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Abstract The following paper presents the design and
fabrication of an ostraciiform swimming robot and its nav-
igation control and guidance system. Compared to other
biomimetic vehicles, the chosen architecture has a lower
propulsive efficiency but is easier to waterproof and capable
to withstand greater pressures. To generate the alternating
motion of the robot bio-inspired thruster, namely a plane
fin, a transmission system was designed to replace the direct
drive widely adopted in underwater biomimetic vehicles.
The mechanical efficiency of two alternative mechanisms
capable to actuate the fin were computed according to a
preliminary sizing of the robot and its targeted swimming
performances. Therefore, the more suitable solution was
manufactured and installed aboard. At the same time, a
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proper navigation, guidance and control architecture (NGC)
was designed and then integrated in the robot main con-
troller. The proposed solution allows the vehicle to perform
different missions autonomously once their profiles are
received from the base station. Preliminary tests results and
future works are discussed in the final conclusions.

Keywords Biomimetics · AUV · Swim mechanics ·
Robotic fish · NGC systems

1 Introduction

In the field of Autonomous Underwater Vehicles, AUVs,
biological inspirations are sought after and then adopted
as part of the ongoing search for technological improve-
ments, specifically in terms of maneuverability and thrust
efficiency. Fish, in fact, are generally faster than tradi-
tional AUVs, both in terms of absolute velocity and relative
velocity (normalized with respect to their body length,
BL) [1]. Furthermore, biological systems turnabout maneu-
vers are characterized by a normalized radius of curvature
R/BL lower than one, while AUVs belong to the range
2<R/BL<6 [1]. Finally, the Cost of Transport (COT), which
measures the energy spent to swim at a given speed, is signi-
ficantly lower in marine animals with respect to AUVs [1].

The possibility to replicate successfully the various
swimming modes that fish evolved in thousands of years
depends from the understanding of the fluid mechanics prin-
ciples applied to marine animals’ locomotion as well as
from the capacity to construct suitable actuation and control
systems.

According to swim mechanics, a propulsive thrust origi-
nates by the momentum transfer due to the relative motion
between the body of the fish and the surrounding water
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[2]. In Body and Caudal Fin (BCF) locomotion, the body
of the fish is bent by the passage of a propulsive wave
that propagates backwards and faster with respect to the
swimming velocity, up to the caudal fin. Breder’s classifica-
tion [3] further expands BCF locomotion in five swimming
modes according to the percentage of the fish body that par-
ticipates to thrust generation, Fig. 1. While anguilliform,
sub-carangiform, carangiform and thunniform are undula-
tory modes, ostraciiform is a pure oscillatory swimming
mode. The portion of the fish body bent by the passage
of the propulsive wave shrinks going from anguilliform to
thunniform, at the expense of maneuverability. On the con-
trary, efficiency is maximal when the propulsive wave is
confined to the rigid caudal fin of thunniform swimmers
[4]. Finally, in ostraciiform locomotion, thrust is generated
by the pure oscillatory rotation of the caudal fin; this mode
is associated to the lowest efficiency among BCF swim-
mers (50%), while the propulsive efficiency of small UVs is
under 40% [5].

Several examples of bio-inspired AUVs can be men-
tioned and a complete review is given in [6]. The first
biomimetic robotic fish were the MIT RoboTuna [7] and
Hirata’s RoboPike [8], manufactured in 1995. Both these
robots used a serial N-joint mechanism to bend their tail
and generate thrust. A few years later, Draper Institute
created the fully autonomous Vorticity Control Unmanned
Undersea Vehicle (VCUUV) [9] that employs hydraulic
actuators to drive the multi-link mechanism in its tail. In the
early 2000s, Fukuda et al. developed a new series of biomi-
metic underwater micro robots using Ionic Polymer-Metal
Composites (IPMC) as tail actuators [10]. In 2008, Victoria
University tested a biomimetic robot propelled by a contin-
uously flexible tail bent by Shape Memory Alloys (SMA) [11].
At the same time, Kodati et al. manufactured the ostraci-
iform robotic fish MARCO [12]. One year later, Alvarado
et al. tested the swimming performances of compliant fish-
like robots [13]. A similar design was used by Stefanini
et al. [14] and Kruusmaa et al. [15] a few years later.

The aim of the present work is to design a bio-inspired
underwater vehicle exploiting the principles of fish swim
mechanics as well as to integrate a suitable navigation, guid-
ance and control system that allows the robot to perform
tasks autonomously. On the basis of the aforementioned
studies, main drivers of the project are:

i To design an underwater vehicle inspired to the swim
mechanics of ostraciiform swimmers. As stated before,

ostraciiform locomotion is not the most efficient mode
but the mechanical system that realize such kind of
propulsion, consisting in an oscillating caudal fin, is
simple, cheap and easy to replicate. Furthermore, it may
represent a basic module that can be used to design
more complex bio-inspired propulsion systems such as
multi-segmented tails.

ii To generate the alternating motion of the fin by means
of a transmission system that converts the continu-
ous rotation of the drive in a harmonic oscillation; in
this way, the effort required to the control system is
reduced, being sufficient a constant velocity setting for
the motor. On the other hand, a direct drive connected to
the tail would require position control in order to realize
a sinusoidal motion.

iii To design a control system that allows the robot to
perform different missions autonomously and to man-
age various types of payloads (sensors, communication
device, actuators and so on). Since these requirements
demand a high degree of modularity and abstraction,
the multi-agent architecture was chosen to design the
system.

After a brief recall on the alternative architectures
employed to design a robotic fish, Section 2 introduces
the preliminary design of the robot based on its mission
targets. Section 3 is dedicated to the actuation systems
designed to drive the caudal fin; the authors devised two
different transmission mechanisms and an analysis of their
respective features and is presented is this paper. The NGC
system developed and integrated in the robot is described in
Section 4, while its mechatronic design and the experimen-
tal tests are shown in Section 5. Finally, Section 6 discusses
the conclusions and presents future works.

2 Preliminary Sizing

As stated in the previous section, thrust generation in BCF
locomotion is due to the passage of a propulsive wave
along the posterior, flexible part of the fish body. According
to Lighthill’s elongated body theory [16], the lateral dis-
placements exhibited by the bodies of slender fish can be
approximated by the following formula:

ybody (x, t) =
(
c1x + c2x

2
)

sin (kx + ωt) (1)

Fig. 1 BCF oscillatory and
undulatory swimming modes [3]
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where k = 2π/λ is the wave number and ω = 2πf

is the undulating pulse. Given the slenderness hypothe-
sis, the former expression best suits to anguilliform and
sub-carangiform locomotion. A modified theory was also
provided by Lighthill to account for large lateral body
motion in carangiform and thunniform swimming [17].

In order to comply with the aforementioned theory, three
alternative ways to design a robotic fish have been identified
and exploited in the last two decades, as showed in Fig. 2 [18].

The “oscillating plate” design (Fig. 2a) consists of a rigid
hull and an oscillating plate connected to the body through
a revolute joint. Just like an ostraciiform swimmers, it has
a low propulsive efficiency; however, this architecture is
simple, inexpensive and its perfectly rigid body makes it
is much simpler to waterproof and capable of withstanding
greater depths. The robot shown in [12] is an example of
this style.

The “traveling wave” design method (Fig. 2b) aims to
produce a smooth and continuously flexible hull. Thrust is
produced by the undulatory motions traveling through the
whole body with an amplitude that increases backwards as
stated by expression (1). This style allows the design of
extremely small robots [10] and compliant robots such as
those in [13–15].

The “flapping wing” design (Fig. 2c) consists of an ante-
rior rigid head and a piecewise flexible tail driven by an
N-joint serial mechanism. Expression (2) is then respected
in a finite number of points only and different methods exist

Fig. 2 Robotic fish alternative design [18]: a oscillating plate, b
traveling wave, c wing

to optimize the relative length of the links [19, 20]. The
robots in [7–9] are examples of this style.

At this stage of development, the authors aim to design
an autonomous underwater vehicle capable to perform well-
defined missions for marine exploration, while exploiting
the principles of fish swim mechanics: particularly, it has to
navigate to a list of point of interest at 20–40 meters depth
and perform some actions. Then, among the aforementioned
architectures, the oscillating plate style was chosen due to
its simplicity to build and easiness to waterproof. Due to this
choice and according to [21], a 0.5 BL/s cruising speed is a
reasonable targeted velocity for an ostraciiform swimming
robot.

The vehicle main components are the cylindrical rigid
fore body and the tail section, where the caudal fin is con-
nected to the robot stern through a revolute joint. In a
previous work, the authors showed the existence of a lin-
ear relationship between the cylinder radius and the caudal
fin average height, opening the possibility for a parametric
sizing of the vehicle [22]:

R = λHav λ = f (St, θ0, ηh) (2)

where R is the fore body radius, Hav is the average height
of the fin and λ is a function of the Strouhal number, the
oscillating amplitude θ0 and the ostraciiform swimming
efficiency ηh. For a BCF swimmer, the Strouhal number is
a dimensionless parameter defined as follows:

St = f A
U

A = 2B sin θ0
(3)

where U is the average swimming speed, f is the caudal
fin flapping frequency and A is the wake width, normally
approximated as the amplitude of a fin stroke by means of

Fig. 3 Geometry of the caudal fin
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Table 1 Caudal fin geometry and inertia

Material: 6060 Aluminum alloy

H1 [mm] H2 [mm] B [mm] b [mm] m [kg]

150 210 215 70 0.166

its total length B [12], Fig. 3. Thrust generation in oscillat-
ing foils is optimal when the Strouhal number falls inside
the 0.25 ÷ 0.35 interval [23]. Therefore, once a project value
for St is chosen inside the prescribed interval, while θ0 and
ηh are opportunely set, the caudal fin geometry and flap-
ping frequency are consequently determined as a function
of the cylinder radius and the targeted cruising speed. The
procedure followed by the authors to obtain expression (2)
is detailed in the final Appendix.

The body radius lower bound is set by the payload housed
in the fore section. The largest components are the robot
battery pack and its main controller, namely a National
Instrument myRIO board. Since the transversal section of
this device is a 90 mm × 25 mm rectangle, the fore body
radius was set to 60 mm. Therefore, according to expres-
sion (2), where the amplitude of the oscillation θ0 is chosen
equal to 15◦ to prevent flow separation [18], the caudal fin
average height is equal to 170 mm. Table 1 summarizes the
fin geometry and inertia. Regarding its kinematics, a 1.67
Hz oscillation frequency results from expression (3).

3 Actuation Design

As discussed in [21, 22], the optimal motion law for the fin
of an ostraciiform swimmer is of the type:

θ = θ0 cos (2πf t) (4)

The most common solution adopted to generate a motion
law similar to the former expression is by way of a rotary
electric servomotor that provides alternating displacements.
Therefore, position control is required to comply with
expression (4).

Two different solution was designed by the authors to
replace the rotary actuator with a transmission system that
converts the continuous rotation of the drive into a harmonic
oscillation. The first mechanical system able to generate a
motion law much similar to expression (4) is the Scotch-
Yoke mechanism shown in Fig. 4. The input rotation angle
ϕ = ωt of the motor is transformed into harmonic oscil-
lation θ(t) of the output member, which is fixed with the
caudal fin. The output angle θ and the motor rotation ϕ are
related by the expression:

tan θ = h

L
cos ϕ (5)

Fig. 4 Scotch-Yoke mechanism

where h and L are the geometric parameters outlined in
the kinematic scheme of Fig. 5. Expression (5) leads to the
following velocity law:

θ̇ = −
(

hL sin ϕ

L2 + h2 cos2 ϕ

)
ω (ω = ϕ̇) (6)

Expression (5) slightly differs from Eq. 4, being the
angle θ the argument of a tangent function; nevertheless,
it results easy to demonstrate that Eq. 5, as well as Eq. 6,
can be approximated to a pure sinusoidal function ifh/L =
tan θ0 � 1. Since for θ0 equal to 15◦ it resultsh/L �
0.27, the approximation is reasonable and the following
simplified kinematic laws can be considered:

θ = h
L

cos ϕ θ̇ = −
(

h

L
sin ϕ

)
ω

θ̈ = −
[(

h

L
sin ϕ

)
ω̇ +

(
h

L
cos ϕ

)
ω2

] (7)

The second mechanism, which exactly replies the fin
motion obtained with the Scotch-Yoke mechanism, is based
on a spatial cam kinematic joint. This device is known in
literature [24] but, to the best of the authors’ knowledge,
it was never adopted to actuate the tail of an underwater
biomimetic robot. In such a mechanism, as shown in the

Fig. 5 Cam-like mechanism kinematic scheme
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CAD model of Fig. 5, a driving disk A has a drive-sphere
B that engages in a rectangular groove in a driven member
C. The output shaft is rigidly connected with driven mem-
ber C and is capable to pivot freely in a support block D.
With the new meaning of the geometrical parameters h and
L, defined in the kinematic scheme of Fig. 5, Eqs. 5 and 6
still holds; therefore, at the same condition for the ratio
h/L, approximated motion laws (7) are still acceptable for
the present kinematic solution. By means of these solutions,
the position control required to comply with expression (4)
is replaced with a constant velocity setting imposed on the
drive, at least during cruising speed navigation.

It is here presented a simple analytic hydrodynamic
model used to estimate the torque acting on the motor shaft
due to the fin oscillation at a certain frequency. The total
torque T due to the external loads, computed with respect
to the fin shaft, is composed by three terms:

Ttotal = Tdamp + Tf in + Tam (8)

The term Tam is due to the acceleration of the added mass
of water surrounding the fin, Tdamp is the effect of the drag
force that is opposed to the fin motion, while Tf in represents
the torque component given by the inertia of the fin. This
various terms in the former equation are computed accord-
ing to the expressions provided in the final Appendix of the
present paper.

Equation 8 can be recomputed with respect to the driving
shaft angular velocity and acceleration by means of Eq. 7
and by applying the work-kinetic energy theorem:

Ttotal θ̇ = Ttotal

(
h

L
sin ϕ

)
ω = Tmotorω (9)

Equation 9 demonstrates that the application of a trans-
mission system like those proposed in this paper, introduces
a gear ratio proportional to h/L which in turns is equal to
the tangent of the fin oscillation amplitude θ0. Therefore, as
stated before, it results h/L � 0.27and the same factor is
applied to the torque sensed by the motor, which allows the
selection of a smaller drive.

The former conclusion applies to both the Scotch-Yoke and
the cam-like mechanism. Figure 6 shows the torques sensed by
the motor when friction forces are applied to the joints. Table 2
summarizes the dynamic friction coefficients introduced in
the analytic models of the transmission mechanisms.

Compared to the frictionless transmission system, the
mechanical efficiency of the cam-like mechanism is 79.2%,
while the corresponding value for the Scotch-Yoke solution
is lower, namely 70.6%, due to friction losses in the pris-
matic joints and in the coupling box. In the same way, the
maximum torques sensed by the drive when the proposed
solutions are applied to the fin shaft, are respectively 9%
higher for the cam-like mechanism and 17% higher for the
Scotch-Yoke.
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Fig. 6 Total torque sensed by the motor

A further comparison is carried on by analyzing the pro-
posed solution from a manufacturing point of view. Figure 7
shows a virtual prototype of both mechanisms: compared to
the cam-like transmission, the Scotch-Yoke solution is:

i Less compact: in fact, it results 25 mm longer in the
longitudinal direction (i.e. the robot roll axis), which in
turns, considering the tail cross section, corresponds to
a + 4% of the vehicle total mass in water (calculated
according to a preliminary assessment of the vehicle
volume required to house the onboard payload).

ii More expensive: due to a larger number of parts and
components. Furthermore, the cost to purchase com-
mercial prismatic joints grows quickly when their size
falls under 8–10 mm.

iii Harder to manufacture: in order to prevent the risk of
vibrations in the prismatic joints, their rails must be
carefully aligned.

According to the previous considerations, the cam-like
mechanism was used as the fin transmission system while
a 12 V DC brushed motor with a 70:1 gearbox was cho-
sen as its drive. This gear ratio allows the motor to operate
near the highest efficiency condition (https://www.pololu.
com/product/2825).

Table 2 Caudal fin geometry and inertia

Scotch-Yoke mechanism

Pin (steel) – Slot (PTFE) 0.09

Prismatic Joints 0.25

Coupling box 0.18

Cam-like mechanism

Sphere (steel) – Groove (PTFE) 0.09

https://www.pololu.com/product/2825
https://www.pololu.com/product/2825


186 J Intell Robot Syst (2018) 91:181–192

Fig. 7 Scotch-Yoke mechanism (upper drawings) and cam-like mech-
anism (lower drawings) CAD assemblies

4 Navigation Guidance and Control System

The low level fin system, already described in the previous
Sections, is governed by the fish NGC structure in order to
allow the robot to perform different missions autonomously.
Furthermore, the global NGC system has to manage var-
ious types of payloads (communication devices, sensors,
actuators). Since these requirements demand a high degree
of modularity and abstraction, the multi-agent architec-
ture was chosen. Because of a lack of access to satellite
systems while the robot is under water and the require-
ment to have a low-cost and stand-alone platform that does
not rely on precise but costly solutions like the acous-
tic localization devices largely employed in the underwater
environment, the navigation system is a critical aspect of the
work proposed by the authors.

The type of mission that this vehicle has to perform at
this stage of the development is the execution of a well-
defined mission for marine exploration, expressed by means
of a list of point of interest to navigate to and actions
to perform. Therefore, the vehicle does not need complex
planning capabilities.

AUVs typically proceed by dead reckoning for long inter-
vals, relying only on the information provided by on-board
sensors. Allotta et al. [25, 26] proposed an underwater
navigation system, developed inside the ARROWS project,
that exploits the measurements from various sensors and
relies on an unscented Kalman filter (UKF) or an extended
Kalman filter (EKF) for the state estimation. The measured
quantities are processed while the vehicle navigates in dead
reckoning to approximate its dynamics. These results are
then used to compute the motor control signals: the thrusts
produced by the motors allow the vehicle to follow the
desired dynamics while the sensor suite provides the real
physical outputs to be used in the UKF-based or EKF-based
navigation system.

In order to perform different type of missions for differ-
ent activities related to underwater research, the designed
vehicle must be able to manage different type of payload,
such as sensors, underwater communication devices, actua-
tors or manipulators. In order to satisfy the former require-
ments, the robot mechatronic architecture was designed as
a system characterized by a high degree of modularity and
abstraction, Fig. 8.

The intelligent control architecture of the bio-inspired
underwater robot described in this paper can be summarized
by its two main components: the Low Level and the High
Level, while the union of these two is the NGC system.

The NGC system communicates with the base station,
which has two main purposes: to create, modify and upload
a mission (the mission creator) and to remotely control the
AUV through a custom-made interface (the Remote User
Interface). The custom-made interface is used to perform
tests, initiate the mission and gather data.

The Low Level is made up by an array of devices con-
nected with the High Level through the industrial I2C bus.
There are two types of devices: commercial off-the-shelf
(COTS) devices, such as the Inertial Measurement Unit
(IMU) the Global Positioning System (GPS) and the depth
meter, and custom-made, such as the energy and thruster
manager. The custom-made devices have a minimum degree
of autonomy in case of emergency, which involves taking
the system into a safe steady state with a faster and pre-
dictable response to malfunctions (such as low battery or
water leaks inside the vehicle). This approach avoids sin-
gle point failures in the NGC system if there is a major fail
related to the High Level.

When a new device is attached to the shared bus, a mod-
ule of the High Level component is able to discover it and
communicate with it in a transparent way.

The High-Level component of the NGC system is based
on well-established techniques frequently adopted and
tested in AUVs as well as in remotely operated vehicles nav-
igation [27–30]. In addition, this component implemented
on a Linux Real-Time device (NI-MyRIO) follows the Multi
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Fig. 8 NGC hardware architecture of the robot

Agents System characterization theory (MAS) used by the
authors to model a home automation system [31]. This type
of approach allows to increase the system abstraction and
modularity, in order to design distributed entities (agents)
able to fulfill different tasks autonomously. The agents
(made as LabVIEW *.VI files) can read data and interact
with the Low Level devices through a Blackboard-type soft-
ware module that maintains synchronized all the data of
the NGC system. In the present work, these techniques are
simplified in order to make the vehicle components purely
reactive following the intelligent agent definition provided
by Wooldridge in [32]. The developed agents, in fact, lack
on proactiveness and social capabilities. Cognitive capa-
bilities are not required either for the type of missions

performed by the present vehicle but the control architecture
is ready to consider it as to connect with ROS compatible
robot agencies.

Simplification is also needed because of the on-board
hardware limitations. The software architecture comprises
five threads (one for each agent): navigation, guide, low level,
communication manager and log manager. Each thread
manages a specific section of the entire vehicle autonomy.
The modules are synchronized with each other in order to
allow for the exchange of messages and information, Fig. 9.

The navigation thread manages the different functioning
modalities: manual, automatic and emergency. The system
starts in manual mode, where the user can manually con-
trol and monitor the status of the robot like a ROV. If

Fig. 9 Multi-agents
architecture of the robot
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necessary, it is also possible to enable or disable the auto-
depth and auto-heading algorithms. The system changes
from manual mode to automatic mode when the start com-
mand is received. Once the automatic mode is active, the
mission executor processes the loaded mission. The latter is
described by many tasks and a mission timeout. When the
mission timeout is reached, the mission is over. Each task
has its own timeout and is arranged as a finite state machine.
A state is composed of a series of elements that allow the
system to perform cyclically repeatable actions, as well
as actions conditioned by the system status and its global
variables, like depth and heading, along with battery and
thrusters operative status. For example, one element of the
state structure represents a single vehicle moving action to
be sent to the guide module. Before processing the follow-
ing element, the mission executor waits for the end signal
from the guide module. The mission is editable and load-
able to the vehicle through a proper graphical user interface
(GUI) and it is exchanged and stored as a JavaScript Object
Notation (JSON) string. When all the states of a task have
been executed or the task timeout is reached, the mission
executor processes the following task. When the mission
reaches a timeout or all the tasks have been handled, the
automatic mode manages the surfacing action of the vehi-
cle. Once the vehicle is out of water, the system switches
to manual mode. If a critical condition is experienced, such
as low battery or a hardware failure, the mission terminates.
When the external emergency switch is triggered, the entire
system enters in emergency mode and any thruster is shut
down until the external switch is triggered again.

This module is executed with a period of 100 ms. The
reading and writing time, along with the transmission of
a message between different threads in the system are not
deterministic but they were estimated to be on the order of
10 ms during tests.

The guide module performs the commands sent from
the navigation module while sending a feedback. The guide
module also manages the auto-depth and auto-heading algo-
rithms. The module execution period is 100 ms.

The low level module communicates with the systems
connected with the low level bus (I2C) and keeps the sys-
tem status information up-to-date. In addition, the low level
module updates the status of all the connected devices that
the guide module has access to. This module is executed
every 10ms. Each device attached to the bus has a proper
read/write period that is a multiple of that of the module,
and is arranged to avoid overlapping with other requests
generated within a single module execution. The code is
developed with non-blocking criteria.

The communication manager communicates with the
base station primarily. Specifically, it transforms the infor-
mation received and transmitted through Wi-Fi or acoustic
modem and the real time telemetry data in a file format that
can be handled by the other software threads.

The final thread implements the log manager. It writes
the log files in different formats and saves them in a USB
pen-drive. These two modules are executed with a period of
100ms.

5 Vehicle Mechatronic Design and Testing

Economic constraints play a significant role in choosing the
size of a vehicle. Minimizing dimensions generally reduce
costs, but a lower bound exists due to the availability of the
necessary production equipment. Furthermore, electronic
and mechanical components become usually more expen-
sive as their dimensions shrink. Therefore, a compromise
choice has to be taken. In the present paper, the fore body
cross-section radius was chosen according to the housed
payload, as stated in Section 2. As a whole, the robot archi-
tecture consists of a two-module assembly: the body and the
tail.

The body is composed by an aluminum cylindrical pres-
sure hull, enclosed between two acetal neck flanges; a
Perspex dome closes the forward-most flange. In order to
prevent any water leakage, a double O-ring seal was created
between the flange and the dome. This module is 400 mm
long and the cylinder wall is 5 mm thick. The body houses
a vertical thruster ducted inside a low-drag shaped sail
manufactured by 3D-FDM technique. The propeller axis of
rotation passes through the center of buoyancy of the entire
vehicle in order to minimize the pitching moment during
depth changing maneuvers. In order to allow the robot to
steer and control its trajectory, two commercial horizontal
thrusters were fixed on the sides of the vehicle, aligned with
its roll axis. The aim of these components is to create a
pure yawing moment during forward navigation, to adjust
the robot heading. In future works, they will be replaced by
pectoral fins.

The body also houses the onboard electronics that con-
sists of a battery pack sized to complete a two-hour mis-
sion, the robot main controller (the NI myRIO), the IMU
and three Photon micro-controllers used to manage the fin
motor, the vertical and the horizontal thrusters. The Photon
board is based on the wireless connectivity for embedded
devices (WICED) architecture provided by Broadcom and
combines a STM32 ARM Cortex M3 microcontroller and a
Broadcom Wi-Fi chip.

The tail section consists of cylindrical cap obtained from
a POM/acetal block. The forward-most part of this mod-
ule is connected to the body by twelve bolted screws and
a double O-ring seal prevents water leakages between the
joining surfaces. A second Perspex dome closes the tail
section while allows inspections of the fin actuation system.
Finally, the tail hollow part houses the fin shaft, the cam-like
mechanism and its drive.
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As a whole, the vehicle is 600 mm long (or 800 mm
including the fin) and has a mass of approximately 6 kg. The
robot assembly was validated to safely reach 100 m without
water leakages or structural damages, Fig. 10.

Pertaining to the targeted swimming performances stated
in Section 2, the authors conducted various tests, in and out
of the water, in order to calibrate the ACS712 current sen-
sor they used to measure the current absorbed by the DC
motor and thus estimate the total torque acting on it. These
values will be also used to verify the analytic fluid dynamic
models found in literature. The following experimental set-
up was then arranged: the vehicle was immersed into a 2
m depth pool and a 100 rpm constant angular velocity was
imposed to the drive by means of a PID controller, corre-
sponding to the prescribed 1.67 Hz fin oscillation frequency.
The inertial measurement unit recorded a 0.42 BL/s aver-
age forward speed, while the targeted swimming velocity,
predicted by the model in [18], was 0.5 BL/s. A possi-
ble explanation was found by analyzing the motor current
absorption and its angular velocity: when it spins at 100
rpm, the continuous torque provided is 0.47 Nm, which
is higher than the maximum torque sensed by the motor
when dynamic friction is not applied to the joints, as shown
in Fig. 6. However, the maximum torque required to the
drive, when friction is computed into the model, rises close
to 0.5 Nm, which is higher than the maximum available
torque at 100 rpm. This evidence is supported by the angular

Fig. 10 Robot prototype

velocity read by the encoder: the motor actually slows down
near the angular positions corresponding to the maximum
values of the torque inside a cycle. Therefore, since propul-
sive thrust depends on the square of the drive angular speed,
it is reasonable to expect a decrease in the robot aver-
age swimming velocity. However, since the aforementioned
drop is limited to a small portion of the oscillation cycle,
namely ± 5◦ around the angular positions corresponding to
the maximum torque, and the dynamic model adopted by the
authors only predicts the average forward speed according
to the average propulsive power, it is tough to formulate a
quantitatively relationship between the drive angular veloc-
ity drop and the swimming performances. This result can be
achieved by measuring the propulsive thrust generated by
the fin, which is left to future works.

A further explanation could lie in an overestimated
ostraciiform swimming efficiency value, which depends
from both the fish body shape and the fin [12]. Since the
vehicle tail external shape is not optimized like the body of a
boxfish, it is reasonable to assume that the incoming flow is
disturbed by the shape corners of the hull joining elements
(flanges, screws) with a resulting reduction of the propulsive
efficiency.

6 Conclusions

AUVs propulsive efficiency and maneuverability can be
improved by studying fish swimming modes and locomo-
tion. Results analyzed on bibliography show that AUVs are
still far from reproducing the performances of biological
swimmers.

In the present work, a transmission mechanism was
designed by the authors to actuate the caudal fin of an
ostraciiform swimming vehicle. The proposed solution
reduces the effort required to the motor control system
because a constant angular velocity set, imposed to the
drive, replaces the non-linear position control of a direct
drive system such as a servomotor directly connected to the
fin shaft. The cam-like mechanism represents an inexpen-
sive solution, easy to manufacture, replicate and miniatur-
ize. Therefore, it can be used to actuate a simple biomimetic
robot or as a basic module applied to more complex bio-
inspired propulsion systems.

The aforementioned transmission mechanism was
designed according to a preliminary sizing of the vehicle
once the mission objectives and the targeted swimming per-
formances, namely the forward navigation velocity, were
opportunely set. The experimental tests conducted on the
robot showed a good correspondence between the predicted
values and the actual results. However, more work is still
to be done to correct the fluid-dynamic and multi-body
models adopted by the authors.
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Finally, a suitable NGC system based on the multi agents
system theory has been developed and integrated in the
robot main controller. The proposed system was success-
fully tested to manage the onboard electronics and the
mechanical devices during forward navigation missions. In
future works, the NGC system will be tested in a real case
scenario.

Appendix

A biomimetic robot swimming in a straight path at average
constant speed must generate enough thrust to balance the
hydrodynamic drag exerted by the fluid:

D = 1

2
ρwatercDAf U2 (10)

where ρwater is the density of water, U is the targeted swim-
ming speed and Af is the wetted frontal surface of the
vehicle. Appropriate values for the coefficient of drag cD

are function of the Reynolds number and are detailed in [33].
Therefore, in terms of power:

PD = 1

2
ρwatercDAf U3 (11)

According to the model provided by Tryantafyllou et al.
in [18], a propulsive thrust is generated when an oscillating
foil accelerates the equivalent added mass of water sur-
rounding it. Therefore, calling H(r) the height of the fin at
distance r from its oscillation axis, Fig. 3, potential theory
allows to express the water added mass per unit length Q(r)

as [34]:

Q(r) = ρwaterπH 2 (r) /4 (12)

As discussed before, the expression for the fin law of
motion is:

θ = θ0 cos (2πf t)

θ̇ = −2π
StU

2B sin θ0
θ0 sin (2πf t)

θ̈ = −4π2
(

StU

2B sin θ0

)2

θ0 cos (2πf t)

(13)

where the flapping frequency f was expressed in terms of
the Strouhal number St, the swimming speed U and the
fin length. Based on the scheme of Fig. 3, the total torque
Tam due to the elementary added mass forces dFam is thus
computed, with respect to the fin oscillation axis, by the
following expressions:

dFam = θ̈ rQ(r)dr = rθ̈
ρwaterπH 2(r)

4
dr (14)

Tam =
∫

f in

r dFam = ρwaterπ
H 2

av

4
B3θ̈ (15)

The expression of the average swimming power Pprop

during a period is finally obtained by multiplying the
ostraciiform swimming propulsive efficiency ηh and the
mean power required to accelerate the added mass of water
surrounding the fin. This expression is equalled to the
hydrodynamic drag power (11):

Pprop = ηh

(∣∣Tamθ̇
∣∣) = PD (16)

The substitution of expressions (13) in Eq. 16 leads to the
following sizing constraint:

Req = λHav λ = f (St, θ0, ηh) (17)

where Req is the frontal surface equivalent radius, Hav is the
average height of the fin and λ is a function of the Strouhal
number, the oscillating amplitude θ0 and the ostraciiform
swimming efficiency ηh, primarily set to 50% [2, 18, 22].

According to the model in [22], the first two terms of
Eq. 8 can be calculated as:

Tdamp = ρwatercdamp

2

⎛
⎝

B∫

b

Hr3dr

⎞
⎠ θ̇

∣∣θ̇ ∣∣ (18)

Tf in =
⎛
⎜⎝

s/2∫

−s/2

B∫

b

ρf in

(
r2 + s2

)
Hdrds

⎞
⎟⎠ θ̈ (19)

where cdamp is the plate drag coefficient, ρf in is the density
of fin and s represents the fin thickness.
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