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A B S T R A C T 

This paper presents a mechanical actuator for the biomimetic propulsion of swimming devices and the 
experimental study of the effect of the caudal fin elasticity on the overall performance. The design of 
the proposed drive allows the DC motor to operate at constant speed, so all the power of the motor is 
spent only for the motion of the caudal fin. A prototype of the actuator, in which the caudal fin serves as 
a driving element, is manufactured and tested in both laboratory and natural conditions. The swimming 
speed, the thrust efficiency and the maneuverability are evaluated for caudal fins with different stiffness. 
The caudal fin whose rigidity varies relative to both vertical and horizontal cross-section, exhibits the 
best performance. The achieved results also confirm that the proposed actuator could be of great interest 
to applications in the field of underwater operation, ocean investigation and environmental protection. 

1. Introduction 

The use of traditional propellers as actuators for swimming 
robots causes considerable damage to the environment. The rota
tional motion of the propellers may injure or kill fish via shear 
stress, impact or pressure changes [1] and produces noise which 
could scare fish and force them to withdraw from their normal 
habitat. Observations show that a fish in a natural environment 
can achieve great propulsive efficiency, excellent manoeuvrability 
and low noise performance through the coordinated motion of its 
body, fins and tail [2]. These advantages are of great benefit to appli
cations in the fields of underwater operation, ocean development, 
ocean investigation and environmental protection. Since fish are 
innate swimmers, it seems to be reasonable to copy a driving ele
ment in the form of caudal fin for the motion of swimming robots. 
For this reason, in recent years, there has been increasing interest 
in the literature regarding the research on biomimetic robotic fish 
[3-10]. The biomimetic implementation covers the design of the 
actuators, shape of body and fins. 

The majority of the known biomimetic swimming robots mimic 
either the carangiform or the anguilliform locomotion. In the 

carangiform mode, the propulsion through the water is achieved 
with undulating movements of the tail and the last 1/3 part of 
the body, while the forward part of the body remains relatively 
immobile [11,12]. In such cases, several motors have to be used 
[13-16], which complicates the design and creates optimisation 
control problems. During anguilliform locomotion, the whole body 
participates in large amplitude undulations and since at least one 
complete wavelength of the propulsive wave is present along the 
body, lateral forces are adequately cancelled out, minimizing any 
tendencies for the body to recoil [11,17]. Although biomimetic fin 
undulation is difficult to design and implement, some interesting 
solutions have been proposed [18,19]. Nevertheless, more tests and 
investigations should be conducted in order to improve the existing 
designs in terms of compactness, easier waterproofing and energy-
saving fin motion. It is also important to note that in many of the 
designed robotic fish [20,21 ] the motor used in the actuators works 
in a back-rotational mode. It is well known that the motor, which 
operates in a start-stop regime, has low efficiency since a substan
tial part of the energy is spent on the acceleration and braking of 
the rotor, gearbox and transmission components. This factor could 
drastically limit the robot's autonomy. 

The work presented in this paper introduces a mechanical drive 
on the base of a caudal fin and addresses the effects of the caudal fin 
elasticity on the propulsion performance. The proposed mechanical 
drive enables to increase the swimming speed and notably reduce 
the energy consumption, but also moves the caudal fin with high 
frequencies (up to 26 Hz). In almost all the cases cited in the liter
ature, the frequency of the fins' movement is approximately equal 



to the frequency of the natural behaviour of the fish (around 1 Hz) 
[20,22].Therefore, the proposed mechanical drive let us accomplish 
studies of other parameters such as the thrust force in these unusual 
conditions. On the other hand, several materials were utilised in 
order to produce and evaluate experimentally different samples of 
caudal fins, achieving at the end a very efficient design that is char
acterised by a variable stiffness. The tests were carried out in both 
laboratory and natural conditions, using a mechanical prototype of 
the actuator, in which the caudal fin serves as a driving element. 

The rest of the paper is organised as follows. Section 2 explains 
the design of both the mechanical drive and the caudal fin. Section 3 
describes the experiments that were carried out both in laboratory 
and natural conditions to evaluate and compare the behaviour of 
the different types of manufactured caudal fins. Some discussions 
are also presented in this section. Finally, Section 4 summarises 
major conclusions. 

2. Mechanical drive and caudal fin design 

General view of the mechanical drive is shown in Fig. 1. It con
sists of an electric motor installed in the robot's body, a pulley 
coupled to the motor shaft, two cardan joints, the first one connect
ing a shifted axis located on the pulley with a metallic rod and the 
second one connecting the metallic rod with a lever, a hinge linking 
the rotational axis of the lever with the robot's body by means of 
one of its metallic leaves and finally a caudal fin mounted on a verti
cal bar, which, in turn, is also fixed to the second metallic leaf of the 
hinge. The lever has several holes to change the connecting point of 
the second cardan joint. Fig. 2 illustrates the scheme of the mechan
ical drive with all its elements. Note that in the neutral position, the 
caudal fin is aligned with the axial body displacement. With this 
configuration, at one motor revolution, the caudal fin completes a 
full cycle, passing twice through the neutral position. 

The maximum opening angle of the caudal fin peduncle, a/2, 
measured from the neutral position, varies depending on the loca
tion of the point where the lever connects with the second cardan 
joint. The closer this connection point is to the hinge, the larger will 
be the magnitude of a/2. The magnitude will decrease as the loca
tion of the connection point moves away from the hinge. The design 
of the lever with several holes allows us to change the connecting 
point ofthe second cardanjoint, and consequently, modify the max
imum opening angle of the caudal fin peduncle. These holes will 
limit in both number and magnitude the maximum opening angles 
that can be selected. Therefore, the opening angles that could be 
utilised are tightly related with the design ofthe mechanical drive. 
To eliminate the misalignment that may occur with the change of 
the cardan position, the drive is provided with the possibility of 
changing the position ofthe electric motor on the base. 

Fig. 1. General view ofthe mechanical drive. 

Shifted axis 

Fig. 2. Scheme ofthe mechanical drive. 

In the proposed drive the electric motor rotates at constant 
speed. This mode of operation is the most economical, because all 
the motor power is used for the motion ofthe caudal fin and only 
a minimum percentage of power is wasted in overcoming the fric
tion in the cardan joints and the hinge. The motion frequency ofthe 
caudal fin can be easily varied by changing the voltage supplied to 
the electric motor. 

In order to design an efficient caudal fin and to obtain a bet
ter knowledge of how different materials affect its performance, an 
experimental study is carried out. The selected materials and their 
dispositions will determine the characteristic stiffness ofthe caudal 
fins, which is the feature that finally will impact in the propul
sion performance. For the proposed study, four operating members 
in the form of a fishtail with different stiffness characteristics are 
made. One of these operating members (type A) is made in such 
a way that the stiffness decreases simultaneously from the fixed 
end towards the free end and from the top and bottom edges to 
the middle. The other types of operating members (B, C, D) have a 
stiffness that virtually does not change as a function ofthe vertical 
coordinate, but decreases from the fixed end to the free end. In this 
series, each type is more rigid than the previous one, so type D is 
almost absolutely rigid. Fig. 3 shows the four types of caudal fins. 

Each caudal fin is composed of a central plate, which forms the 
basis and provides the shape to the caudal fin, and one or more pairs 
of reinforcing ribs that are glued to the central plate. Fig. 4 shows a 
general scheme ofthe manufactured caudal fins. Note that starting 
from the central plate, a pair of reinforcing ribs are added, one on 
each side ofthe central plate. Next a new pair of reinforcing ribs is 
glued over the ribs that were placed previously. This process can be 
repeated until completing a maximum of three pairs of reinforcing 
ribs, as in the case ofthe A type. Polyester and two different kinds 
of flexible plastic were used for the manufacture of both central 
plates and reinforcing ribs. The first type of plastic (I) has an elastic 
modulus of £ = 4.1 x 103 MPa while the second (II) is more elastic, 



(c) (d) 
Fig. 3. Manufactured caudal fins, (a) Type A. (b) Type B. (c) Type C. (d) Type D. 

with a modulus of E = 2.8 x 103 MPa. The dimensions (a, b) of the 
central plates and the size (c, d, e) of the reinforcing ribs are also 
depicted in Fig. 4. The shaded part of Fig. 4 shows the area used to 
fix each caudal fin in the mechanical drive. Table 1 summarises the 
characteristics of each type of manufactured caudal fin, describing 
the materials used, the number of pairs of reinforcing ribs added, 
and their dimensions. The magnitude of the variable/indicates how 

the actual thickness of the caudal fin changes as the reinforcing ribs 
are added. This magnitude is affected not only by the sum of the 
thickness of the central plates and the reinforcing ribs but also by 
the amount of glue needed to paste them. 

Thus, in the caudal fin of type A, the central plate was fabricated 
with polyester and three reinforcing ribs of different shapes were 
glued on each side of the central plate. As we mentioned previously, 

Table 1 
Characteristics of the manufactured caudal fins. 

Type of caudal fin Structure No. of plate/pair of rib Material a [mm] b [mm] c[mm] d [mm] e[mm] / [mm] 

1 central plate 

3 pairs of ribs 

1 central plate 

2 pairs of ribs 

1 central plate 

2 pairs of 
reinforcing plates 

9 plates 

1 
2 
3 
4 

1 

2 
3 

1 

2 

3 

1-9 

Polyester 95 

95 

95 

95 

100 

100 

100 

100 

-
95 
76 
69 

-
64 
54 

85 

95 
38 
37 
36 
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34 
27 

50/35 
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13 
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11 

-
15 
9 
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0.84 
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Fig. 4. Scheme of the manufactured caudal fins. 

this configuration produces the rigidity of the caudal fin to vary in 
both horizontal and vertical directions. The caudal fin of type B con
sists of one central plate made with the first plastic type (I) and two 
reinforcing ribs of the same material mentioned before. The caudal 
fin of type C consists of one central plate manufactured with the 
second plastic type (II) and two reinforcing plates glued on each 
side of the central plate. Each of these four plates, manufactured 
with the first plastic type (I), has 5 stiffeners, two on the extremes 
and three on the central part. The extreme stiffeners have a width 
of 7 mm, and the central ones a width of 5 mm. With this configu
ration, that is illustrated with more details in Fig. 5, the resulting 
caudal fin is elastic, but actually, the entire surface has a constant 
and fixed rigidity. 

On the other hand, the structure of the caudal fin of type D dif
fers from the rest. This caudal fin is the only one that does not 
have reinforcing ribs and consists entirely of 9 plates of identical 
shape, made with the first type of plastic (I), and glued together. 

Fig. 6. Testbed set-up. 

Therefore, this type of caudal fin turns out to be very inflexible and 
does not present changes in the stiffness in both horizontal and 
vertical directions. 

Fig. 5. Scheme of the Ctype caudal fin. 

3. Experimental evaluation 

To evaluate the performance of the proposed actuator with the 
different types of caudal fins, various experiments were carried out 
in both laboratory and natural conditions. 

3.1. Laboratory tests 

To simulate the field conditions in a lab controlled environ
ment, a testbed was designed and implemented (see Fig. 6). It 
consisted of a tank, a model of the swimming device where 
the proposed actuator was installed, and a balance element. 
Since for the field experimentation stage a small ship had been 
selected as a swimming-on-surface device, a model of this small 
ship was utilised (see Fig. 7). Nevertheless, note that this model 
could also represent the robotic fish's body or any other swim
ming device. The physical dimensions of the built tank were 
750 mm x 750 mm x 2100 mm. The walls of the tank were con
structed from Plexiglass, enabling visual inspection of the ship 
model. The tank was filled with water until a depth of 300 mm. 
The model of the ship was located inside the tank and connected to 
a balance element by means of a nylon thread. In order to reduce 
the influence of the friction at the inflection, the thread was passed 
through a pulley with ball bearing. The balance element rested 
on a scale in order to measure and record its mass during the 



Fig. 7. Actuator installed in the model of a small ship. 

experiments. When the motor was energised, the caudal fin started 
its motion and consequently, the ship began to move forward as 
much as the free length of the nylon thread allowed it to. After 
that, the nylon thread was pulled, and the load mass of the bal
ance element on the scale decreased. The difference in the weight 
of cargo was equal to the tension force on the nylon thread. In the 
course of the experiment the value of the voltage (Li) supplied to 
the motor, the amperage (/) and the frequency (fr) of motion of the 
caudal fin were fixed. 

Throughout the laboratory experiments, the dynamics of water 
circulation during the oscillation of the caudal fin was observed. In 
the movement of a rigid caudal fin (such as the D type), the mass 
of water is distributed in all directions, i.e. in the both directions, X 
and Y, as shown in Fig. 8. As can be seen, the rigid model pushes the 
water in all directions, although the main function of caudal fins 
should be the movement of water along the X-axis. 

When the motion of an elastic caudal fin (such as the B type) 
is produced, a push from the water occurs, and consequently an 
increase of traction takes place (see Fig. 9). This happens because 
the stiffness of the elastic caudal fin is changing in the X direc
tion. However in this case, there is also a disadvantage. As in the 
rigid model, a part of the water mass is scattered in the Y direc
tion, because the stiffness of the caudal fin in this direction is not 
changed and the edge of the caudal fin remains straight. 

At low frequencies, the caudal fins oscillate as shown in 
Fig. 10(a), which we will call first form of oscillation. With an incre
ment of the tail-beat frequency, the form of fluctuations varies, 
forming larger oscillations, as shown in Fig. 10(b). It was observed 
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Fig. 9. Motion dynamics of flexible devices. 
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Fig. 8. Distribution of the mass of water for the motion of a rigid caudal fin. 
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Fig. 10. Forms of oscillations: (a) First form, (b) Second form. 

that an intermediate form of oscillation of the central plate 
precedes (Fig. 11) a transition to the second form of the oscillation 
(Fig. 10(b)). 

Thus, during the laboratory studies, a most efficient design of 
caudal fin was developed. Moreover during the preparation of the 
different types of caudal fins it was found that two factors have to 
be taken into account: 

• The central plate must be made from an elastic material. For sam
ple A, polyester was used for the central plate, while reinforcing 
ribs were made of elastic plastic of type II. In this case, a "water 
flow" is created (see Fig. 12) because the edge of the caudal fin 
becomes convex in shape, and the lateral ribs are inclined and do 
not allow water flow to move in the Y direction. 

• Caudal fin should have a variable stiffness. In this way, the model 
pushes against the water, which helps to increase the traction 
force. 

Caudal fin of type A was made taking into account these two 
factors and showed to be the best of all the tested caudal fins. 

In the first phase of laboratory tests, the characteristics of the 
four manufactured caudal fins (Table 1) were studied. Each exper
iment was repeated ten times in order to obtain the mean values 
that are plotted in the all the graphs. Fig. 13 shows the plots of the 
tension force of the nylon thread (thrust force) depending on the 
applied power and the tail-beat frequency. It is important to note 
that before beginning the study of the different parameters of inter
est, we experimentally determine the range of tail-beat frequencies 
that can be used without experiencing a failure in each caudal fin. 
Thus, for each caudal fin, the tail-beat frequency was increased until 
the failure occurred. These limit frequencies were used in the lab 
experiments carried out. To obtain the results shown in Fig. 13, 
the mechanical drive was adjusted to provide a maximum opening 
angle of 21°. Quite interesting is the case of the sample D. Observe 
that for this rigid sample, as the applied power increases, there is a 
slight increase of the tension force. However, at the applied power 
of 5.5 W, caudal fin moves to the second form of oscillation and as 
the voltage applied to the motor increases, the useful force and the 
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Fig. 11. Intermediate state of the working element. Fig. 13. Thrust force as function of the applied power and the tail-beat frequency 
for an opening angle of 21° of the caudal fin peduncle. 
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Fig. 12. Working state of the caudal fin. 

power fall. Further increase in voltage leads to a slight increase in 
the useful power with an appreciable increase in applied power. 

Similar patterns are observed for the elastic model B. The shift 
to the second form of oscillation occurs when a power of 6.5 W is 
applied. This process is accompanied with an increased thrust force 
while the power supplied is reduced. Then, the power together 
with the thrust force, fall simultaneously, and after that, the power 
begins to rise again. Thus, a "loop" is formed in the graph. Fur
thermore, in this case, during the transition to the second form of 
oscillation, the caudal fin beat frequency grows almost linearly. For 
samples A and C the shift to the second form of oscillation was 
not observed. Thus, such a transition to the second and subsequent 
modes of oscillation occurs at higher frequencies. The plots of the 
dependence become nearly linear. It is clearly seen that sample A, 
by its characteristics, is 2 times more efficient than sample C. 

Fig. 14 shows the plots of the relationships between the thrust 
force, the applied power, and the tail-beat frequency for a max
imum opening angle of 27°. The same behaviours that were 
previously studied are observed now for the new opening angle. 
Let us consider the characteristics of sample B in Figs. 13 and 14. 
It can be seen that the smaller the opening angle, the faster the 
caudal fin shifts to the second form of oscillation with both a lower 
thrust force and a lower applied power. It should be noted that the 
shift onto the second form of oscillation in both cases occurs at a 
frequency of about 15 Hz, so, in the aquatic environment, a second 
form of oscillation is most likely for this particular sample of caudal 
fin [23]. Switching to another form of oscillation will be accompa
nied by a loss of both thrust force and applied power. Studies were 
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Fig. 14. Thrust force as function of the applied power and the tail-beat frequency 
for an opening angle of 27° of the caudal fin peduncle. 

carried out for different opening angles: 18°, 21°, 27° and 37°. In 
this way, the most effective type of caudal fin was found experi
mentally and it turned out to be the sample of type A. In this type 
of caudal fin, the stiffness decreases from the end fixed to the drive 
to the free end, and at the same time, it varies from the top and 
bottom edges to the middle part. Moreover, polyester was used for 

the manufacture of its central plate (Fig. 15(a)). We used this mate
rial, because during testing it was found that the central plate was 
affected by high cyclic loads, which led to the failure of the central 
plate in areas of stress concentration, i.e. in places with absence of 
the additional lateral reinforcing ribs (Fig. 15(b)). In this regard, we 
decided to use Polyester in the central plate, in order to increase the 
workloads without experiencing a failure of the working element. 
As a result, this type of caudal fin showed the best performance of 
all the tested caudal fins. 

In the next stage of this work, the optimal opening angle for the 
caudal fin of type A was determined experimentally. So, a caudal 
fin of type A was selected as the working element. Fig. 16 shows 
the relationship between the thrust force, the applied power and 
the tail-beat frequency, for different opening angles. 

The figure shows that the larger the opening angle is, the more 
power must be applied. When the opening angle is 37°, an increase 
in the thread tension force is accompanied by a noticeable increase 
in power. With a reduction of the opening angle, it is possible to 
achieve the same values of thread tension by applying a lower 
power. With an approximate aperture angle of 21°, stabilisation 
occurs, i.e. for a given caudal fin, the ratio of the useful power versus 
the applied power is the best. Obviously, a further decrease in the 
angle would lead to a reciprocal increase of the applied power and a 
reduction in the thrust force. Note that for an opening angle of 37°, 
twice the power should be applied in order to get the same thrust 
force as for an opening angle of 18°. The tail-beat frequency also dif
fers approximately by a factor of 2. A high repeatability was attained 
in the measurements shown in Figs. 13,14, and 16. Consequently, 
a negligible standard deviation of the data was registered. 

On the other hand, the peak to peak amplitudes achieved by 
the tips of the different caudal fins were measured using the frame 
by frame projections obtained with a video camera running at 50 
frames per second. Fig. 17 shows the mean values of the ten mea
surements recorded at each frequency for each caudal fin with 
a/2 = 21°. Vertical bars represent the standard deviation. With the 
exception of the caudal fin of type D, all fins present a reduction in 
the tail-beat amplitude at high frequencies. 

Lastly, in order to determine the amount of noise generated 
by the caudal fins, a Briiel & Kjasr hydrophone of type 8104 was 
utilised to acquire their acoustic emissions (see Fig. 18(a)). The 
mechanical drive was properly isolated, reducing the sounds trans
mitted to the water. One of the most useful visual representations 
of audio signals is the sonogram, also called spectrogram, that is a 

Failures 

(a) (b) 
Fig. 15. (a) Caudal fin of A type, (b) Typical failures in areas of stress concentration. 
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Fig. 18. (a) Briiel & Kjaer hydrophone - type 8104. (b) Propeller. 
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Fig. 16. Relationship between the thrust force, the applied power and the tail-beat 
frequency, for different opening angles of a Caudal Fin of type A. 

colour - or grey - scale rendition of the magnitude of the STFT 
(Short-Time Fourier Transform), on a 2D plane where time and 
frequency are the orthogonal axes. Therefore, the power at each 
time-frequency point is expressed by means of a colour. The result
ing spectrogram from the caudal fin of type A is shown in Fig. 19. 
Then, this result was compared with the acoustic emissions gener
ated by the propeller shown in Fig. 18(b). The propeller has a radius 
of 10 cm and during the experiments it was moved by a DC motor 
rotating with the same velocity that was used for the caudal fin. 

Fig. 19. Caudal fin spectrogram. 

Fig. 20 illustrates the spectrogram of the propeller when it is com
pletely submerged in the water. Fig. 21 displays the spectrogram 
of the propeller when it is partially submerged in the water. As is 
observed, the caudal fin produces lower noise than the propeller. 
This is especially true when the comparison is done with the pro
peller that is partially submerged in water. A primary source of the 
noise measured in this case is the phenomenon of cavitation where 
negative pressures occur as the propeller blades rotate, resulting in 
the formation of bubbles that subsequently collapse with a bang. 

CD 

0.04 

0.035 

0.03 

| - 0.025 
CO 

a 0.02 
CD 
Q. 

S 0.015 
CO 

£ 0.01 

0.005 • 

0-

\ \ 
• \ I 

\ \ \ \ 
J. — .J I 1 

• Caudal Fin A 
Caudal Fin B 
Caudal Fin C 

•-•-•Caudal Fin D 

, , , 

-

\ \ 

" 

10 15 
Frequency [Hz] 

20 25 

Fig. 17. Peak to peak amplitudes achieved by the tips of the different caudal fins. Fig. 20. Propellerspectrogram-the propeller is completely submerged inthe water. 



1.5 

0.5-

4 6 
Time [s] 

Fig. 21. Propeller spectrogram - the propeller is partially submerged in the water. 

3.2. Field tests 

For a full-scale testing in natural conditions, the designed actua
tor was installed in a small swimming ship (see Fig. 22). To achieve a 
rectilinear motion of the ship, a metal keel was placed at the bottom 
of its hull. This metal keel that acts as a ventral fin has a thickness of 
1.5 mm. The mechanical drive was adjusted to provide a maximum 
opening angle of 21 °. The experiments were carried out on the open 
water surface of a lake. Each experiment was repeated ten times in 
order to obtain the mean values that are plotted in the following 
graphs. Fig. 23 displays the velocities attained by the ship with each 
of the manufactured caudal fins for different tail-beat frequencies. 
Vertical bars represent the standard deviation. It can be seen that 
the highest velocities are attained by the caudal fin of type A. 

The swimming performance of the ship can be compared with 
real fish by evaluating the Strouhal number. The Strouhal number 
is a dimensionless measure of thrust optimality [24,25] and it is 
given by: 

St: 
fs -"M 

U (1) 

where fs is the tail-beat frequency [Hz], Aw is the wake width 
[m] (usually approximated as the tail-beat peak-to-peak ampli
tude), and U is the average forward velocity [m/s]. Typically, thrust 
increases with increasing Strouhal number, but efficiency peaks 
near 0.3. Triantafyllou et al. [25] concluded that, in oscillating foils, 
thrust development is optimal for a specific range of St (namely 
0.25 <St< 0.4). In their papers, [24,25], Triantafyllou et al. analysed 
twelve species (dolphins, sharks, some scombroids and other bony 
fishes) whose swimming kinematics were found in the literature 
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Fig. 23. Swimming speed vs. tail-beat frequency. 

and concluded that most of these swimming animals indeed swim 
in this interval. Then, it has been argued that fish likely evolved 
to swim in this narrow interval. The Strouhal numbers of the ship 
using the manufactured caudal fins are collected in Fig. 24. Vertical 
bars represent the standard deviation. The results are quite differ
ent depending on the type of caudal fin. For frequencies lower than 
6.5 Hz, the caudal fins of both types, A and D, exhibit a Strouhal 
number that falls within the optimal range. Moreover, the caudal 
fin of type A exhibits a Strouhal number of around 0.3, that coincides 
with the efficiency peak. Therefore, it is possible to conclude that 
with these types of caudal fins, the performance is in the fast effi
cient swimming category. This is mainly due to the large tail-beat 
amplitudes and high speeds achieved with these types of caudal 
fins. At frequencies higher than 12.5 Hz, the caudal fin of type A 
switches to its second form of oscillation, which leads to a reduc
tion in the thrust force, while the caudal fin of type D experiences 
a failure. On the other hand, the Strouhal numbers for the caudal 
fins of types B and C do not fall within the optimal range, and con
sequently, the performance is not in the fast efficient swimming 
category. 

Another important parameter is the Froude number [20], given 
by: 
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Fig. 22. Prototype of the ship with the proposed actuator. Fig. 24. Strouhal number vs. tail-beat frequency. 
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Fig. 25. Froude number vs. tail-beat frequency. 

Fig. 26. Prototype during a field test. 

where g is the acceleration due to gravity (9.8 m/s2) and L is the 
characteristic length of the ship. The Froude number is a measure of 
maneuverability, and it represents the ratio of inertial force to grav
ity force in the flow [26]. Fig. 25 shows the experimentally obtained 
results for the different types of caudal fins. Vertical bars represent 
the standard deviation. It can be seen that the caudal fin of type A 
exhibits a better maneuverability than the rest of caudal fins. 

Fig. 26 proves that when the prototype is moving in a flat surface 
of water, a noticeable water edge is produced as also a significant 
disturbance of the mass of water behind the stern, which is a clear 
evidence of the high velocities obtained. 

4. Conclusions 

A mechanical actuator for the biomimetic propulsion of swim
ming devices and the experimental study of the effect of the caudal 
fin elasticity on the overall performance have been presented in this 
paper. In the proposed drive, the motor works at constant speed. 
Such an operation mode is the most efficient, because all motor 
power is spent only for the motion of the caudal fin. 

Laboratory tests, carried out for various caudal fins, showed that 
the samples should be made of elastic materials and with a vari
able thickness. Caudal fin of type A was made taking into account 
these considerations and showed to be the best of all the tested 
caudal fins. In this kind of caudal fin the stiffness decreases simul
taneously from the fixed end to the free end and from the top and 
bottom edges to the middle part. Therefore, it is shown that a caudal 
fin has better properties when its rigidity varies in two directions: 
relative to the vertical cross-section and relative to the horizontal 
cross-section. The stiffness variation relative to the vertical cross-
section makes it possible to increase the efficiency of the operating 
member due to the fact that during operation in water the caudal 

fin bends and forces water backwards to a greater extent than to the 
side. The stiffness variation relative to the horizontal cross-section 
also increases the efficiency due to the fact that the operating mem
ber bends about the horizontal axis during its operation in water, 
which to a significant extent prevents water being forced upwards 
and downwards, and because of this increases the amount of water 
which is forced backwards. These two facts significantly increase 
the forwardly directed component of the force with which the cau
dal fin acts on the robot's body. Additional experiments were also 
addressed in order to determine the best opening angle of the cau
dal fins peduncles. 

The noise generated by a caudal fin of type A was recorded 
using a hydrophone and was represented by means of a spectro
gram. A comparison with the acoustic emissions from a propeller 
in different working conditions was also accomplished. The caudal 
fin demonstrated experimentally a less noisy operation than the 
propeller. 

Finally, some experiments were performed in natural condi
tions. For these tests, the proposed actuator was installed in a small 
ship. The swimming speed, the thrust efficiency and the maneuver
ability were evaluated with the different caudal fins manufactured. 
Caudal fin of type A exhibited the highest velocities. The Strouhal 
number achieved with this type of caudal fin confirms that its per
formance is in the fast efficient swimming category. The Froude 
number also indicates its better maneuverability in comparison 
with the other types of caudal fins. 
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