is located
in a glazed pool, which allows observation of the fin movement during testing. The posi-
tion consists of, among others from an electric motor with a 550 W inverter, a dyna-
mometer with a measuring range of + 200 N, a digital multimeter with the possibility of
continuous recording of measured values, a fin movement counter and a computer with
software recording the force and current value (Figure 4, Figure 5).

Movement counter

Inverter (measurement of the number of cycles) Multimeter
(current
Sod / measurement)

Engine—

/ ;
Laboratory

stand frame

Belt
transmission
A computer that records
the number of cycles,
current and force values
Tested fin

Dynamometer
(measurement of the drag force

generated by the fin))

Figure 4. Stand for fatigue testing of biomimetic fins - functional diagram

Methodology of the fins fatigue strength of testing

The research began with attaching the fins to the handle (Figure 6.) The handle is
connected to a dynamometer attached to the drive arm. The movement of the fins in the
water creates a drag force which is recorded by the dynamometer. The dynamometer
measures the drag force of the fin in the water. It is not the same as the thrust of the fin,
which depends on its compliance and the skill of the diver. This is another reason why
the movement of the fin is simplified and relates to the load on the material, not the div-
er. The crank was selected to obtain a fin deflection of + 20 °.

The device is connected to the power supply via a digital multimeter that allows for
continuous recording of the electric current intensity.

Continuous digital recording of power and current consumption allows you to de-
tect changes in the properties of the fins. A decrease in the current value or a change in
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the measured force during operation indicates the deterioration of the properties of the
fins caused by material fatigue.

The first stage of the research was to establish reference values for the current and
force generated by the machine without the fin attached. These values are necessary to
show whether the fins were dragging in the water and generating thrust. After the refer-
ence values were measured, the fin testing was commenced. The engine speed and gear
ratio allowed to obtain approximately 30 fin movements (cycles) per minute. Conse-
quently, each type of fin (rescue, recreational) was attempted for around 50 hours. Dur-
ing the test, the current and the drag force generated by the fin were recorded. The
measured results were then compared to the reference values of the machine itself
(without the fin attached) to analyze the results.

Figure 5. Fin fatigue test stand during measurements
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Figure 6. Holder for attaching the fins

As part of the fatigue tests, the fins made of, among others, materials with the fol-
lowing trade names were also tested (Figure 7):
e Santoprene 12350W175 (Thermoplastic Vulcanizate, manufacturer: PRO-
plast);
e Isothane 5055D (Thermoplastic polyurethane, manufacturer: Great Eastern
Resins Industrial).
Regarding the above materials, only fatigue analyses of the finished product were
carried out without considering the mechanical properties.

Figure 7. Fins made of Santoprene 12350W175 (left) and Isothane 5055D (right)
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3. Results
Mechanical properties

Based on the static tensile test results, strain-strain diagrams were prepared for ma-
terials typed as the structural elements of the fins. In the case of the ARNITEL EL-550
material, the results are in line with the catalogue data [15], while for QUEO 8230 [16],
the results were divergent in terms of deformation. Due to the addition of PP / EVA, the
deformation of the plastomer decreased to about 140%, while the catalogue value was
980%.

The addition of PP / EVA increased the structure's stiffness, which is a deliberate
procedure due to the functionality of the fin. Too little stiffness of the material reduces
the thrust force of the fin, which harms its efficiency. The stress-strain curves for the
tested materials are presented in Figure 8.

—EL-550
——QUEO 8230+PP/EVA

2 4 6 8 10 12
Strain, -

Figure 8. Stress-strain diagrams of fins materials

Determining the basic mechanical properties of polymers is standardized and poses
no engineering challenge. A more complex issue is the determination of their fatigue
strength. The fatigue life of a polymer is influenced by many factors, including the tem-
perature of use, oxidation, and the degree of polymer crystallization. For this reason, the
need to study and predict the properties of polymers in various environments becomes
of utmost importance [21].

Fatigue tests of rescue fins made of QUEO 8230 plastomer.

A rescue fin made of QUEO 8230 plastomer was installed in the holder, and the test
was started (Figure 9). The fin made 100,000 movements in the water, during which the
current and the drag force generated by the fin were recorded (Figure 10). The test re-
sults are shown in photos (Figure 11) and in diagrams (Figure 12).
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Figure 9. Rescue fin made of QUEO 8230 plastomer before testing

Figure 10. Rescue fin made of QUEO 8230 plastomer during testing
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Figure 11. Rescue fin made of QUEO 8230 plastomer after fatigue testing
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Figure 12. Values of force (a) and current envelope (b) measured during the fatigue test of a rescue
fin made of QUEO 8230 plastomer. Visible differences result from two independent measurement
systems. A lower value should be taken as the initiation of fatigue.

Fatigue testing of rescue fins made of Arnitel EL - 550

The fatigue tests of the Arnitel EL - 550 rescue fins began with the measurement of
the reference values of the current consumed and the drag force of the machine without
the fin installed. Then an Arnitel EL - 550 thermoplastic rescue fin was installed in the
holder, and the trial was started. The fin made 100,000 movements in the water, during
which the current intensity and the drag force generated by the fin were recorded. The
results of the fin tests are presented in charts and photos (Figure 13, Figure 14.)
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Figure 13. Rescue fin made of Arnitel EL - 550 thermoplastic before testing (a), after testing (b)
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Figure 14. Values of force (a) and current (b) measured during fatigue analysis of a rescue fin
made of Arnitel EL - 550 thermoplastic (the machine resistance is marked in orange)

4. Discussion

Based on the fin results made with QUEO 8230, it can be seen that the fatigue fail-
ure of the tested fin started at about 40,000 cycles, which is illustrated by the decrease in
the value of the measured force (Figure 12 a). The process then proceeded for another
60,000 cycles. Based on the graph showing the dependence of the change in the current
intensity value on the number of cycles (Figure 12 b), a significant decrease in the value
of the current intensity can be noticed at about 35,000 cycles. Combining these parame-
ters as a function of the number of cycles makes it possible to determine that in a fin
made of QUEO 8230 material, the destruction is initiated at 35,000-40,000 cycles. The
structure, however, does not lose its complete continuity at 100,000 (Figure 11), which al-
lows the conclusion that the functionality of the tested fin is maintained (increasing the
thrust force generated by diver). Evident fatigue damage occurs in the plane of stiffness
change (at reinforcements) and in the area of the fin attachment.

When analyzing the results relating to the rescue fin made of Arnitel EL 550 (Figure
13, Figure 14) , it can be concluded that the fin was not visibly damaged during the as-
sumed working time. This is also confirmed by the analysis of the graphs of changes in
force and current intensity. Visible small changes in the current intensity and force value
result from changes in the normal environmental conditions, such as, e.g. temperature,
etc., current, drag force (Figure 14), which leads to the conclusion that it can withstand a
fatigue load of 100,000 cycles.

Fatigue tests of fins made of materials with the following trade names were also
carried out:

e Santoprene 12350W175 (Thermoplastic Vulcanizate, manufacturer: PRO-
plast);
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o Isothane 5055D (Thermoplastic polyurethane, manufacturer: Great Eastern
Resins Industrial).

During the fatigue test, these fins did not significantly change the tested parameters
(the value of the generated force and the current intensity). Therefore it was decided to
omit them in the following descriptions.

They were presented to show the differences in the value of the current intensity
depending on the material used. The data in Figure 15 shows that, depending on the
material used, the current was consumed with the same fin structure. This is due to the
different susceptibility of each of the materials. Moreover, based on the above data, it
was found that, except for the QUEO 8230 material, the current consumption for the re-
maining materials was constant, which proves the lack of fatigue failure initiation for the
fins made of Arnitel, Santoprene and Isothane.
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Figure 15. Comparison of the current consumption by the test stand depending on the type of ma-
terial from which the tested fins were made

5. Conclusions

Based on the conducted research, it was found that the developed methodology
and test stand are optimal for determining the fatigue strength of swimming sports
equipment, including biomimetic fins. Moreover, it allows fatigue measurements of
membranes, the strength of which is difficult to determine due to the ignorance of the
load direction. Registering the drag force of the fin and the current allows for the indica-
tion of the number of cycles at which the fatigue failure initiation takes place, so that the
durability of the fins can be predetermined.

The article presents the research results for two types of rescue fins made of QUEO
8230 and Arnitel EL - 550. This way of showing the results is deliberate so as not to bur-
den the image of the fin producer. In the target product, the company considered the re-
search results, optimizing the economical variant of the material used. The result was a
marked improvement in the fatigue strength of the fins, as shown in the figures (Figure
11, Figure 13). Thanks to the developed stand, it was decided to change the material and
slightly redesign the fin reinforcements. This approach to research prevented the release
of the defective product on the market and allowed for a preliminary identification of
operational problems resulting from the defective design. This clearly impacts the prod-
uct quality policy and should be an indispensable element of quality control.

The obtained results allow for a preliminary determination of the power generated
by a given fin. In the case of a rescue fin made of QUEO 8230, the current consumption
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(after subtracting the reference value of the machine resistance) varied from about 0.24 A
to 0.04 A (Figure 12b). In the case of a fin made of Arnitel EL - 550, the current consump-
tion oscillated around 0.23 A (Figure 14b). Based on the measured current values, it can
be concluded that at a voltage of 230 V, the investigated rescue fin generates about 55 W
of power. Due to the local loss of structure continuity caused by fatigue failure in the
case of a fin made of QUEO 8230, the generated power drops to about 10 W, which de-
creases the fins' efficiency. However, it should be noted that the obtained results are only
a preliminary determination of the power generated by the tested fins.
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