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Abstract: This article covers research on an innovative propulsion system design for a Biomimetic1

Unmanned Underwater Vehicle (BUUV) operating at low speeds. The experiment was conducted2

on a laboratory test water tunnel equipped with specialised sensor equipment to assess the3

Fluid-Structure Interaction (FSI) and energy consumption of two different types of propulsion4

systems. The experimental data contrasts the undulating with the drag-based propulsion system. The5

additional joint in the drag-based propulsion system is intended to increase thrust, decrease energy6

input, and protect the fins from degradation due to fatigue. The tests were conducted at a variety7

of fins oscillation frequencies and fluid velocities. Experiments demonstrate that in the region of8

low-speed forward movement, the efficiency of the propulsion system with the additional joint is9

greater.10

Keywords: Biomimetic Unmanned Underwater Vehicle (BUUV); fish-like movement; underwater11

robotics; energy efficiency; Fluid-Structure Interaction (FSI); undulating propulsion12

1. Introduction13

Biomimetic propulsion systems are based on biological organisms that evolved through natural14

selection over many years [1]. In contrast to the screw-type propeller system, the biomimetic ones move15

like a fish [2], a turtle [3], or a seal [4]. The undulatory movement of body bending generates propulsion16

by pushing the water against the passing wave [5]. Because of the benefits of a low hydroacoustic noise17

spectrum [6], this type of propulsion is becoming more popular in underwater robots [7], [8]. However,18

the influence of tail oscillation on the fluid flow around a hull causes vortices and the need to carefully19

study the FSI [9], [10] and the vortex structures [11]. Underwater vehicles shown in publication [12],20

[7] have propulsion systems made of several moving parts. For example, the artificial fish in Fig. 1a is21

shown with a hull formed by the coupling of rigid movable parts with a flexible fin [13] at the end.22

This type of construction is difficult to control, expensive and increases the risk of flooding electronic23

components inside. That is why an effort was made to design a biomimetic propulsion system based24

on single, flexible fins [14]. The BUUV with a propulsion system consisting of one flexible tail fin25

and two side fins is depicted in Fig. 1b. This kind of propulsion made it challenging to maintain the26

BUUV’s direction. Furthermore, if hydroacoustic sensors are to be employed, movement stabilisation27

is highly desirable. To increase course stability and reduce scrolling impact, [4] replaced one tail fin28

with two tail fins (Fig. 1c).29

A proposed innovative propulsion system is a modified version of two-tail fins propulsion system30

[4] with reduced drag during the return stroke thanks to the use of an additional joint. The propulsion31
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(a) (b) (c)
Figure 1. BUUV with propulsion system made of: (a) movable, rigid elements and flexible fin [6];
(b) one flexible tail fin [15]; (c) two flexible tail fins [16].

design with the additional joint is distinct from prior designs [17], [18], [19], [20] particularly during32

the return movement. Under the effect of fluid drag force, the fin is freely rotated up to 90 degrees33

during the return stroke.34

Although, the authors’ paper [21] offered a simulation analysis of a fin drag force in a BUUV using35

the LS-DYNA software and Incompressible Computational Fluid Dynamics (IFCD) with validation in36

a water tunnel, in this paper data are provided based on the measurements made in the water tunnel.37

This is mainly due to the fact that the thrust and the drag of fins depend on their flexibility and shape38

for different fluid velocities as well as different frequencies and different amplitudes of oscillation.39

The only one piece of the fish-like flapping foils and one flipper with an additional join were40

compared because they can be used on both sides of the vehicle (pectoral fins) as well as at the aft of41

the BUUV (caudal fins). The fin system in tandem is to be compared in a later study, and in that case,42

the paper concentrates on the mechanism’s dynamic of the propulsion system based on one fin.43

The efficiency comparison between two types of propulsion system is provided according to the44

research and the analysis presented in papers [22], [23], [24], where defined efficiencies take under45

consideration the kinematic and performance parameters for various measurement conditions.46

The following section depicts a description of the new propulsion system with the additional47

joint. The laboratory test equipment, measurement method, and test provided are then discussed.48

The new propulsion system’s mathematical analysis is then provided with a discussion on energy49

efficiency. Finally, the following section compares the results of measurements for the new propulsion50

system with additional joint to the fish-like flapping foils one. At the end of this study, the findings are51

discussed, and conclusions and future research directions are proposed.52

2. Description of the new propulsion system with additional joint53

The photo sequence is shown in Fig. 2 to help describe the new drive mechanism. The two fins54

mounted on its stern to the vertical rotary axes are tilted synchronously in a horizontal plane by electric55

motors to ensure the underwater vehicle’s translational movement. In power stroke, the BUUV moves56

the stern fins from outside to the back to push the water in opposite direction to the hull movement57

(Fig. 2 b-c-d). In return stroke, the BUUV moves the stern fins to start position with the drag force58

reduction provided by the additional joint (Fig. 2 e-f-g). The movement of both fins outwards is just59

an auxiliary movement that allows the specified values of the maximum angular deflection of the60

fins regarding the longitudinal axis of symmetry to be obtained, which is required to begin the work61

movement. During the movement fins’ alter their position from the vertical to the horizontal plane.62

It reduces the hydrodynamic drag of the fins during outside movement and, as a result, the drag of63

underwater vehicles.64

The main benefit of the auxiliary joint is a seamless quarter turn to a position with the least65

amount of drag. The next benefit of the proposed concept is that the auxiliary joint does not require a66

separate servo motor [17].67

The second portion of the paper provides a more extensive analysis that excludes the impact of68

the hull on the propulsion system parameters.69
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Figure 2. The BUUV (a) with subsequent phases of movement: (b), (c), (d) power stroke, (e), (f), (g) return
stroke; 1 - additional joints

2.1. Fins used for testing70

In the paper [25], a wide range of real caudal fin shape species were digitised and analysed,71

ranging from homocercal tails with a low aspect ratio (square shape used by bluegill sunfish and72

rainbow trout) to high aspect ratio (lunate shape adopted by tuna and swordfish), and even heterocercal73

caudal fin adopted by sharks. The comparison of propulsive efficiency shows that large aspect ratio74

fins (tuna and shark) are more efficient while cruising (St < 0.4), whereas short aspect ratio caudal75

fins (catfish and trout) are more efficient when fish are accelerating or manoeuvring (St > 0.4). Given76

that vortex morphologies are primarily reliant on the fin aspect ratio and trailing edge shape [26], the77

rectangular shape of the fins was chosen for the study and comparing the efficiency changes caused by78

the addition of a joint.79

In Fig. 3, two fins with the same length (70 mm ) and height (40 mm ) are displayed. The variable M80

indicates the torque from the servomechanism while the variable u indicates the BUUV velocity relative81

to the water. The fish-like flapping foils (Fig. 3 a, b) made from flexible, thin steel sheet and flexible82

polycarbonate were chosen according to earlier experimental testing [27]. The flexibility parameter83

was selected by changing the thickness of the fin. Due to the needed flexibility and fatigue strength84

[28], the polycarbonate fin has a width of 0.2 mm , whereas the steel fin has a width of 0.1 mm.85

In Fig. 3 c, d the fin with the additional joint is presented for power (c) and return (d) stroke.86

The vertical position of the inflexible fin with additional joint (Fig. 3 c) generates thrust, while the87

horizontal position (Fig. 3 d) is used to reduce resistance on the return stroke.88

Figure 3. Two types of propulsion systems used for tests: the flexible fin during counterclockwise (a)
and clockwise (b) movement; the flipper with additional joint during power (c) and return (d) stroke
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2.2. Laboratory test equipment and measurements method89

The laboratory test water ring shown in Fig. 4 was designed for the characteristic dynamic90

establishment of the singular fin without considering the effect of the underwater vehicle body. The91

laboratory water tunnel was composed of polyethylene panels with the following dimensions: 0.09 m92

height, 0.22 m width, and 0.02 m2 cross-sectional area. The laboratory test determines the fin dimensions93

to stand as well as the sensors employed. For example, too large fin may interact with the inner sides94

of the tunnel, while too tiny a fin may generate insufficient force to be monitored by strain gauges.95

Corners were set to 45◦ due to laminar flow restrictions, and an additional steering wheel was installed96

before the place of measurement. An external water pump with adjustable fluid velocity was used to97

provide experiments with varying fluid velocities. Using signals from the high-precision, non-invasive98

ultrasonic flow meter the water velocity was managed in a closed-loop control system [29]. Two strain99

gauges were positioned symmetrically on both sides of the water tunnel to assess the fluid-structure100

interaction. Both strain gauges were attached to the ground on one side and to the transparent plate101

(made of polycarbon) on the other. Ball bearings support a polycarbonate plate to prevent friction.102

A servomechanism (Dynamixel MX-12W) is installed in the centre of the polycarbonate plate for fin103

movement. The significant characteristics of the Dynamixel MX-12W are stall torque (M) of 0.2 Nm104

(at 12 V, 1.4 A) and a top speed of 470 rpm (revolutions per minute). This allows fins to be moved105

with oscillation motions of up to 7.8 Hz for unload movement. The force between the fin and the106

water was measured directly using different fins linked to the servomechanism. Furthermore, the107

control algorithm was used for water velocity and fin frequency, and amplitude with restrictions on108

the desired Strouhal number. Finally, the trailing edge’s peak-to-peak amplitude was measured using109

the vision algorithm described in the authors’ paper [30].110

Figure 4. The laboratory water tunnel: 1 – servomechanism Dynamixel MX-12W, 2 – strain gauges,
3 - ball bearings, 4 - micro-controller unit (MCU) and strain gauges amplifier, 5 – ultrasonic flow
sensors, 6 - ultrasonic flow unit, 7 – water steering wheels, 8 – external water pump, 9 – power supply,
10 - the fin

3. Mathematical relations111

The analysis was carried out following the Buckingham theory [31]. The principle enables the
expression of all the information contained in the problem’s interactions between physical variables
in a very compact manner, employing a reduced number of dimensionless variables. According
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to a review of the literature [32], [33] and experimental results, the expression characterising the
fluid-structure interaction can be described as follows:

F = f (K, α, St, Re, k) (1)

where:112

K - a geometric parameter that determines the shape of the fin;113

α - the angle of attack, measured between the fin chord and the fluid velocity;114

St - Strouhal [34] number depicted in equation (2) ;115

Re - Reynolds [35] number, here defined as a ratio of fluid inertia to viscous forces (equation 3);116

k - a stiffness coefficient [36] (equation 4);117

St = f
A

u∞
(2)

Re =
cu∞

µ
(3)

k =
EI

ρu2
∞c3 (4)

where:118

f - the fin movement frequency;119

A - a peak-to-peak amplitude measured at the fin trailing edge;120

u∞ - a free stream fluid velocity;121

c - the chord length of the fin at the midline;122

µ - a fluid viscosity;123

E - Young’s modulus;124

I = h3

12 - the area moment of inertia of the cross section;125

ρ - a fluid density.126

3.1. Fluid-structure-interaction force for innovative propulsion system as a function of two angles127

According to equation (5), the force during the working and returning movement of a fin depends
on the coefficient (C f ), the side area of the fin (S), both angles α and β, the square of the fluid velocity
(u) and acceleration concerning the fin as well as an added mass (m).

F(α, β) = m(α, β)
du
dt

+
1
2

ρS(α, β)C f (α, β)u2 (5)

where:128

α - an angle of attack in the horizontal plane;129

β - an angle of attack in the vertical plane;130

m - is an added mass;131

C f (α, β) - is measured experimentally in the laboratory water tunnel [21], [29].132

The force (F) is affected by the position of the fin and the velocity of the water. For α = 90◦ and133

β = 0◦, the fin is in a neutral position parallel to the vehicle’s longitudinal axis, whereas α = 0◦ and134

β = 90◦ indicate that the fin is entirely deflected in an outwards position.135

The reaction force generated by this impulsive motion in water can generate considerable thrust136

proportional to the fin acceleration. The actual force can be difficult to assess accurately because it is137

difficult to estimate precisely the volume of fluid that is accelerated by a particular motion. Although138

for simple motions and shapes, some reasonable estimates can be given, here experiments in the water139

tunnel were provided.140
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3.2. Efficiency of the propulsion system141

The energy efficiency of the propulsion system [22], [37] is defined as the ratio of useful power
output to the rate of power input measured over a specific time interval [38], [39].

η =
uTn

Pf
(6)

where:142

η - the energy efficiency;143

Tn - the net thrust;144

u - a water speed;145

Pf - a value of electrical power consumed by the servomotor.146

For very low Reynolds number viscous forces produce both the drag and the thrust forces. Also,147

propulsion forces generated by fin deformation or flipper position and velocity influence the drag148

forces, for that reason presented in equation (6) the net thrust defines the difference between thrust149

and drag force (7).150

Tn = T + TD (7)

where:151

T - the thrust;152

TD - the drag force.153

For a propulsion system submerged in a viscous fluid, the propulsor thrust needs to overcome the154

resistance force for ensuring a constant speed. A steady motion for Tn = 0 means that the propulsion155

system does not decelerate or produce thrust.156

Power input to the servomotor [40] is determined as a product of the measured voltages (U) and
the electric current (I) [41] across the servomotor using the following equation (8):

P = IU (8)

In Fig. 5 the two Ps and Pf are the power consumed by the servomotor when driving without the fin and157

when driving the fin in water, respectively. The data reported here were achieved by experimentation158

on the tested fin. The tests were provided for the frequency of the fin oscillation in the range from 1 to159

7.6 Hz.

Figure 5. Electric power delivered to the servomotor: Ps - power for servomotor without fin, Pf - power
for fin submerged in the water

160
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4. Results and discussion161

For the proposed propulsion system, the example of the net thrust measurement result as162

a function of time with oscillation frequency f = 0.7 Hz is presented in Fig. 6. On the left side163

of the figure the position of the fin is presented during the power stroke (upper part) and during the164

recovery stroke (lower part). As it can be seen in Fig. 6, the measured value of FSI is characterized165

by fluctuations of the function of time. Therefore, the final values of the net thrust and frequency166

presented in the further part of the paper were received by averaging over ten periods of servomotor167

oscillations.168

Figure 6. The net thrust as a function of time for undulating frequency f = 0.7 Hz

Both kinds of propulsion systems were tested for different frequencies of the fins oscillation and169

for different water velocities as well. The same frequency was used for each tested fin to limit the170

number of dependent variables. The mean value of the difference between the thrust and the drag171

force (the net thrust) was measured according to formula (7) and presented in (Fig. 7 - 13).172

Fig. 7 - 9 show a series of mean values of the net thrust as a function of fin movement frequency173

for different water velocity. An external water pump was used to control the water velocity in the water174

tunnel to imitate FSI, like for the fin’s forward speed in relation to the water. The water velocity varied175

between zero and twenty centimeters per second (u = 0.2 m/s). The mean thrust for all frequencies176

was most significant when the water velocity was equal to zero (u = 0 m/s). For that measurement177

condition, the drag force was equal to zero for fish-like flapping foils. While for the fin with additional178

joint, the thrust was much higher than the drag force. The mean net thrust for flexible polycarbonate179

fin movements at a frequency of 1 Hz was up to 40 mN. Increasing the frequency up to 4 Hz, the net180

thrust increased up to 140 mN (Fig. 7). Raising the frequency further does not increase the mean net181

thrust. Increasing the fluid’s speed simulates the fin’s movement against the fluid. When the velocity182

of the water increases, the tested fins must overcome fluid resistance. As a result, as the water velocity183

increases, the average net thrust decreases. The nature of the changes in the mean net thrust is revealed184

by the approximation of the set of measurement points. It can also be seen that for flexible fins (placed185

along the fluid stream) at low frequencies, the mean net thrust rapidly increases with increasing fin186

frequency, reaches a maximum, and then remains constant with further increases in fin frequency187

oscillation movement (Fig. 7 - 8). For fin with additional axis of rotation, the mean thrust increases with188

respect to the fin oscillation frequency (Fig. 9) according to the equation (5). This is because a higher fin189

oscillation frequency creates a faster fin velocity through the fluid. Hence the driving force increases by190

the square of the speed. Also, during the return movement, the drag force is proportional to the speed,191

but the drag coefficient (C f ) and frontal surface (S(α, β)) decrease due to the rotation of the fin to 90◦192

provided by the additional joint. Furthermore, the acceleration can be adjusted so that according to193

equation (5) the forward acceleration can be greater than the return acceleration.194
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Figure 7. A mean value of the net thrust for flexible fin made from polycarbonate

Figure 8. A mean value of the net thrust for a flexible fin made from thin steel sheet

Figure 9. A mean value of the net thrust for inflexible fin with additional joint
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Fig. 10 shows the relationship between the net propulsive efficiency as a function of the Strouhal195

number. For varied fin frequencies, trailing edge amplitude, and fluid velocity, the same Strouhal196

number can be obtained. According to the equation (2), as the frequency of the fin movement rises197

and the water speed increases, the Strouhal number may remain constant, but the net propulsive198

efficiency varies. Taking under consideration the nature of the characteristic changes, it can be seen199

that the net propulsive efficiency increase due to the Stouhal number for the propulsion system with200

the additional joint. Fig. 10 shows that flexible fins have a form comparable to the conventional201

efficiency curve displaying efficiency as a function of Strouhal number given in works [24] and [42].202

The observed results are compatible with the literature research [43], [44] which has revealed that the203

optimal efficiency [45] of the drive system for fish-like movements improves in the Strouhal number204

range of 0.25 to 0.35 [34]. Further, the stiffness [46] difference between the tested fish like flapping foils205

(polycarbonate and steel fins) is responsible for the differences. During the investigation, there were206

more different varieties of polycarbonate fins. Thus, the best one was chosen from a wide range of207

flexible parameters. There were not as many flexible fins available among thin sheet steel fins.208

The net efficiency is zero when the mean net thrust is zero, which means that the thrust209

compensates for the drag force.210

If the thrust is lower than drag force, then the net efficiency is negative. It means that the fluid211

velocity in the water tunnel is higher than the propulsion system would move forward in an unmovable212

fluid.213

If the resistance of the investigated propulsion system were known, then the quasi-propulsive214

efficiency defined in the paper [22] could be calculated. This could provide a more intuitive description215

of the efficiency with including the resistance. Then, there would not be a negative value of efficiency.216

For the propulsion system tested, the distinction between thrust and drag force cannot be made. The217

negative efficiency means that, at constant water speed, the propulsion system cannot compensate for218

the drag such as to keep the cruising velocity (u).219

Figure 10. The net propulsive efficiency as a function of Strouhal number for fin:
+ made from polycarbonate , o with additional joint, ∗ made from thin steel sheet
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The design of the propulsion system, with an additional joint, achieves the best net efficiency for220

Strouhal numbers more significant than 1, indicating that the water velocity is equal to zero (Fig. 11) or221

has a low value (Fig. 12). This is analogous to fish that use a pectoral fin to swim at a slow speed but222

with high-energy efficiency [47].223

In addition, it can be shown in Fig. 11 - 13 that the net thrust for propulsion system with additional224

joint, increases with higher frequency, according to the mathematical relationship in equation (5).225

For the results presented in Fig. 11, where the water velocity is equal to zero, the thrust was226

measured for the drag force equal to zero. It means that for that measurement condition, only the227

thrust is generated. It can be seen from the experimental measurements, that the fin with additional228

joint has almost two times higher thrust that the fish like flapping foils propulsion system.229

Figure 11. The mean thrust generated by fins for different frequency, and fluid velocity u = 0 m/s

Fig. 12 indicates the mean value of the net thrust higher for the propulsion system with the230

additional joint in comparison to fish-like flapping foils. Furthermore, the proportional relationship231

between thrust and fin frequency strengthens the BUUV’s course control. When hydroacoustic sensors232

are utilised [48], this control condition is desirable for the BUV [49]. The measurements with propulsion233

system implemented as a pectoral and/or caudal fin is to be the subject of the next research.234

Figure 12. The mean net thrust generated by fins for different frequency, and fluid velocity u = 0.1 m/s
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For the highest value of water velocity available in the water tunnel (Fig. 13) the propulsion235

system with additional joint has a lower value of the net thrust than both fish-like flapping foils236

propulsion systems. Also, it is worth noticing that for water velocity u = 0.2 m/s, the net thrust force237

characteristics crosses the zero for all the tested fins. This gives information about the frequency needed238

to generate thrust to overcome the drag force and to swim with a constant speed. This also leads to239

further research on the propulsion system, which will cover the combination of flexible fins with an240

additional joint.

Figure 13. The mean net thrust generated by fins for different frequency, and fluid velocity u = 0.2 m/s
241

5. Conclusion and future work242

In the domains of bio-locomotion and biomimetics, the study of bodies moving in a fluid is an243

intriguing and challenging research topic. The number of design and control variables was decreased244

to demonstrate the difference between an innovative propulsion system and the undulating one.245

Increasing the velocity of the fins during thrust generation while decreasing the velocity of the fins246

during the returning movement should result in even better efficiency. The fin velocity herein was247

determined by the specifications of the available servomotors and water tunnel dimensions. The248

proposed propulsion system design has higher thrust and the higher net efficiency for low-speed249

movement ensures the biomimetic nature of the movement.250

The future tests are going to be provided with including body impact on the propulsion system251

characteristics. The findings encourage further investigation into the effects of mass ratio, non-uniform252

stiffness, and background turbulence on the unsteady dynamics.253

The future research will concentrate on the Particle Image Velocimetry (PIV) approach, which will254

be used to conduct a more in-depth investigation of the Fluid-Structure Interaction (FSI). This analysis255

method allows comparing the created thrust to the speed of the water near the fins. The test will be256

provided to build a propulsion system with additional joint and flexible fins and various movement257

styles. This can lead to a more accurate replica of the living marine organism with high-energy258

efficiency. Finally, the promising results presented in the paper enable us to expect to obtain more259

efficient undulating propulsion for the BUUV in the close future.260

6. Patents261

On 2019-12-06, the propulsion system design named: "Multi-fin wave thruster with resistance262

reduction in the return cycle, especially for a biomimetic underwater vehicle" was registered at the263
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Patent Office of the Republic of Poland under the number P.432101. The patent application process is264

now underway.265
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The following abbreviations are used in this manuscript:274

275

AR - Aspect Ratio;
BL/s - Body Length per second;
BUUV - Biomimetic Unmanned Underwater Vehicle;
PIV - Particle Image Velocimetry;
RPM - Revolutions Per Minute;
MCU - micro-controller unit;
FSI - Fluid Structure Interaction.
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