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Abstract: Bio-inspired solutions devised for Autonomous Underwater Robots are currently investi-

gated by researchers as a source of propulsive improvement. To address this ambitious objective, 

the authors have designed a carangiform swimming robot, which represents a compromise in terms 

of efficiency and maximum velocity. The requirements of stabilizing a course and performing turns 

were not met in their previous works. Therefore, the aim of this paper is to improve the vehicle 

maneuvering capabilities by means of a novel transmission system capable of transforming the con-

stant angular velocity of a single rotary actuator into the pitching–yawing rotation of fish pectoral 

fins. Here, the biomimetic thrusters exploit the drag-based momentum transfer mechanism of labri-

form swimmers to generate the necessary steering torque. Aside from inertia and encumbrance re-

duction, the main improvement of this solution is the inherent synchronization of the system 

granted by the mechanism’s kinematics. The system was sized by using the experimental results 

collected by biologists and then integrated in a multiphysics simulation environment to predict the 

resulting maneuvering performance. 

Keywords: biomimetics; underwater robots; robotics; multibody systems; transmission systems;  

autonomous underwater vehicles 

 

1. Introduction 

The locomotion of aquatic animals has attracted the attention of biologists and engi-

neers for a long time, and the last thirty years have witnessed a significant growth in the 

study of the comparative biomechanics of motion through water. The attempts to design 

machines, such as autonomous underwater vehicles (AUVs) capable of moving similar to 

biological swimmers are inspired by the superior performance of marine animals and fish 

in terms of both efficiency and maneuverability. Several prototypes of bio-inspired robots 

can thus be mentioned, whereas an extensive review is presented in [1]. The possibility of 

exploiting the swimming modes that fish have evolved over thousands of years requires 

insight into the fluid mechanic principles underlying aquatic animal′s locomotion. Ac-

cording to swim mechanics, propulsive thrust is generated from the momentum transfer 

due to the relative motion between the fish body and the surrounding water. Figure 1 

illustrates the terminology used to identify morphological features commonly used in the 

literature. Most fish generate thrust by bending their bodies into a backward-moving pro-

pulsive wave that extends to their caudal fin, a type of swimming classified as Body and 

Caudal Fin (BCF) locomotion [1]. Other fish have developed alternative mechanisms that 

involve the use of their median and pectoral fins: these swimming modes are classified as 

Median and Paired Fin (MPF) locomotion. An estimated 15% of fish families employ non-

BCF modes as their primary motion system, whereas those that rely on BCF modes for 

propulsion employ MPF modes for maneuvering and stabilization [2]. 
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Figure 1. Fish morphological features commonly depicted in the literature. 

In the last few years, the authors of this work designed, prototyped, and experimen-

tally validated [3] a series of bio-inspired vehicles for both research and educational pur-

poses: the robot in [4] is driven by an oscillating plate shaped such as a caudal fin and is 

hinged to the rigid forebody; this is the least efficient locomotion principle among the BCF 

swimming modes [1]; however, since the number of moving parts is very limited, the re-

sulting system is inexpensive and easy to fabricate and seal. The search for higher propul-

sive efficiency has forced the authors to further improve their design by moving to the 

undulating tail presented in [5]: in the latter, the links of the transmission mechanism are 

driven by cam joints connected to a piecewise flexible shaft actuated by a single rotary 

actuator. The adopted swimming mode represents a compromise choice in terms of effi-

ciency and maximum speed for an underwater robot propelled by a biomimetic thruster. 

However, the requirements of stabilizing a course and performing stationary turns have 

not been met yet. As a matter of fact, the robot in [5] is able to swim following a straight 

path, whereas it lacks any capability to adjust its course as well as steer, under both sta-

tionary and dynamic conditions. Therefore, before moving to the prototyping and testing 

phases, the authors aim to fulfill those necessities by improving their design, which is the 

focus of this paper. Particularly, the purpose of this work is to present a bio-inspired ma-

neuvering device which exploits the momentum transfer mechanism of MPF locomotion 

to generate the steering torque. The system was designed so as to be integrated in the 

robot described in [5]; therefore, the final prototype will rely on BCF swimming modes 

for forward propulsion, whereas the pectoral fins will be deployed whenever a course 

correction is required. Ultimately, the concept that drove authors’ research since their first 

work [4] is to exploit the best opportunities offered by nature to improve the speed and 

maneuverability of AUVs. 

As stated before, MPF swimming modes are widespread among aquatic animals for 

maneuvering and stabilization; particularly, in labriform mode, the steering torque is gen-

erated through the pectoral fin motion. Two alternative oscillatory movement types were 

identified [6]: a rowing action based on drag forces and a flapping action due to lift gen-

eration similar to birds flying. In the former, the rowing action consists of two phases [6]: 

the power stroke of Figure 2a, where the fins move posteriorly at a high attack angle and 

high speed, and the recovery stroke of Figure 2b, where the fins are feathered at a near-

zero angle of attack to reduce resistance while they are brought forward at low speed. On 

the contrary, in the lift-based mode displayed in Figure 2c, the propulsive force is always 

normal to the direction of the fin motion; as a result, no recovery stroke is necessary. Ac-

cording to [6,7], the drag-based method is more efficient at low speeds, whereas lift-based 

maneuvering requires higher velocities to generate significant forces. Due to the necessity 

to perform even stationary turn maneuvers, drag-based momentum transfer mechanism 

was chosen by the authors of this work. 
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Figure 2. Pectoral fin kinematics during power strokes (a) and recovery strokes (b) in drag-based 

labriform locomotion; pectoral fin kinematics in lift-based labriform locomotion (c). 

According to the literature, the potential for building stabilization and maneuvering 

devices based on pectoral fins motion has already been investigated by biologists [8,9] and 

researchers in the underwater robotic field: in [10], two concave-shape fins were con-

nected to a servomotor arm sliding on a pair of parallel shafts fixed at the center of a pool. 

Due to the concave shape of the fins, the propulsive forces generated by the power strokes 

overcame the ones generated by the recovery strokes. The authors tested several fin-oscil-

lations angles, whereas the optimum oscillation range was obtained for each power-to-

recovery ratio in order to achieve the maximum thrust. Five values of the power-to-recov-

ery ratio were tested, and the maximum thrust was obtained for a moderate ratio of the 

power-to-recovery stroke, i.e., 3:1. A similar driving system was adopted in [11–13]: in 

[11], each pectoral fin was driven by a couple of servomotors. The authors employed this 

architecture to obtain different types of motion: rowing, flapping, and hovering. The per-

formance of the proposed solution was investigated experimentally by varying the fin 

flapping frequency and amplitude, and the optimal behavior was found as a function of 

the Strouhal number, a parameter commonly used to characterize flow–oscillation phe-

nomena. In [12], the authors reduced the number of servomotors by designing the fin 

driving system in a symmetrical way. Experimental tests were performed to examine two 

different maneuvering conditions: the steering force was initially generated through 

asymmetrical tail undulations, whereas the pectoral fins were kept still in the feathering 

position; later, both the tail and the pectoral fins cooperated with the turn maneuver, im-

proving the performance in terms of the turnabout radius and velocity. Turning charac-

teristics were also measured in [13], where a robotic fish was driven by two-degrees of 

freedom (DOF) pectoral fins. As in [12], the results of the numerical simulations and the 

experiments showed that the fastest turning speed was achieved when the robotic fish 

was cooperatively propelled by both the fins and the tail; the pectoral fins are capable by 

themselves to turn the robotic fish on the spot, but the resulting angular speed is the small-

est. Finally, an active–passive solution was devised in [14,15], where the second servomo-

tor was replaced by a flexible mechanism. Here, the authors presented a dynamic model 

for a robotic fish incorporating the proposed steering device. Experimental tests were per-

formed by varying the geometric and kinematic parameters of the fin motion, whereas the 

flexibility effect was also investigated by using different compliant joints. The obtained 

measurements ultimately showed that maximum efficiency was achieved, as the Strouhal 

number was within the optimal range reported in the literature and was observed by re-

searchers in the biological counterparts. 

The robotic fish in [10–13] adopted drag-based labriform locomotion for stabilization 

and maneuvering. Here, the yawing–pitching oscillation of the pectoral fins was driven 

by a couple of servomotors connected in series: the first one, attached to the robot fore-

body, drives the rowing rotation around the yaw axis of the vehicle; whereas the second 

one, connected to the pectoral fin, allows the latter to trim its attitude and is used for 

feathering. Although this solution is simple to manufacture, the main disadvantages of a 

direct drive are the number of motors and the necessity to synchronize their rotations to 

generate the yawing–pitching oscillation presented in [6]. Position control is then neces-

sary in order to comply with a non-linear function of time and to maintain the constant 
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phase shift between the fin rotation components. Moreover, each servomotor must be ac-

curately sealed, while watertight connections must be mounted both on the joint shafts 

and on the electrical cables, thus increasing the structure inertia, encumbrance, and pos-

sibility of failure. 

On the basis of the aforementioned factors, the aim of the present work is to design 

a novel transmission system driven by a single rotary actuator that is capable of driving 

the pectoral fins of the robotic fish [5] while exploiting the drag-based momentum transfer 

mechanism of labriform locomotion. Aside from inertia and encumbrance reduction, the 

main improvement of this solution is the inherent synchronization of the system, meaning 

left and right fins as well as their individual rotation components. In fact, the phase shifts 

and the oscillation frequencies will remain constant by the mechanical constraints of the 

transmission system. Waterproofing issues will also be minimal because the section hous-

ing the pectoral fin mechanism will be fully flooded and only one actuator will need seal-

ing. 

2. Materials and Methods 

The geometric and inertial features of the biomimetic robot designed in [5] were mod-

eled after a mackerel (Scomber Scombrus) [16]. Fish belonging to the Scombridae family 

possess a streamlined body with a homocercal caudal fin and can achieve the highest 

speed among BCF swimmers. As stated before, fish relying on BCF modes for propulsion 

employ MPF modes for maneuvering and stabilization. Inspired by nature, the aim of the 

authors was to successfully replicate this behavior in an artificial device. The final assem-

bly is a 2:1 scale of the biological mackerel: the robot is 800 mm long and its tail spans the 

last 300 mm. 

2.1. Mechanics of Drag-Based Labriform Swimming and Blade-Element Theory 

A complete analysis of the mechanics of drag-based labriform locomotion is beyond 

the scope of this work, and extensive reviews are presented in [17,18]. However, in order 

to size the transmission system devised in this paper, the following assumptions are nec-

essary [6]: 

1. Drag force is due to pressure drag only, whereas the effects of viscosity are negligi-

ble. 

2. During the power stroke, the distal two-thirds of the fin are perpendicular to the 

horizontal plane. 

3. The rowing rotation around the fish yaw axis is about 90 degrees. 

4. At the end of the power stroke, as the fin moves forward, its distal two-thirds form 

a small angle with the horizontal plane (about 10–20 degrees). 

5. The power stroke is about three times faster than the recovery stroke. 

6. A blade-element approach is used to analyze pectoral fin mechanics in drag-based 

labriform swimming. 

A schematic diagram showing pectoral fin positions and orientation during a beat 

cycle is shown in Figure 3a together with a typical blade-element during a power stroke, 

Figure 3b. Here, progressive numbers were used to show the consecutive positions of the 

fins during both power and recovery strokes. Blade-element theory is a mathematical pro-

cess originally conceived to predict the behavior of propellers: their blades are broken 

down into small parts and the forces acting on each one of these elements are calculated. 

These forces are then integrated along the entire blade and over one revolution in order 

to compute the thrust and torque produced by the entire propeller. In the same way, in 

this paper, the pectoral fins were broken down into small parts along the span direction: 

the relative velocity components between each of these small blade-elements and the sur-

rounding water were computed and used to calculate the resulting hydrodynamic forces. 

Finally, these forces were integrated along the fin span and over one beat cycle to obtain 

the produced work. 
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Figure 3. Geometry of power and recovery strokes: the fin was drawn thin during the power stroke 

and flat during the recovery stroke to show its perpendicular and parallel orientation with respect 

to the horizontal plane (a); blade-element kinematics [6] (b). 

The normal and spanwise components of blade-element velocities vn and vs in  

Figure 3b are: 

𝑣𝑛 = �̇�𝑟 − 𝑉 sin 𝛾 𝑣𝑠 = 𝑉 cos 𝛾 (1) 

where r is the distance from the base of the fin to the midpoint of a blade-element, V is the 

fish cruising velocity, whereas γ and its time derivative are the respective fin angular po-

sition and velocity with respect to the yaw axis. Therefore, the blade-element resultant 

relative velocity is: 

𝑣2 = �̇�2𝑟2 + 𝑉2 − 2𝑉�̇�𝑟 sin 𝛾 (2) 

The hydrodynamic angle of attack α in Figure 3b is computed as: 

tan 𝛼 =
𝑣𝑛
𝑣𝑠

=
�̇�𝑟 − 𝑉 sin 𝛾

𝑉 cos 𝛾
 (3) 

The normal force dFn and torque dMn due to pressure drag acting on a blade-element 

are expressed as: 

𝑑𝐹𝑛 =
1

2
𝜌𝑣2𝑑𝐴𝐶𝑛 𝑑𝑀𝑛 = 𝑟𝑑𝐹𝑛 (4) 

where ρ is the water density, dA is a blade-element wetted surface, and Cn is a normal 

force coefficient. This last parameter was experimentally measured in [6]: the normal force 

coefficient remains approximately constant at 1.1 when the attack angle varies between 40 

and 140 degrees. However, when angle α is smaller than 40 degrees, the normal force 

coefficient progressively decreases to zero following a nonlinear function of the attack 

angle.  

In labriform locomotion, the normal forces due to pressure drag are not the only 

mechanism of momentum transfer: added mass forces have almost the same impact, par-

ticularly during a power stroke. The added mass of a blade element can be computed as: 

𝑑𝑚𝑎 = 𝜌𝜋(𝑐 2⁄ )2𝑑𝑙 (5) 

where c is the chord of the fin at the midpoint of an element and l is its length. Therefore, 

the added mass force and torque can be expressed as: 

𝑑𝐹𝑎 = �̈�𝑟𝜌𝜋(𝑐 2⁄ )2𝑑𝑙 𝑑𝑀𝑎 = 𝑟𝑑𝐹𝑎 (6) 

Therefore, the steering torque generated by the motion of the pectoral fins is com-

puted as: 

𝑀𝑃𝐹 = ∫ (𝑑𝑀𝑛 + 𝑑𝑀𝑎)
𝐹𝐼𝑁𝑆

 (7) 
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2.2. Functional Design of the Transmission System 

As stated before, as a fin approaches the end of a recovery stroke, it turns around its 

span axis so that its final two-thirds form a high angle with the horizontal plane, preparing 

for the upcoming power stroke. Similarly, at the end of a power stroke, the fin twists in 

the reverse direction to align itself with the horizontal plane, preparing for the upcoming 

recovery stroke. Supported by the evidence that the power stroke is about three times 

faster than the recovery motion, the authors decided to split the fin-beat cycle into four 

phases characterized by the same duration: phase 1 is the power stroke, while the recovery 

stroke consists of the series of the remaining three phases. Here, the yawing rotation is 

continuous whereas the pitching motion is intermittent. Specifically: 

• Phase 1—the power stroke, Figure 4a: the pitching rotation is blocked, and the fin is 

kept perpendicular to the horizontal plane, while it spins about the yaw axis at high 

angular velocity. 

• Phase 2—feathering recovery stroke, Figure 4b: the fin turns around its pitch axis 

until it is flat on the horizontal plane; at the same time, it rotates slowly about the 

fish yaw axis in the opposite direction with respect to the power stroke. 

• Phase 3—main recovery stroke, Figure 4c: the rotation about the pitch axis is 

blocked and the fin is kept parallel the horizontal plane, while it continues to move 

slowly in the reverse direction with respect to the power stroke. 

• Phase 4—unfeathering recovery stroke, Figure 4d: the fin turns about its pitch axis 

until it is perpendicular to the horizontal plane; at the same time, the fin slows 

down along the last part of the rotation about the yaw axis, preparing for the up-

coming power stroke. 

 

Figure 4. Fin beat-cycle: power stroke: the fins are kept perpendicular to the horizontal plane as they 

rotate counterclockwise about the fish yaw axis at high speed (a); feathering recovery stroke: the 

fins turn around their pitch axis, flattening on the horizontal plane, as they slowly rotate clockwise 

about the yaw axis (b); main recovery stroke: the fins are kept parallel to the horizontal plane as 

they continue to rotate clockwise about the yaw axis (c); unfeathering recovery stroke: the fins turn 

around their yaw axis until they are perpendicular to the horizontal plane, as they complete the 

rotation around the yaw axis, thus returning in the initial position and configuration (d). 

Table 1 summarizes the kinematics of the pectoral fins based on the authors’ design. 
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Table 1. Fin kinematics according to the phases of Figure 4. 

- Power stroke Recovery Stroke 

Time Time 1 Time 2 Time 3 Time 4 

Yaw rotation Driven—fast Driven—slow Driven—slow Driven—slow 

Yaw angle γ 1 45° -> 135° 135° -> 108.5° 108.5° -> 71.5° 71.5° -> 45° 

Pitch rotation Blocked Driven Blocked Driven 

Pitch angle φ Trimmed at 90° 90° -> 0° Trimmed at 0° 0° -> 90° 
1 The computation of the provided values is shown in Section 3.1. 

As stated before, the transmission system presented in this paper drives the pectoral 

fins of a robotic fish by means of a single rotary actuator. The mechanism is composed of 

two parallel sub-systems, each of which is dedicated to one of the fin’s individual rota-

tions: pitching and yawing. Both sub-systems are driven by the same input shaft, which 

is connected to the rotary actuator. Finally, the sub-systems output shafts recouple right 

before the fins to generate their composite rotation about the pitch and yaw axis. 

Sub-system A converts the continuous rotation of the motor in the oscillation of the 

fins about the yaw axis, as shown in Figure 5a. The core of this solution is a quick-return 

mechanism, specifically an oscillating glyph: here, the oscillation amplitude was set to 90° 

to comply with the rowing amplitude of the fins in drag-based labriform locomotion. In 

this way, since the motor spins with constant velocity, the return rotation is three times 

faster than the forward rotation, perfectly matching the duration ratio between the power 

stroke and the recovery stroke. Furthermore, the fins are connected to the ends of the same 

shaft, which is perpendicular to the glyph output device: in this way, the fins rotate in the 

same direction, so the torques due to the normal forces have the same sign, summed up 

to generate a stronger steering moment. 

 

Figure 5. Sub-system A (a); Sub-system B (b). 

Sub-system B generates discontinuous rotation of the fins about their pitch axis: the 

core of this device is an intermittent mechanism, namely, a Geneva drive. Here, the input 

rotation is the same as a sub-system A, meaning that is provided by the motor. However, 

since the fins need to trim twice in beat cycle, right before and after the power stroke, the 

Geneva system must be arranged with two pins on the driving wheel and four spokes on 

the driven wheel, as shown in Figure 5b. 

3. Results 

Figure 6 shows the complete assembly of the transmission system designed to drive 

the pectoral fins: here, the input shaft, which is connected to the motor by means of a gear 

joint, drives both the oscillating glyph (sub-system A) and the Geneva wheels (sub-system 
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B). Shaft C, which is connected to the Geneva output device by means of a bevel gear joint, 

transmits the intermittent rotation of the driven wheel to fin shaft D through a third gear 

joint: in order to allow shaft C to follow glyph oscillations and maintain the required syn-

chronization between sub-systems A and B, shaft C was divided in two symmetrical parts 

connected by a homokinetic joint. The presence of the latter is necessary to transmit the 

driving torque while preserving angular freedom and a constant rotation velocity. In this 

paper, the authors employed Double Cardan joints in homokinetic configuration [19]. 

Homokinetic Double Cardan joints require a centering element that maintains equal an-

gles between the driving and driven shafts, as specified by the “homokinetic plane” ar-

rangement: particularly, in order to produce a constant-velocity transmission, the center-

ing element in the coupling must share the same plane of symmetry with the one between 

the input and output shafts, generally called the “homokinetic plane”; this plane must 

also contain the intersection of the axis of the joints forming the Double Cardan [19].  

Figure 7 shows the arrangement proposed in this paper, where the homokinetic plane 

coincides with the symmetry plane of each Double Cardan joint. Moreover, the centering 

element is composed of two parts that may slide, relative to each other, by means of a 

prismatic joint. In this way, the length of the centering element is passively adjusted as 

shaft C changes its configuration according to the glyph oscillations while maintaining its 

mid-section coincident with the symmetry plane of the coupling and fulfilling the men-

tioned requirement of constant rotational velocity. 

 

 

Figure 6. Transmission mechanism and pectoral fin complete assembly: frame (orange), rotary mo-

tor and input shaft (grey), sub-system A (dark blue), sub-system B (red), shaft C and Double Cardan 

joints (cyan), fin shaft D (pearl); front view (a), back view (b). 

 

Figure 7. Double Cardan joint assembly. 

3.1. Preliminary Analysis of the Transmission Mechanism 

Figure 8 shows the configuration of the oscillating glyph and the pectoral fins at the 

beginning of the power stroke. Here, length L measures 90 mm. Furthermore, according 
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to blade-element theory [6], the trapezoidal fins were divided in three parts, each of which 

is 30 mm long. Moreover, the fins have a constant taper ratio, where the outermost blade 

element is twice as broad as the innermost, measuring 100 mm at its tip. The relative ve-

locities of the midpoints of each blade elements, as well as their attack angles α, are then 

expressed by Equation (1), which was expanded here to account for the left and right fin: 

𝑣𝑛,𝐵 = �̇�𝑟 − 𝑉 sin 𝛾 𝑣𝑛,𝐹 = �̇�𝑟 + 𝑉 sin 𝛾 

𝑣𝑠,𝐵 = 𝑉 cos 𝛾 𝑣𝑠,𝐹 = −𝑉 cos 𝛾 

tan 𝛼𝐵 =
�̇�𝑟 − 𝑉 sin 𝛾

𝑉 cos 𝛾
tan 𝛼𝐹 =

�̇�𝑟 + 𝑉 sin 𝛾

−𝑉 cos 𝛾
 

(8) 

where subscripts B and F refer to the respective right, backward-moving fin, and to the 

left, forward-moving fin. 

 

Figure 8. Oscillating glyph at the beginning of a power stroke. 

The fin angular position γ and its time derivative during a fin-beat cycle can be easily 

computed as a function of motor rotation θ and its constant angular velocity ω:  

tan 𝛾 = −
ℎ + 𝑏 sin 𝜃

𝑏 cos 𝜃
 

𝑠2 = 𝑏2 + ℎ2 + 2𝑏ℎ sin 𝜃 

�̇� = 𝜔
𝑏

𝑠
cos(𝜃 + 𝛾) 

(9) 

where s, b, and h are the geometric features of the oscillating glyph shown in Figure 8. 

Finally, Figure 9 shows both the fin angular position γ and its pitch orientation ϕ 

driven by the Geneva mechanism as a function of motor rotation θ during a fin-beat cycle. 

 

Figure 9. Fin angular position and orientation in a fin beat-cycle. 
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By combining equations (8) and (9), the attack angles can be computed at the mid-

point of the fin blade-element during a power stroke when the fish swimming velocity 

varies from zero to 0.5 BL/s. Figure 10 shows that α has negative values at the beginning 

of the power stroke, when the fin angular velocity is rising from zero, as seen in Angelfish 

swimming [6]. As the fin angular velocity continues to rise, the attack angle quickly closes 

to the range [40–130°] where the normal force coefficient Cn is constant at 1.1, as stated in 

Section 2.1; alternatively, when α is less than 40°, Cn can be approximated by the following 

equation [6]: 

𝐶𝑛 = k sin 𝛼 k = 2.5 (10) 

These results will be used to calculate the steering torque in the upcoming multibody 

analysis. 

 

Figure 10. Attack angle α during a power stroke: right fin (a) and left fin (b); the values were com-

puted when the swimming velocity V was 0.125 BL/s (red), 0.25 BL/s (blue), and 0.5 BL/s (green). 

The markers on the curves refer to the innermost (circle), median (plus sign), and outermost (aster-

isk) blade-element. 

3.2. Multibody Analysis 

In order to predict the performance of the transmission mechanism presented in this 

paper, the authors employed the multiphysics platform developed and validated in pre-

vious works as a sizing and prediction tool devised to verify and optimize its design [3,20]. 

The backbone of this platform is a multibody model of the investigated robot: as a matter 

of fact, multibody techniques are particularly suited to a large class of bio-inspired under-

water robots due to their multi-joint rigid architecture. Additionally, the hydrodynamic 

loads, obtained through experimental investigations or predicted by means of computa-

tional fluid dynamic analysis, can be easily integrated in the aforementioned dynamic 

model in order to allow the analysis to account for their effect on the solution. 

Figure 11a shows a simple biomimetic robot, composed of a cylindrical forebody and 

a plane caudal fin, swimming in the surrounding water. Reference frame Σb, Ob–xbybzb is 

attached to the robot, whereas vector ν1 = [u v w]T expresses the velocity of the origin Ob 

in the body frame Σb; similarly, its angular velocity is represented by vector ν2 = [p q r]T 

[21]. 
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Figure 11. Cylindrical body subject to the hydrodynamic loads (red) and to the propulsive/maneu-

vering forces generated by the caudal and pectoral fins (blue) (a); robotic fish subject to the hydro-

dynamic and propulsive loads applied to the tail sections and to the rigid forebody (b). 

In this paper, the authors narrowed their analysis on plane motion: therefore, accord-

ing to the Newton–Euler formulation, the dynamics equations can be formulated as: 

𝑚(�̇� − 𝑣𝑟) = 𝑋 + 𝐹𝑇 

𝑚(�̇� + 𝑢𝑟) = 𝑌 + 𝐹𝐿 

𝐼𝑧 �̇� = 𝑁 +𝑀𝑇 +𝑀𝑃𝐹 − 𝑥𝐶𝐹𝐹𝐿 

(11) 

where m is the robot total mass and Iz is its z principal moment of inertia, computed under 

the hypothesis that frame Σb is coincident with the body central frame; finally, length xCF 

represents the distance between the frame origin Ob and the revolute joint connecting the 

caudal fin to the rigid forebody. The terms X, Y, and N on the right side of Equation (11) 

represent the hydrodynamic loads applied to a multibody system moving in the sur-

rounding fluid. In order to accurately compute those terms, the uncompressible flow Na-

vier–Stokes equations should be solved. Nevertheless, if the velocities are sufficiently low, 

most of the hydrodynamic effects have no significant influence on the resulting motion; 

furthermore, if the body features three planes of symmetry, the terms X, Y, and N can be 

linearized and replaced by the simplified expressions presented in the following equation:  

𝑚(�̇� − 𝑣𝑟) = 𝑋 + 𝐹𝑇 = −𝑋�̇��̇� − 𝑌�̇�𝑣𝑟 − 𝑋𝑢|𝑢|𝑢|𝑢| + 𝐹𝑇 

𝑚(�̇� + 𝑢𝑟) = 𝑌 + 𝐹𝐿 = −𝑌�̇��̇� + 𝑋�̇�𝑢𝑟 − 𝑌𝑣|𝑣|𝑣|𝑣| + 𝐹𝐿 

𝐼𝑧�̇� = 𝑁 +𝑀𝑇 +𝑀𝑃𝐹 = −𝑁�̇� �̇� − 𝑁𝑟|𝑟|𝑟|𝑟| + 𝑀𝑇 +𝑀𝑃𝐹 

(12) 

where the subscripts with the time derivative of the velocity components refer to added 

mass loads coefficients, while the velocity subscripts identify damping coefficients [21,22]. 

Table 2 collects the expressions of the respective terms for a cylinder with radius R, length 

B, and mass m. Regarding the damping coefficients, it might be noteworthy to point out 

that linear damping due to skin friction was neglected in Equation (12). The significance 

of linear and quadratic damping was measured in [23]: as a matter of fact, linear damping 

should be always accounted for under station-keeping conditions as well as for marine 

crafts operating in waves, whereas neglecting its effect is a good assumption for maneu-

vering. Nevertheless, since the steering device presented in this paper was designed even 

for low-speed maneuvers, the latter assumption will be experimentally investigated in 

future work. 
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Table 2. Added mass and damping coefficient for a cylinder with radius R, length L, and mass m 

[22] (Reprinted from Ref.[5]) 

𝑋�̇� 𝑌�̇� 𝑁�̇� 𝑋𝑢|𝑢| 𝑌𝑣|𝑣| 

0.1m 𝜋𝜌R2L 𝜋𝜌R2L3 12⁄  𝜌𝐴𝑓𝑐𝐷,𝑓 2⁄  𝜌𝐴𝑙𝑐𝐷,𝑙 2⁄  

𝑁𝑟|𝑟| 𝐴𝑓 𝐴𝑙 𝑐𝐷,𝑓 𝑐𝐷,𝑙 

𝜌𝐴𝑙𝑐𝐷,𝑙L
3 16⁄  𝜋R2 2RL 0.5 [0.8–1.2] 

Figure 11b shows the multibody model of a robotic fish composed of a rigid forebody 

hinged to a three-joint tail linkage ending with a caudal fin. Body reference frames Σb,i (i = 

0 … 3) are attached to the rigid bodies of the model; the 0 index identifies the robot fore-

body while non-zero indexes refer to the tail links. When moving from the single body 

shown in Figure 11a to the multibody system of Figure 11b, it is necessary to apply the 

hydrodynamic loads of Equation (12) to the individual bodies of the assembly; then, the 

resulting system can be solved to compute the robot dynamics. 

Figure 12 shows the multibody model of the carangiform swimming robot designed 

in [5]. As stated before, the robot head and the tail links, except the caudal fin, are subject 

to the hydrodynamic loads expressed in Equation (12). Regarding the propulsive forces 

and torque applied to the caudal fin as a result of tail undulation, they were predicted in 

[5] by means of computational fluid dynamic analysis; their expression is the following: 

𝐹𝑇 = 𝐾𝑇𝜌𝐴0
2𝑓2𝐵𝑐 sin(2𝜋𝑓𝑡 + 𝜑𝑇) 

𝐹𝐿 = 𝐾𝐿𝜌𝐴0
2𝑓2𝐵𝑐 sin(2𝜋𝑓𝑡 + 𝜑𝐿) 

𝑀𝑇 = 𝐾𝑀𝜌𝐴0
2𝑓2𝐵𝑐2 sin(2𝜋𝑓𝑡 + 𝜑𝑀) 

(13) 

where A0, B, and c are the translation amplitude, span, and mean chord of the caudal fin, 

f is the tail undulation frequency, φT, φL, φM are phase constants, whereas KT, KL, and KM 

are the caudal fin force and torque coefficients. 

 

Figure 12. Multibody model of the underwater robot. 

Finally, MPF is the steering moment generated by pectoral fin undulations and ex-

pressed by Equation (7). According to blade-element theory, the resulting torque was 

computed as the sum of moments acting on the fin blade parts: particularly, the relative 

velocity v in equations (1) and (8) was calculated in their respective centers of mass; then, 

the normal force due to pressure drag in equation (4) was approximated as: 

𝐹𝑛,𝐵𝐸 =
1

2
𝜌𝑣𝐵𝐸

2𝐴𝐵𝐸𝐶𝑛,𝐵𝐸  (14) 

where subscript BE identifies the three blade-elements into which the fins were split. The 

torque due to the normal forces Fn,BE was thus computed as the product of equation (14) 

multiplied by the distance of the blade-element center of mass from the fin yaw rotation 

axis. 
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The normal force coefficient Cn was set constant at 1.1 during the power strokes, as 

stated in Section 3.1, and zero during the recovery strokes when both fins were flat on the 

robot horizontal plane due to the feathering motion. In this way, the steering action in the 

multibody system is limited to the power strokes as in labriform locomotion. 

In order to investigate the maneuvering performances of the robotic fish modeled by 

the multibody system of Figure 12, the dynamic equations were solved by using MSC 

Adams View. The transmission mechanism presented in this paper was assembled in the 

fish forebody section, and the steering torque generated by pectoral fin motion was added 

to the system. In the dynamic analysis, the tail undulation frequency was suitably set in 

order to obtain a steady cruising condition with forward speed V limited to the range of 

interest equal to [0–1 BL/s]. Finally, the angular velocity of the motor driving the pectoral 

fin mechanism was varied in the simulations, and the robot turnabout radius, expressed 

in robot BLs, was measured. Table 3 shows the obtained results. 

Table 3. Turnabout radius [BL] predicted by the multibody simulations as a function of the fish 

swimming speed and motor frequency. 

Motor 

Frequency 

Swimming Speed 

0.125 BL/s 0.25 BL/s 0.50 BL/s 1 BL/s 

0.5 Hz 3.16 7.17 12.25 14.93 

1 Hz 1.46 3.15 7.15 12.17 

1.5 Hz 0.98 1.97 4.44 9.35 

2 Hz 0.75 1.45 3.13 7.09 

3 Hz 0.53 0.96 1.94 4.41 

3.3. Mechanism Prototyping and Mechatronic Components 

Figure 13 shows the physical prototype of the transmission system proposed in this 

paper. All parts, except for the Double Cardan joint, were drawn in a CAD environment 

by using Dassault CATIA and then printed by high-resolution stereolithography (SLA). 

The mechanism was then assembled to verify the quality of the manufacturing process, 

and minor issues have already been solved. 

 

Figure 13. Physical prototype of the transmission system manufactured by SLA. 

Future work will focus on the drawing of a CAD model of the vehicle major compo-

nents, including tail and hull sections, which will also be printed by SLA. Regarding the 

mechatronic components, the transmission system designed in this paper will be driven 

by a 12-V DC brushed gearmotor with a quadrature encoder providing 64 counts per 
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revolution. Feedback control on the constant angular velocity setting will be provided by 

the FPGA system of a National Instrument MyRIO Board, whereas the motor power will 

be supplied by a Sabertooth 2×32 motor driver. The MyRIO board will also run the Navi-

gation, Guidance, and Control system designed and validated by the authors in [4,24]. 

4. Discussion 

Several approximations were introduced throughout the modelling and design pro-

cess of the labriform steering mechanism presented in this work: first, when calculating 

the normal force coefficient, the effect of viscosity—i.e., shear stresses—was neglected, 

whereas the drag forces were due to pressure drag only; however, the attack angle was 

greater than 40° during almost 90% of the power stroke, as shown in Figure 10. Under this 

condition, it is reasonable to assume that the flow separated from the fin rear surface, thus 

the drag force was almost entirely due to pressure drag, while skin friction can be ne-

glected [25]. Second, the fins were modeled as a series of flat plates set at a high angle of 

attack with respect to the incident flow: although the innermost and the median blade-

elements did not actually experience the flow regime of a three-dimensional flat plate in 

a freestream, because they were bounded by the neighboring elements, it could be shown 

that the outermost blade part was responsible for more than 80% of the steering torque. 

Therefore, the introduced approximation affects the simulations in an acceptable manner. 

The maneuvering performance predicted by the multibody analysis, collected in  

Table 3, show that the bio-inspired mechanism proposed in this paper is capable of steer-

ing the robot with a turnabout radius comparable to its length when its swimming veloc-

ity is less than 0.5 BL/s. However, as the cruising speed rises, the efficiency of the drag-

based propulsive system considerably drops, as seen in the biological counterparts. In 

order to overcome this limitation, the proposed system could be improved by inserting 

supplementary joints both on the vehicle forebody and on its tail, thus allowing the robot 

to perform fast C-shape turn maneuvers. 

By means of the steering device proposed in this paper, the carangiform swimming 

robot in [5] is now capable to adjust its course and perform turn maneuvers at low veloc-

ity, which could be a necessity for an AUV employed for survey missions [26]. As a matter 

of fact, the biomimetic vehicle developed by the authors relies on BCF swimming modes 

to generate forward propulsion, mimicking the mackerel it was modeled after, whereas 

MPF locomotion is employed for maneuvering. It might be noteworthy to point out that 

Scombrids do not rely on the labriform swimming mode for steering. Nevertheless, since 

the aim of the authors was to allow the robot to perform efficient low-speed maneuvers, 

labriform locomotion was chosen. In the end, the intent of the whole project is not the 

construction of an artificial mackerel; that would be mimicking nature, which differs from 

biomimesis. The creation of a robotic fish that includes all the features of its biological 

counterpart remains a necessity when the purpose is to investigate the fluid mechanics of 

swimming; but in general, the aim of bio-inspired design is to apply the marine animal 

locomotion principle to solve the major design and control issues of underwater vehicles, 

such as power-efficient cruising and maneuverability. 

5. Conclusions 

Bio-inspired solutions devised for Autonomous Underwater Robots are currently in-

vestigated by researchers as a source of propulsive improvement. To address this ambi-

tious objective, the authors designed a carangiform swimming robot, which represents a 

compromise choice in terms of efficiency and maximum speed. However, the require-

ments of stabilizing a course and performing turns were not fulfilled in their previous 

works. In this paper, the authors thus proposed a novel transmission mechanism capable 

of improving the vehicle maneuvering capacities. The system transforms the constant an-

gular velocity of a single rotary actuator into the pitching–yawing rotation of the robot’s 

pectoral fins. The individual rotation components are driven by a dedicated sub-system 
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that recouples on the fin shaft to generate the composite rotation of the fins. In this way, 

the inherent synchronization of the system is maintained at a constant level by mechanism 

kinematics. When compared to a driving mechanism composed of multiple servomotors, 

the proposed solution reduces the effort of the control system, inertia, and encumbrance, 

whereas waterproofing issues are minimal because only one motor needs to be sealed. 

The current project is now at the beginning of the prototyping phase. Future work 

will focus on the design adjustments necessary to perform C-shape maneuvers. At the 

same time, the multibody platform will undergo extensive improvements to simulate 

depth-changing maneuvers. 
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