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ABSTRACT 

Manta Ray is natural sample for lift based propelling robotic fishes. Pectoral fins that 

exhibit flapping motions are crucial for actuation of bio-mimic robotic Rays. In this research, a 

two-dimensional maneuverable bio-mimic robotic manta ray propelled by servo actuated 

pectoral fins is developed and modeled by a nonlinear dynamic model for easy and efficient 

control. Based on locomotion of natural manta ray an adept design is developed for robotic 

manta ray. A CFD analysis is done to understand the 3 dimensional dynamics involved in the 

flapping of manta ray. To fulfill the driving requirements for propelling the robotic manta ray, a 

single fin ray is used for each pectoral fin. Two servos are used to drive the fin rays and generate 

required deformations on the pectoral fins. Experimental study revealed that linear velocity was 

in a nearly linear relation with flapping frequency while angular velocity depends on difference 

between flapping frequencies of fins. Linear Speed of 0.53 Body-length/s and angular velocity of 

nearly 1.25 rad/s are accomplished by developed prototype in experimental tests. 
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CHAPTER 1 

INTRODUCTION 

More than 71 percent of earth's surface is covered by water, while oceans and seas hold 

more than 96 percent of all water on earth. More than 90 percent of Habitat exists in deep seas or 

oceans known as Abyss. Only 10 percent of water bodies are explored by mankind till now. 

Interest in studying and exploring the marine conditions, life and resources had led to extensive 

study of fish swimming.  Understanding the mechanics of fish swimming has inspired the 

invention and utilization of bio mimic underwater robots and vehicles [1, 2]. Robotic Fishes have 

vast applications like studying aquatic conditions, surveillance and locomotion of fishes[3, 4]. 

Recent research works on Robotic Fishes are mostly focused on efficient Hydrodynamic 

mechanism of Fish, for designing and constructing of Autonomous under water vehicle with 

maneuverability and efficiency of a real fish. The bionic fish can be sorted into two types, body 

or caudal fin mode and middle or paired fin mode[5].  

      

Figure 1.1:   Natural Manta Ray. 
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Robotic fish based on a prominent type of ray is discussed in this paper, robotic manta 

ray propelling by hydrodynamic mechanism similar to the real manta ray is developed. Manta 

rays swim by pectoral fins flapping or dorsoventral oscillation. Rays mimic Propulsion similar to 

bird flap, it is sorted to middle or paired fins mode. Middle fin type exhibit high efficient Lift 

based Propulsion[6, 7] . Generation of artificial propulsion mimicking the behavior of Natural 

fishes with caudal fins is not highly complex, but in manta ray, 3-dimensional kinematic motions 

are needed for generating efficient propulsion with pectoral fins. The force engendered will be 

depending on the waves passing through pectoral fin, sinusoidal wavy deformations travel from 

leading to trailing edges on fin  [8, 9] For required kinematic waves to pass from leading edge to 

trailing edge it is needed to actuate and control locations on fin and fin should be very flexible 

for maintaining maximum efficiency during flapping [10-12]. Both Span wise flexibility and 

chord wise flexibility have significant effect on propulsive efficiency of a fin when compared to 

rigid fin [13, 14]. In general Pectoral Fins actuation techniques employed in bio mimetic 

prototypes can be classified to two types:  

i. Pectoral Fin actuation by single driving fin ray. 

ii. Pectoral Fin actuation by multiple driving fin rays. 

  Pectoral fin actuated by single fin ray exhibit passive deformation. The passive 

deformations are achieved by using highly flexible pectoral fin. A fin flexible both on chord wise 

and span wise can easily undergo three dimensional deformations. Performance of pectoral fin 

hugely relies on shape of body and fin, the thrust generated and efficiency of Robotic Fish 

largely depends on Flexibility of pectoral fin. Many techniques can be employed for generating 

deformations on fins. Servo motors, Rubber actuators and Shape Memory Alloy (SMA) actuators 

can be used for generating deformations [15-17] .Smart materials can be used to design noise 
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free robotic rays of small size, but speed has always been a problem, speed will be typically less 

than 0.1 body lengths per second and efficient only under very low flapping frequency less than 

1 Hz [18-21].  Few actuating techniques employed are discussed below. 

1.1 SMA Actuated Robotic Manta Ray [17] 

Shape Memory Alloy exhibit thermo-mechanical characteristics, these characteristics are 

due to the reason of phase transition. Phase Transition related to the temperature and also internal 

stress of the SMA. Shape Memory Effect (SME) is exhibited by SMA at certain special physical 

conditions. The SME process can be described as change in mechanical characteristics due to 

changed temperature. At a certain temperature between the austenite and martensite phases, if 

stress is applied, the austenite phase transforms into a deformed martensite phase, it will have a 

residual stress. This is called forward transformation. At this point, when temperature is applied 

during the austenite phase, deformation occurring during the forward transformation is destroyed 

and the material returns to its original shape, which is called reverse transformation. During this 

process, a large amount of stress is derived, and through this process, SMA can be used as an 

actuator. There are two types of SME, namely  

i. One Way Memory Effect 

ii. Two Way Memory Effect  

A micro biomimetic manta ray robot based on SMA actuator, developed at the Harbin 

Institute of Technology has developed swimming manta ray robot using Two Way Memory 

Effect. A material exhibiting a shape-memory effect during both heating and cooling is said to 

have two-way shape memory. 
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                                         Figure1.1: SMA Actuated Robotic Manta Ray. 

The two-way shape-memory effect can be further explained as that the material 

remembers two different shapes, one shape at low temperature and another shape at the high-

temperature. The reason behind the different behavior of the material in different situations lies 

in Training. Word Training is used to imply that a SMA can "learn" to behave in a certain way. 

Under normal circumstances, SMA "remembers" its low-temperature shape, but upon heating to 

recover the high-temperature shape, immediately "forgets" the low-temperature shape. However, 

it can be "trained" to "remember" to leave some reminders of the deformed low-temperature 

condition in the high-temperature phases. A shaped, trained object heated beyond a certain point 

will lose the two-way memory effect. To fabricate its actuator, an SMA wire was embedded in a 

PVC sheet. The robot was able to swim with maximum speed of 57 mm/s. Its length, width and 
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height are 220 mm, 243 mm, and 66 mm, respectively. The speed in terms of body length is 

nearly 0.25 body length/s. It is a good speed but not excellent one and even handling temperature 

of SMA is a complex task. 

1.2 Pneumatic Rubber Actuated Robotic Manta Ray [16] 

Pneumatic Rubber Actuators are flexible materials based actuators. Because of their 

flexibility and high safety for fragile objects they have plenty of applications in the Medical, 

Biological and Robotic fields. Pneumatic rubber actuators have simple structures, high 

compliance, high power to weight ratio, water-resistance and they can imitate movements similar 

to Biological samples.  The working principle of Pneumatic Actuators is very simple. They 

consist of a rubber structure supported with fibers and have internal chamber or chambers in 

rubber structure. On applying pressure to the chamber, elastic deformations of the rubber 

structure can be caused and by controlling the pressure accordingly in different chambers 

Pneumatic rubber can be made to move in desired way. A manta ray actuated by Pneumatic 

Rubber Actuator is developed [16]. Pneumatic rubber is supported with nylon cords in the 

circular direction to radial direction deformation. On increasing the pressure in one chamber, the 

chamber stretches in the axial direction and leads to bending of actuator in the opposite direction 

to the pressure-increased chamber. When the pressure in both two chambers is increased, the 

actuator extends in the axial direction of the actuator. Thus, the actuator becomes to have two 

degrees of freedom; bending and stretching. As the deformation characteristics of the actuator 

depends on the shape of the cross section, the length of the actuator, and the elastic 

characteristics of the rubber, non-linear finite elements analysis is useful to design suitable 

actuator. 
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                            Figure 1.3: Pneumatic Rubber Actuated Robotic Manta Ray. 

The manta robot is 170 mm in width and 150 mm in length. It is made only of silicone 

rubber. Two flexible pneumatic tubes a reconnected to each actuator, resulting in four flexible 

pneumatic tubes in total to drive the robot. Applied pneumatic pressure is controlled by electro-

pneumatic servo valves. The robot can swim forward and also steer in any desired direction. The 

developed manta robot works very well in water with the swimming speed of 100 mm/s. Very 

good speed in terms of body length is achieved. But it is not completely freely swimming Robot. 

To control the pressure external compressor is required. An external pipe is used to apply 

pressure to the tubes. This technique of actuation will not be effective for real life applications. 

1.3 Electro Active Polymers Actuated Robotic Rays [21] 

Electro active polymers, commonly referred as artificial muscles generate deformations 

due to electrical stimulus. Ionic polymer–metal composites (IPMCs) are prominent type of 

Electro Active polymer. IPMC consists of exchange membrane named Nafion sandwiched 

between two metal electrodes. The positive ions in Nafion move towards cathode when electric 

field is applied, negative ions are permanently fixed to the carbon chain. The ion movement 



 

 

cause swelling and shrinking at cathode and

of the IPMC. IPMC perform well if actuation voltage is maintained not too high in a

water environment. In the propulsion 

highly efficient propulsion and maneuve

generating complex 3d deformations, lithography

approaches have been employed for

in a Nafion membrane are created as

independently controlling the bending of each active area, three

membrane have been achieved. 

IPMC actuators into an artificial pectoral fin design

IPMC actuated robotic manta ray

                           

Figure 1.4

A bio-inspired robotic manta ray propelled by IPMC artificial pectoral fins has been 

developed. The first step in creating the artificial pectoral fin is to fabricate the IPMC actuator. 

Many people have developed different IPMC fabrication processes for va
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and shrinking at cathode and anode side respectively, this causes bending motion 

IPMC perform well if actuation voltage is maintained not too high in a

In the propulsion   of rays, undulation type of flapping motions generat

highly efficient propulsion and maneuvering, For fabricating an actuating membrane capable of 

deformations, lithography-based and surface machinin

approaches have been employed for electrodes formation on the IPMC.  Active and passive areas 

created as electrodes on the membrane were separated. By 

independently controlling the bending of each active area, three-dimensional deformations of t

membrane have been achieved. Assembly-based fabrication technique can be used

ors into an artificial pectoral fin design in the previously developed prototype of 

IPMC actuated robotic manta ray. 

 

Figure 1.4: IPMC Actuated Robotic Manta Ray. 

inspired robotic manta ray propelled by IPMC artificial pectoral fins has been 

The first step in creating the artificial pectoral fin is to fabricate the IPMC actuator. 

have developed different IPMC fabrication processes for various purposes

uses bending motion 
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flapping motions generate 
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ctive and passive areas 
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dimensional deformations of the 

based fabrication technique can be used to integrate 

in the previously developed prototype of 

inspired robotic manta ray propelled by IPMC artificial pectoral fins has been 

The first step in creating the artificial pectoral fin is to fabricate the IPMC actuator. 

rious purposes. Nafion 



 

 

membrane was selected as the ion exchange membrane in IPMC. After the Electroless plating 

processes, about 6-μm-thick platinum electrodes have been deposited on the Nafion surfaces 

with good polymer–metal adhesion. To further improve

μm-thick gold was deposited on the surface via electroplating process. The sample was then 

submerged in a sodium solution (1 N) for one day to exchange H+ with Na+ to enhance the 

actuation performance of the IPMC. Af

bond the IPMC with a Polydimethylsiloxane

            

Figure 1.5: Swimming of IPMC Actuated Robotic 

IPMC fabrication and handling is 

noise. IPMC actuated robotic manta ray 

actuated robotic manta ray is very

speed achieved in this case is 0.067 BL/s. 
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membrane was selected as the ion exchange membrane in IPMC. After the Electroless plating 

thick platinum electrodes have been deposited on the Nafion surfaces 

metal adhesion. To further improve the conductance of electrodes, about 1

thick gold was deposited on the surface via electroplating process. The sample was then 

submerged in a sodium solution (1 N) for one day to exchange H+ with Na+ to enhance the 

actuation performance of the IPMC. After fabrication of the IPMC actuator, the next step is to 

Polydimethylsiloxane (PDMS) elastomeric membrane. 

 

Swimming of IPMC Actuated Robotic Manta Ray. 

IPMC fabrication and handling is fairly simple and additionally IPMC do not

manta ray is completely noise free. But speed achieved by IPMC 

very less compared other type of robotic manta rays

s case is 0.067 BL/s.  

membrane was selected as the ion exchange membrane in IPMC. After the Electroless plating 

thick platinum electrodes have been deposited on the Nafion surfaces 

the conductance of electrodes, about 1-

thick gold was deposited on the surface via electroplating process. The sample was then 

submerged in a sodium solution (1 N) for one day to exchange H+ with Na+ to enhance the 

ter fabrication of the IPMC actuator, the next step is to 

 

IPMC do not generate 

peed achieved by IPMC 

compared other type of robotic manta rays. Maximum 
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1.4 Multi-Joint Fin Rays Actuated Robotic Ray 

Bionic fish propelled by oscillating paired pectoral fins actuated by multi fin rays is 

developed at Robotics Institute, Beihang University. Analysis done on natural samples is crucial 

for designing all bio mimetic robotic prototypes. Cow-nosed ray is taken as the natural design 

sample in this case.  Mathematic model of the deformation on pectoral fin is developed for this 

prototype. The maximum fin tip deflection and wavy deformation on fin are analyzed from 

swimming videos of natural sample, motion displacement are compared from different videos 

and video frames. Deformations during flapping of the pectoral fin leading edge and trailing 

edge are extracted from some proper video frames, such as the typical frames of a linear 

swimming cow-nosed ray seen from the lateral view and back view.  Fin tip and middle point of 

the leading edge and the trailing edge are analyzed in the same way.  

As the cow-nosed ray being discussed is swimming under conditions of linear cruise, the 

pectoral fin on each side employs similar motion deformation. Thus, the pectoral fin on one side 

is taken as the analysis object. The cow-nosed ray employs lift-based propulsion. Flapping 

motion of the pectoral fin is perpendicular to the forward direction and without rowing motion. It 

is found that there is no obvious horizontal displacement that appeared for the fin tip. A clear 

sinusoidal discipline is obtained in its vertical direction. A decrease of the displacement appears, 

caused by the changing cruise orientation of cow-nosed ray in the video. The fin tip motion 

fluctuation in the horizontal direction is much smaller than that in the vertical direction in the 

lateral view. The fin tip can be supposed to move at a fixed position of a fixed y-value, under the 

condition of neglecting the view variation. According to the profiles, passing waves from the 

head to tail and from the middle chord to the fin tip are obtained by the bionic prototype. 
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Figure 1.6: Cow-nosed Ray with Multi-Joint Fin rays. 

The flapping amplitude of the prototype is smaller than the cow-nosed ray in nature, even 

less than the inside skeleton, which is mainly caused by the elasticity of flexible body and 

hydrodynamic resistance of water. Deformation of the trailing edge is not as much as expected. 

An effective and positive attack angle is observed, attributed to the differential motion of the fin 

rays. A preliminary swim test of the bionic fish is carried out in a water tank.  Self-drive can be 

realized by the bionic fish and the swim velocity can reach 0.26 m/s. 

By considering the factors like complexity, speed, structure, cost and practical 

applications   servo motors are preferred for actuating robotic manta ray, as they are precise and 

easily controllable. The mobility of the manta ray is akin to the traveling of the kinematic wave 

from the leading edge to trailing edge of pectoral fin. The locomotion of manta ray solely 

depends on the pectoral fin.  The servo is made to sweep accordingly to replicate the flapping 

characteristic of real manta ray in the robotic manta ray. Complex mechanics are involved in 

flapping of manta ray, with flexible fin and perfectly designed body the robotic rays can achieve 

high efficiency and can generate high thrust [22, 23]. Static and dynamic pressure fields will be 

acting on manta ray fin during the flapping[24]. In this paper, a robotic manta ray propelled by 
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two pectoral fins actuated by servo motors is discussed.  Servo actuated carbon fiber beam is 

placed in the leading edge of the pectoral fins, it displaces the leading edge with respect to 

compliant trailing edge of the fin resulting in phase delay, it leads to generation of traveling 

wave along the fin from leading to trailing edge of the robotic manta ray. Generated wavy 

deformation moving from leading to trailing edge on Pectoral fins is responsible of Robotic ray's 

displacement in forward direction. The momentum is transferred in the three dimensionally by 

the pectoral fins. 
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CHAPTER 2 

PECTORAL FIN AND THRUST GENERATION 

2.1 Pectoral Fin Design 

Natural manta rays have pair of triangular fins which are present on either side of ray. 

These fins aid in generating the required thrust and in controlling the direction during 

locomotion. In natural manta ray this is done with the help of tough cartilage in the fins, cartilage 

generate required wavy formations on the fin in Natural Manta ray. Servo is used for generating 

similar wavy deformations on the pectoral fin in robotic manta ray. Servo exerts thrust on 

leading edge, the leading edge bends first and trailing edge will follow the lead of leading edge 

causing twisting and it generates thrust in the forward direction. For attaining wavy deformations 

and twisting the pectoral fin should be very flexible, hence super soft silicon rubber is used for 

fabricating the pectoral fin. Silicon rubber is very flexible material. Due to flexibility of Silicon 

Rubber desired wavy deformations occur on Fin. Properties of Liquid Silicone Rubber are given 

in the Table 1. 

TABLE 1 

PROPERTIES OF LIQUID SILICONE RUBBER 

                       Description                      Value 

                   Tensile Strength                  3.6 – 12.0 MPa  

                         Elongation                    220 – 900 % 

                     Tear Strength                    11 – 52 kN/m 

 



 

 
13 

A Carbon fiber beam will be attached to pectoral fin by placing it in Silicon rubber at 

appropriate position during the fabrication of Pectoral Fin. Fabrication is done by allowing the 

rubber gel to cure at room temperature in mold plates forming desired shape drilled on the mold 

plates.  As, the carbon fiber beam is attached to servo it can also be called extended servo arm. 

The pectoral fin bends according the motion of carbon fiber beam. 

 

                                                  Figure 2.1: Pectoral Fin Design. 

This motion at leading edge results in bending of the pectoral fin. Deformations caused 

on pectoral fins generate required propulsion by transferring momentum to the water and 

pushing water backwards. The dark colored areas indicate active areas and gray colored portion 

indicates passive areas. Active areas are the locations of fin where actually actuation is caused 

and passive areas are locations of the fin that actually follow the lead of the active area. The 

active area is actuated by servo motor at the leading edge. The pectoral fin is designed almost 

identical to the natural fin.  

2.2 Thrust Generation 

Manta rays propel by amalgamating both undulation and oscillation type of motions on 

fins. In manta ray unlike major other type of sea creatures a single pair of pectoral fins is used to 
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generate the lift and also Thrust [7], a single pair of fins is used for propelling the manta ray 

three dimensionally similar to birds. Manta rays evolved from sting rays, sting rays are bottom 

dwelling rays. Sting rays are capable of generating forward thrust, but not considerable lift. 

Manta rays using their bird like wings generate required thrust along with lift. Manta rays propel 

themselves by harnessing Newton's laws of motion.  

Consider a manta ray intends to move forward, it has to apply a backward pushing force 

just as a person has to push back with legs to walk forward. When a manta ray strokes its 

pectoral fin downwards the leading edge will flap first in the downwards direction then the distal 

part follows the leading edge.  The flapping of fins vertically downwards generates required lift 

for manta ray. As mentioned before wavy deformations travel from leading to trailing edges on 

the pectoral fin of manta ray. The wave propagating from leading edge to trailing edge generates 

thrust in the X and Y directions.  

The manta ray moves forward by pushing water backward and upward by pushing water 

downward. Momentum is transferred to the water due to flapping of fins. The momentum is 

transferred along Z-axis due to vertical flapping of fin; momentum is transferred along XY-plane 

due to wavy deformations on fin from leading to trailing edge. Momentum is imparted to the 

water by the fins, resulting in manta ray accelerating in opposite direction.  

Propulsion of manta ray can be explained based on the three dimensional approach. 

Consider a Natural Sample of manta ray is swimming from a point be origin at bottom of tank to 

a position (X, Y, Z).  The manta ray needs to propel the fins such that it transfers momentum 

along Z-axis, Y-axis and X-axis. The flapping in the lower horizontal plane during downward 

stroke produce the lift required for the manta ray while the flapping in upper horizontal plane 

during upward stroke leads to the reduction in lift generated. To overcome this, manta rays 
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generally bend the fins during upward flapping such that less momentum is transferred by 

upward flapping. Robotic manta ray in this case is with two dimensional (2D) maneuvering 

capabilities. The robotic manta ray is designed to swim on the surface of water in XY-plane. The 

Z position of swimming robot remains almost constant. So, while swimming on the surface of 

water the thrust is generated due to wave propagation between the leading and trailing edge, the 

tip deflection has huge contribution in the thrust generated. 

 Both chord wise and span-wise deformations occurring on fin at same time cause lagging 

tip deflection, this leads to a paddling type motion at tip of pectoral fin resulting in high  forward 

thrust generation at tip considered to center of the fin. Efficient swimming mechanism is 

followed by manta rays.  

Robotic manta ray is designed such that it freely floats on the surface of water, buoyant 

force and gravitational pull cancel each other. Glass Bubble is used in fabrication of the Fins; it 

helps in creating required Buoyancy. The tip deflection and wavy deformations along the fin 

transfer the momentum along XY- Plane. Based on conservation of momentum law the 

momentum applied by fins of manta ray on water will be equal to momentum applied by water 

on manta ray, it can be written as 

  𝑚 𝑣 =  𝑚 𝑢  

𝑚 𝑣 =  𝑚 𝑢  

where mx and my are the effective masses of manta ray along X and Y-axis respectively, ‘mfx’ is 

the effective mass of fin along X-axis, ‘mfy’ is the effective mass of fin along Y-axis, ux is 

velocity with which water is pushed along x-axis by fins, uy is velocity with which water is 

pushed by fin along y-axis, vx and ‘vy’ are velocity of manta ray along X-axis and Y-axis.  

The force will be generated in opposite direction due to momentum applied by fins on 

(2.1) 

(2.2) 
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water. The work done by the fins is transferred to the water as kinetic energy, causing manta ray 

to move forward, turn and upward. Using equation (2.1) and equation (2.2) force can be given as  

𝐹 = 𝑚
𝑑𝑣

𝑑𝑡
=  𝑚

𝑑𝑢

𝑑𝑡
 

𝐹 = 𝑚
𝑑𝑣

𝑑𝑡
=  𝑚

𝑑𝑢

𝑑𝑡
 

where ‘FX’ is thrust generated along X-axis, ‘FY’ is thrust generated along Y-axis. The total force 

generated by fins in XY plane can be given as 

𝐹 = 𝐹 𝚤̂+𝐹 𝚥̂ =  𝑚
𝑑𝑢

𝑑𝑡
 

𝑢 = 𝑢 𝚤̂+𝑢 𝚥̂ 

where ‘FT’ is total thrust generated by fins in XY plane, ‘mf’ is total mass of fin.  The total force 

generated is directly proportional to momentum transferred by fins to water. Momentum 

transferred by fins depends on the flapping frequency of manta ray, it is given as 

𝑑𝑢

𝑑𝑡
∝ 𝑓 

from equation (2.5) total force can be given as 

𝐹 ∝ 𝑚 𝑓 

  𝐹 = 𝐾𝑚 𝑓 

where ‘f’ is the flapping frequency of fins, ‘K’ is relation constant between force generated and 

frequency, it is to be determined. It can be inferred from the relation that the total thrust 

generated can be controlled by controlling the flapping frequency. 

 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 
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CHAPTER 3 

CFD ANALYSIS OF ARTIFICIAL PECTORAL FIN 

Complex 3D dynamic are involved in the swimming of manta ray.  For studying the 

dynamics involved in the swimming of manta ray, Fluid structure interaction coupled analysis in 

CFD is performed on pectoral fin of robotic manta ray. Fluid structure interaction (FSI) is the 

interaction between fluid and moving or a deforming structure, it is a complex multi physics 

phenomenon it occurs in a system in which solid structure deformation changes boundary 

condition of fluid system and also fluid flow causes solid structure deformation. Fluid–structure 

interaction problems general are highly complex problems to solve analytically, using relations 

of continuum mechanics these types of problems are mostly solved with numerical methods but 

it can be done typically only for simple systems.  It can even be a huge challenge to solve 

computationally due to complex geometries, complex physics of fluids, and highly complicated 

fluid-structure interactions. The possible way for reducing the computational effort of fluid-

structure simulations is the using coupled simulations. Solution strategies of FSI simulations can 

be classified as monolithic and partitioned techniques. In monolithic approach the equations 

which govern the flow, displacement of structure are solved with a single solver, while in 

partitioned approach these are solved separately. Partitioned method is used in this research.  

Partitioned methods are again divided to two types of FSI analysis,  

(i) One Way Coupling FSI. 

(ii) Two Way Coupling FSI. 

One way FSI is interaction case between fluid and structure when deformations of structure 

are small or very less. The structure is deformed by fluid flow pressure; load and pressure values 



 

 

exerted by fluid on structure are passed to mechanical from fluid part and are used for structural 

analysis. In Two Way FSI the structural deformations are comparatively large. The structure 

displaces the fluid, force and press

calculated by Structural Analysis and are passed to fluid part, and by dynamic meshing the mesh 

updates according to the displacement

Figure

Figure
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exerted by fluid on structure are passed to mechanical from fluid part and are used for structural 

analysis. In Two Way FSI the structural deformations are comparatively large. The structure 

displaces the fluid, force and pressure values are passed to mechanical. Displacements are 

calculated by Structural Analysis and are passed to fluid part, and by dynamic meshing the mesh 

updates according to the displacement[25, 26].  

Figure 3.1:  Flow Chart of One Way FSI. 

Figure 3.2: Flow Chart of Two Way FSI. 

exerted by fluid on structure are passed to mechanical from fluid part and are used for structural 

analysis. In Two Way FSI the structural deformations are comparatively large. The structure 

ure values are passed to mechanical. Displacements are 

calculated by Structural Analysis and are passed to fluid part, and by dynamic meshing the mesh 

 

 



 

 

CFX and FLUENT are used 

ANSYS Mechanical is used for structural part

way coupled simulations with CFX and System Coupling is used with FLUENT. Both CFX and 

FLUENT are used for this research 

Figure 3.3: Two Way 

Figure 3.4

3.1 CFD and Fluid Model 

Every Fluid flow is governed by basic conservation principles such as conservation of 

mass, momentum and energy. The solution 

continuity equation and the Navier

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(

𝜕𝑢 𝑢

𝜕𝑥
) =
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CFX and FLUENT are used for fluid part simulations in ANSYS Workbench 

ANSYS Mechanical is used for structural part simulations. MFX coupling is used for the two

way coupled simulations with CFX and System Coupling is used with FLUENT. Both CFX and 

earch initially; eventually CFX is preferred over FLUENT.

Two Way FSI analysis setup with FLUENT. 

3.4: Two Way FSI analysis setup with CFX. 

Every Fluid flow is governed by basic conservation principles such as conservation of 

The solution calculations in the fluid part side are

continuity equation and the Navier-Stokes equation. The Navier-Stokes equation,

= −
𝜕𝑝

𝜕𝑥
+ 𝜂 

𝜕

𝜕𝑥

𝜕𝑢

𝜕𝑥
+

𝜕𝑢

𝜕𝑥
−

2

3

𝜕𝑢

𝜕𝑥
𝛿  

in ANSYS Workbench and 

. MFX coupling is used for the two-

way coupled simulations with CFX and System Coupling is used with FLUENT. Both CFX and 

eventually CFX is preferred over FLUENT. 

 

 

Every Fluid flow is governed by basic conservation principles such as conservation of 

calculations in the fluid part side are done using 

Stokes equation, is given as 

(3.1) 
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where i, j are tensor indices, 𝑝 is pressure, 𝑢  is velocity, 𝑥  and 𝑥    Cartesian coordinate 

directions, 𝜌 is Density of water, 𝑢 𝑢    is Reynolds stress tensor, 𝑡  is time, 𝛿  is Kronecker 

delta it is given as 

𝛿   =   
1,  𝑖 = 𝑗
0, 𝑖 ≠ 𝑗

  

Using finite volume approach continuity equation and the Navier-Stokes Continuity equation can 

be given as 

𝑑

𝑑𝑡
𝜌. 𝑑𝑉 + 𝜌. 𝑈 . 𝑑𝑛 + 𝜌. 𝑊 . 𝑑𝑛 = 0  

From integral form of continuity equation, three terms are needed to be solved. The first, 

second and third terms indicate change in mass in control volume, mass flux through control 

volume boundary and change of control volume through mesh deformation respectively.  The 

laws of conservation of momentum, mass and energy govern the motion and thermal behavior of 

fluids. In CFX these laws can be given as 

Conservation of Momentum: 

𝜕(𝜌𝑢 )

𝜕𝑡
+

𝜕(𝜌𝑢 𝑢 )

𝜕𝑥
=

𝜕

𝜕𝑥
𝜂

𝜕𝑢

𝜕𝑥
+

𝜕𝑢

𝜕𝑥
− 𝜌𝛿 + 𝐵  

Conservation of Mass: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢 )

𝜕𝑥
= 0 

Conservation of Energy: 

𝜕(𝜌𝐻𝑒)

𝜕𝑡
+

𝜕(𝜌𝑢 𝐻𝑒)

𝜕𝑥
−

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) =

𝜕(𝑝)

𝜕𝑡
 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 
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here 𝐻𝑒 is used to denote Enthalpy; 𝑇 is Temperature, 𝐵  is used to denote Body Force, 𝑡 is time. 

For reducing the computational effort, the solution variables are divided into two values, one 

mean value and one fluctuation value. This is called as Reynolds decomposition 

𝜑 = 𝜑 + φ′ 

where 𝜑 is used to denote value of fluid property. 

On substituting flow variables in the equation (3.7) leads to formation of Reynolds 

Averaged Navier Stokes equation. The Reynolds Averaged-Navier-Stokes equation is kind of 

approach which employ its own kind of Navier Stokes equation to model the turbulent flow 

using turbulence models and it can be given as  

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌

𝜕𝑢 𝑢

𝜕𝑥
= −

𝜕�̅�

𝜕𝑥
+ 𝜂 

𝜕

𝜕𝑥

𝜕𝑢

𝜕𝑥
+

𝜕𝑢

𝜕𝑥
−

2

3

𝜕𝑢

𝜕𝑥
𝛿 − 𝜌(

𝜕

𝜕𝑥
𝑢 𝑢 ) 

the calculations for the structure side are solved using a finite element approach. The calculations 

are based on the impulse conversion. A finite element is chosen for each specific problem to 

solve using finite element approach 

𝑀. �⃗̈�  + 𝐶. �⃗̇� + 𝐾. �⃗� =  �⃗� 

𝑀 is structural mass matrix, �̈� is acceleration vector, 𝐶 is structural damping matrix, �̇� is velocity 

vector, 𝐾  is structural stiffness matrix, 𝑢 is displacement vector and 𝐹 is force vector.  

3.2 Ideal Methodology 

The problem to be solved here is to analyze the interactions between deforming flexible 

structure and fluid, to evaluate the transfer of forces between structure and fluid. The ideal 

methodology would be first to create suitable geometry, then to generate computational mesh for 

both fluid and structural participants. Later simulation setup should be done on both structural 

(3.7) 

(3.8) 

(3.9) 
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side and fluid domain. Both structural side and fluid side solvers should be coupled to exchange 

the data between structural side and fluid side. 

3.3 Geometry 

The first step is to create suitable geometry for carrying out CFD analysis. The geometry 

describes the size and shape of the CFD problem to be analyzed.  Geometry consists of volumes, 

edges, surfaces, vertices and curves. Geometry in this case refers to design of pectoral fin and 

fluid domain. Pectoral fin will be placed in the fluid domain. Fluid domain is designed 

replicating a fish tank. Flexible liquid silicone rubber is assigned as fin material. A solid 

structure resembling the carbon fiber rod is placed at leading edge of the fin to replicate the fin 

motion of that of robotic manta ray. 

 

                         Figure 3.5: Geometry of Fluid Domain and Structural Member. 

3.4 Mesh Generation 

Using equations to find solutions of fluid flow and fluid interaction problems is highly 

complicated, equations governing fluid flow and interactions can be used analyze fluid flows 

only for simple cases. To analyze fluid flows and fluid interaction fluid domain can be divided to 

number of sub fluid domains. Each individual sub domain can be referred as cell, element or 



 

 

mesh element. All the elements together are termed as mesh or grid.  Th

fluid domain to sub domains is called Mesh Generation.

triangular elements the surface mesh is created.  

Figure 3.6

Figure

  Unstructured Meshing technique i

unstructured mesh because it doesn’t use i, j and k indexing.   

generation of the structural part is created in Structural model.

meshing tool.  
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mesh element. All the elements together are termed as mesh or grid.  The process of dividing 

fluid domain to sub domains is called Mesh Generation. In CFD fluid part for this case, using 

triangular elements the surface mesh is created.   

3.6:  Surface Mesh of the Fluid Domain. 

Figure 3.7: Volume Mesh of Fluid Domain. 

Unstructured Meshing technique is used for meshing of volume. I

unstructured mesh because it doesn’t use i, j and k indexing.   The computational mesh 

is created in Structural model. It is done with the help of ANSYS 

e process of dividing 

In CFD fluid part for this case, using 

 

 

s used for meshing of volume. It is known as 

The computational mesh 

the help of ANSYS 



 

 

3.5 Structural Simulation Setup

Structural Analysis is done to determine the structural behavior 

functioned loads and due to the pressure applied by the fluid flow

provide required loads, fixed contacts, fluid solid interface, inertial and boundary conditions and 

to analyze deformation and motion of the solid body.

as complex compared to fluid simu

the boundary conditions, loads, analysis settings, fixed supports and fluid solid interface.

24 

Figure 3.9: Structural Mesh. 

Setup 

Structural Analysis is done to determine the structural behavior of fin 

and due to the pressure applied by the fluid flow.  Mechanical Setup is used to 

provide required loads, fixed contacts, fluid solid interface, inertial and boundary conditions and 

to analyze deformation and motion of the solid body. The simulation setup of Mechanical is not 

as complex compared to fluid simulation setup. Required simulation settings to be defined are 

the boundary conditions, loads, analysis settings, fixed supports and fluid solid interface.

 

of fin under time 

Mechanical Setup is used to 

provide required loads, fixed contacts, fluid solid interface, inertial and boundary conditions and 

The simulation setup of Mechanical is not 

lation setup. Required simulation settings to be defined are 

the boundary conditions, loads, analysis settings, fixed supports and fluid solid interface. 
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Figure 3.10: Simulation Setup of a Structural Member. 

3.6 Fluid Simulation Setup 

All cell zone conditions, boundary conditions, dynamic mesh zone conditions, interface 

conditions, inlet - outlet conditions, material properties of fluid domain should be set for running 

the simulations. The fluid domain is comprised of only one phase or material, Water (Liquid). 

The important properties of water which are used for the simulation are Density and Dynamic 

Viscosity.  Fluid simulation setup in CFX is done in CFX- Pre; it is the physics definition 

preprocessor for CFX. Meshes will be imported to CFX-Pre; physical models and boundary 



 

 

conditions are selected in CFX 

receives files which are produced in CFX 

Figure

The material setup conditions applied o

SINGLE PHASE MATERIAL SETUP

 

 

       Material (or) Phase          

                    Water                  
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are selected in CFX – Pre which are to be used for CFD simulation

receives files which are produced in CFX – Pre. 

Figure 3.11: CFX –Pre Setup ANSYS. 

The material setup conditions applied on the fluid domain are given in Table 2. 

TABLE 2 

SINGLE PHASE MATERIAL SETUP 

         Density (kg/m3)     Dynamic viscosity (kg/ms)

                 998.2                   0.001002

CFD simulations.  CFX Solver 

 

iscosity (kg/ms) 

0.001002 



 

 

The boundary conditions of fluid model are given in Table 3.

BOUNDARY CONDITIONS OF A FLUID MODEL

Domain Part

                 Front 

                 Back 

                  Side1    

                  Side2 

                  Bottom

                  Top 

                  Interface

Figure 3.12
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The boundary conditions of fluid model are given in Table 3. 

TABLE 3 

BOUNDARY CONDITIONS OF A FLUID MODEL 

Domain Part         Boundary Condition 

     Wall (zero shear) 

     Wall (zero shear) 

Side1          Wall (zero shear) 

      Wall (zero shear) 

Bottom       Wall (zero shear) 

       Opening 

Interface        Interface 

 

 

3.12: Assigning Material for Fluid Domain. 



 

 

Different boundaries and parts of fluid domain are shown in 

Boundary here refers to the interface mesh between fluid and structure. Information is 

between the Mechanical and CFX at Interface.

Figure 3.13

3.7 Coupling 

The structural deformation and fluid domain should be coupled together for 

simulation. Coupling here is process of tying independent

two way transfers will be done between coupled analysis participants.

connecting coupling participants to System Coupling or 

done. MFX and System Coupling are 

in a coupled analysis is called Participant System

                            

                                           Figure
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Different boundaries and parts of fluid domain are shown in Figure 3.13

Boundary here refers to the interface mesh between fluid and structure. Information is 

between the Mechanical and CFX at Interface. 

3.13:  Boundary Conditions of Fluid Domain. 

The structural deformation and fluid domain should be coupled together for 

. Coupling here is process of tying independent analysis process together. One way or 

two way transfers will be done between coupled analysis participants. In ANSYS Workbench by 

connecting coupling participants to System Coupling or MFX coupling, FSI analysis can be 

MFX and System Coupling are component systems. A system which feeds or receives data 

is called Participant System.   

Figure 3.14: Coupling Analysis Flow Chart. 

Figure 3.13. Interface 

Boundary here refers to the interface mesh between fluid and structure. Information is exchanged 

 

The structural deformation and fluid domain should be coupled together for co-

analysis process together. One way or 

In ANSYS Workbench by 

FSI analysis can be 

A system which feeds or receives data 

 



 

 

At the interface the informat

between meshes of structure and fluid

exchange is carried out.  

3.8 CFX Solver 

CFX-Solver is an interface;

problem solving it is solver can be used to see the plotted data and pattern of changes. Solver has 

a text output window on right and convergence history plots usually appear on left.

         

                                                Figure

3.9 Results 

Thrust acting along the different axes of fin in water due to flapping is measured by CFD 

Analysis. Force exerted and acting along the fin at various frequencies and

deformations on fin are analyzed and compared. Thrust acting along Z

to determine the effect of frequency and amplitude on thrust generation in XY plane. On keeping 

all other factors like thickness, length, wi
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the information is exchanged. The information should be exchanged 

between meshes of structure and fluid. By a systematic sequence processes and sub processes the 

interface; it shows various plots and ongoing results

problem solving it is solver can be used to see the plotted data and pattern of changes. Solver has 

a text output window on right and convergence history plots usually appear on left.

Figure 3.15: CFX Solver ANSYS. 

Thrust acting along the different axes of fin in water due to flapping is measured by CFD 

Analysis. Force exerted and acting along the fin at various frequencies and amplitudes of wavy 

deformations on fin are analyzed and compared. Thrust acting along Z-axis is ignored as goal is 

to determine the effect of frequency and amplitude on thrust generation in XY plane. On keeping 

all other factors like thickness, length, width and density constant the only factors which 

ion is exchanged. The information should be exchanged 

By a systematic sequence processes and sub processes the 

results.  During the 

problem solving it is solver can be used to see the plotted data and pattern of changes. Solver has 

a text output window on right and convergence history plots usually appear on left. 

 

Thrust acting along the different axes of fin in water due to flapping is measured by CFD 

amplitudes of wavy 

axis is ignored as goal is 

to determine the effect of frequency and amplitude on thrust generation in XY plane. On keeping 

dth and density constant the only factors which 
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determine the thrust acting along fin are frequency of flapping and amplitude of wavy 

deformations. Amplitude depends on the length of the servo arm and angular displacement 

exerted by servo arm. The angular displacement is denoted by ‘𝜃’, the highest amplitude of wavy 

deformations can be given as 

𝐴 = 𝑙𝑠𝑖𝑛(𝜃) 

where, ‘𝐴’ is highest amplitude of wavy deformations, ‘𝑙’ is length of the servo arm.  

 

Figure 3.16:  Pectoral Fin Flapping. 

Deformations similar to natural sample are achieved for CFD analysis. Solid structure 

placed at leading edge of the fin is made to sweep at different frequencies. The fin region in 

contact with the solid structure behaves like active region while rest of the fin behaves as passive 

region. The passive regions follow the lead of active region, generating wavy deformations on 

fin. A kinematic wave will be traveling from leading to trailing edge of the fin. The wave 

number of traveling kinematic wave from leading to trailing edge in reference to base of fin is 

typically 0.4 -0.5. The wave propagation on fin is shown in Figure 3.17 and Figure 3.18, fin 

flapping and tip deflection are shown in Figure 3.19 and Figure 3.20.  

(3.10) 



 

 

                    

                               Figure 3.17: Wavy Deformation Generated on Fin

                    

                                         Figure 
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Wavy Deformation Generated on Fin. 

 3.18: Kinematic Wave Passing on Fin. 
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                               Figure 3.19: Fin Flapping at 0.5 Hz Frequency for 𝜃 =  15°. 

 

                            Figure 3.20: Fin Flapping at 0.5 Hz Frequency for 𝜃 =  10°. 
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Thrust generated during fin flapping at different frequencies and amplitudes are measured 

using CFD analysis. Average thrust generated at various frequencies for different amplitudes are 

measured with reference to fixed contacts of fin.  Based on the reaction forces acting at fixed 

contacts net force acting on fin is evaluated. The deformations on fin are observed carefully for 

different cases. The characteristic relation between thrust and frequency for different values of 

‘𝜃’ are evaluated. Thrust acting along fin are evaluated from CFD for three different values ‘𝜃’, 

at different frequencies between 0-1 Hz. Throughout the analysis the length of the arm is kept 

constant. Only frequency and amplitude are varied and the effect of variation on thrust is studies. 

Total mean thrust acting along fin one single flapping is evaluated. 

 

Figure 3.21: Mean Thrust along X and Y axis of Fin for 𝜃 = 15°. 

The mean thrust acting along the fin for single flap at different frequencies for  𝜃 =  15° is 

shown in Figure 3.21. 
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Figure 3.22: Mean Thrust along X and Y axis of Fin for 𝜃 = 10°. 

 The mean thrust acting along the fin for single flap at different frequencies for  𝜃 =  10° is 

shown in Figure 3.22. 

                  

Figure 3.23: Mean Thrust along X and Y axis of Fin for 𝜃 = 7.5°. 



 

 
35 

The mean thrust acting along the fin for single flap at different frequencies for  𝜃 =  7.5° is 

shown in the Figure 3.23. 

The relation between thrust acting along X-axis, flapping frequency and 𝜃 is shown in 

Figure 3.24. Red, Green and Blue points indicate the thrust generated along X-axis at different 

frequencies, while 𝜃 = 15, 10 and 8 degrees respectively. While the solid lines show estimated 

mean value form established relation. Figure 3.25 shows relation between thrust along Y-axis 

and flapping frequency. Magenta, Cyan and yellow points indicate the thrust generated along Y-

axis at different frequencies, while the 𝜃 =  15, 10 and 8 degrees respectively. While the solid 

lines show estimated mean value form established relation. 

 

Figure 3.24: Mean Thrust Acting along X –axis of Fin. 
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Figure 3.25: Mean Thrust Acting along Y axis of Fin. 

Based on the measured values of mean and developed relations generalized functions for 

thrust acting along X and Y axis of fin in terms of frequency, length of arm and 𝜃 are derived.  

𝑇  =  (56.7112𝑓 − 108.6628𝑓 + 77.0907𝑓) 𝑙𝑠𝑖𝑛 𝜃 

𝑇  = (5.7201𝑓  −  10.7959𝑓  +  8.1035𝑓 − 0.0838) 𝑙𝑠𝑖𝑛𝜃 

where ‘f’ is the flapping frequency, ‘l’ is the length of servo arm, 𝜃 is the angular displacement 

exhibited by servo arm for every half flapping cycle. The relation between mean thrust along X 

axis, Y axis and frequency based on derived function relation for  𝜃 =  15°, shown in Figure 

3.26. 

(3.11) 

(3.12) 
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Figure 3.26: Calculated Thrust vs. Frequency Relation for 𝜃 = 15°. 
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CHAPTER 4 

DYNAMIC MODEL  

This section presents control-oriented dynamic model of the robotic manta ray in a 2D plane. 

4.1 Body Dynamics 

The body and fins are assumed to be naturally buoyant. The robotic manta ray swims 

with a moderate speed. ‘𝐺’ is used to denote the entire body center of gravity. ‘𝐶’ is the body 

rotation point. The velocity at the point ‘𝐶’ is expressed as surge ‘𝑣 ’, sway velocity ‘𝑣 ’ and 

yaw motion ‘𝑟’ in x, y and z-directions respectively. Seeing that the velocity of robotic manta ray 

is not too high, the coupling between velocities along different axis and yaw motion ‘𝑟’ can be 

neglected. The equations of motion of Robotic Manta Ray are derived as [27] 

�̇�  =  
𝑚 − 𝑚

𝑚 − 𝑚
𝑣 𝑟 +  

𝐹

𝑚 − 𝑚
 

�̇�  =  
𝑚 − 𝑚

𝑚 − 𝑚
𝑣 𝑟 +  

𝐹

𝑚 − 𝑚
 

�̇� =  
𝑚 − 𝑚

𝐼 − 𝐼
𝑣 𝑣 +  𝑀  

𝐼 = 𝐼 + 𝑚𝑑  

where FX and FY in equation (4.1) and equation (4.2) are forces acting in the x and y directions 

respectively, m is the mass of robotic manta ray; ‘Iz’ mentioned in equation (4.3) and equation 

(4.4) is effective Moment of Inertia of Robotic Body along the Z axis and 𝑀  in equation (4.3) is 

turning moment along Z-axis. 

 𝐼 ,𝑚 , 𝑚  and 𝐼  are the hydrodynamic derivatives, the effect of added mass due to the 

surrounding fluid on the robotic fish is describe by these constants which can be given as [28], 

(4.1) 

(4.2) 

(4.3) 

(4.4) 
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𝑚 = −𝑚
𝜋𝜌𝐷 𝐿

6
 

𝑚 = −𝑚
𝜋𝜌𝐷 𝐿

6
 

𝐼 = −𝑚
𝜋𝜌𝐷 𝐿(𝐷 + 𝐿 )

6
 

𝐼 =
𝑚(𝐷 +𝐿 )

10
  

where ‘𝜌’ is the density of water, ‘𝐷’ is the diameter of the robotic body, ‘𝐿’ is the length of the 

body, ‘𝑑’ is the distance between point of rotation on robotic body and its center of gravity. ‘𝐼 ’ 

is the moment inertia along the axis at center of gravity on body. 𝑚 , 𝑚  and 𝑚  are 

dimensionless added mass coefficients for an ellipsoid body[28]. The kinematic equations of 

robotic manta ray are [29] 

 �̇� =  𝑣 cos 𝜓 − 𝑣 sin 𝜓 

�̇� =  𝑣 cos 𝜓 + 𝑣 cos 𝜓 

𝜓 ̇ = 𝑟 

|𝑉| =  𝑣 + 𝑣  

Here,𝝍 is the heading angle of the Robotic Manta Ray. 

4.2 Forces and Drags 

The total forces acting along the x and y directions can be obtained by considering drag 

and thrust acting in both directions. As shown in previous section thrust acting along the fin can 

be obtained in both x and y directions. Complete forces acting along the x and y axis are given as 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 
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𝐹 = 𝑇 + 𝑇 − 𝐹 cos(𝛾) + 𝐹 sin (𝛾)  

𝐹 = 𝑇 + 𝑇 − 𝐹 sin(𝛾) − 𝐹 cos(𝛾)  

 𝑀 = 𝑀 + 𝑀  

where 𝑇  and 𝑇  in equation (4.13) and equation (4.14) are the thrust acting along x and y 

axis of right fin, 𝑇  and 𝑇  in equation (4.13) and equation (4.14) are the thrust acting along x 

and y axis of left fin. ‘𝐹 ’is the drag force acting on body. ‘𝐹 ’ is the lift force acting on body 

which are given as  

𝐹  =
𝜌|𝑉| 𝐶 𝑆

2
 

𝐹 =  
𝜌|𝑉| 𝐶 𝑆𝛾

2
 

where ‘ρ’ is density of water, ‘Cd’ is Drag Coefficient, ‘CL’ is Lift Coefficient, ‘𝑉’ is velocity of 

robotic manta ray, ‘S’ is surface area of manta ray in contact with water. ‘𝛾’ is the swaying 

angle, angle between 𝑉 and x-axis. 𝑀 , 𝑀  are hydrodynamic moment applied to the center of 

the body and robotic manta ray’s drag moment respectively. Hydrodynamic moment applied on 

center of body can be given as 

   𝑀 = 𝑀 + 𝑀  

𝑀 = 𝑟 × 𝐹  

𝑀 = 𝑟 × 𝐹  

‘𝑟 ’ is the vector from the center of the body to the base of the right fin and ‘𝑟 ’ is vector from 

the center of the body to base of left fin. ‘𝑀 ’ is drag moment of robotic manta ray, ‘𝜔’ is 

angular velocity of robotic manta ray along z-axis given as 

(4.13) 

(4.14) 

 
(4.15) 

(4.16) 

(4.17) 

(4.18) 

(4.19) 

(4.20) 
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                                                        𝑀 =  −𝐶 𝜔 𝑠𝑔𝑛(𝜔) 

𝜔 =  
𝑑𝛾

𝑑𝑡
 

‘𝐶 ’ is coefficient of drag moment and 𝑠𝑔𝑛() is sign function. 𝐶 , 𝐶  and 𝐶  are measured 

based on experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(4.21) 

(4.22) 
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CHAPTER 5 

ROBOTIC MANTA RAY I 

5.1 Pectoral Fin Fabrication 

Pectoral din design is done as previously mentioned in section 2. The base length of the 

fin is 0.1 m and base to tip length of fin is 0.1 m. The thickness of fin is 2mm. The forward thrust 

generated by the fins will depend on lag between leading edge and trailing edge, tip deflection 

and frequency of flapping. A plastic beam is placed at leading edge of the fin made of PDMS 

which acts as extension to the servo arm.  When the servo motor strokes down wards this beam 

will make the leading edge of the fin to flap first slowly the distal part follows the flap.  For 

attaining wavy deformations and twisting the pectoral fin should be very flexible, super soft 

silicon rubber is used for fabricating the pectoral fin. Fabrication is done by allowing the silicone 

gel to cure at room temperature in mold plates forming desired shape drilled on the mold plates. 

A special mold was designed for fin fabrication. 

 

Figure 5.1: Mold Plate for Pectoral Fin I Fabrication. 
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Figure 5.2: Robotic Manta Ray I Pectoral Fin. 

5.2 Mechanical Body Design 

The factors which are considered during mechanical designing are size and location of 

Fins, and structure of body.  

  

Figure 5.32: Inner and Outer Body of Robotic Manta Ray I. 



 

 

The body of manta ray is designed such that it is complete waterproof and also it should 

provide sufficient room for the circuit.  A cap like structure is designed such that it is used to seal 

the body and protect the circuit and batteries inside and also to add symmetry to th

Servo motors are place outside the body in the slots. 

robotic manta ray is nearly 2.2. 

5.3 Control Method 

A wireless control method 

the surface of water the wireless products can provide effective control signals. Each pectoral fin 

ray is driven by a high-torque servo. Considering stability li

and control of the fish. Particle photon micro controller is used to

control strategy is employed.           

Figure

5.4 Experimental Results 

The robot was tested in a glass water tank of 1m wide, 2.5 

water level is maintained at 0.7m

frequencies but the Robotic manta ray was able to swim with highest speed between frequencies 

1 to 1.3 Hz. 
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is designed such that it is complete waterproof and also it should 

room for the circuit.  A cap like structure is designed such that it is used to seal 

the body and protect the circuit and batteries inside and also to add symmetry to th

Servo motors are place outside the body in the slots. The total length to total width ratio of 

A wireless control method is employed in this fish.  As the robotic manta ray swims on 

the wireless products can provide effective control signals. Each pectoral fin 

torque servo. Considering stability lithium battery is used for 

Particle photon micro controller is used to control the servos. Open loop 

            

 

Figure 5.4: Control Diagram of Manta Ray I. 

a glass water tank of 1m wide, 2.5 m long and 0.9m deep. The 

0.7m, robotic manta ray is made to swim with various flapping 

frequencies but the Robotic manta ray was able to swim with highest speed between frequencies 

is designed such that it is complete waterproof and also it should 

room for the circuit.  A cap like structure is designed such that it is used to seal 

the body and protect the circuit and batteries inside and also to add symmetry to the design. 

The total length to total width ratio of 

is employed in this fish.  As the robotic manta ray swims on 

the wireless products can provide effective control signals. Each pectoral fin 

thium battery is used for the working 

control the servos. Open loop 

 

m long and 0.9m deep. The 

obotic manta ray is made to swim with various flapping 

frequencies but the Robotic manta ray was able to swim with highest speed between frequencies 



 

 

Figure

At flapping frequency of 1

approximately. As the length of manta ray

is 0.47 BL/s. 

Figure 5.6: Pictures of Robotic 
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Figure 5.5: Robotic Manta Ray I. 

At flapping frequency of 1.2 Hz the swimming speed was nearly 7.3

manta ray is 15.5 cm the achieved speed in terms of body length 

  

  

Pictures of Robotic Manta Ray I Swimming. 

.3cm per second 

cm the achieved speed in terms of body length 
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Experimentation was conducted to determine turning capabilities of robotic manta ray. 

The manta ray was able to turn to both the direction on controlling the servos. Robotic manta ray 

was also able to swim along circular path on controlling the servos accordingly. Our future 

works include implementing IPMC to control the path direction instead of controlling the servos, 

so the direction change and turning will be possible without change in speed and flapping 

frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

6.1 Pectoral Fin Fabrication 

The pectoral fin is designed almost identical to the natural fin. Pectoral fin is designed

a streamlined half body for achieving effective results

drag acting on fin will be reduced by this design. Additionally this design is

generating required deformations on fin with minimum

Figure 6.1

6.2 Mechanical Body Design 

The factors prominently considered during mechanical 

Fins, structure of body and its effect

natural manta ray is 2.2. Robotic 

ratios. The length of the body is 

designed to be of 0.130 m length and width of 0.160 m so, 

approximately equal to 2.2. For making 
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CHAPTER 6 

ROBOTIC MANTA RAY II 

designed almost identical to the natural fin. Pectoral fin is designed

a streamlined half body for achieving effective results and to improve the efficiency. Effective 

reduced by this design. Additionally this design is more effective

generating required deformations on fin with minimum power loss. 

 

6.1: Pectoral Fin II Design and Mold Plates.      

The factors prominently considered during mechanical designing are size and location of 

its effect on efficiency and speed. The width to length ratio of a

is 2.2. Robotic manta ray is designed considering the natural 

 designed to be 0.245 m while the width is 0.180 m and fins 

to be of 0.130 m length and width of 0.160 m so, the total width to length ratio will be 

For making manta ray neutrally buoyant glass bubble 

designed almost identical to the natural fin. Pectoral fin is designed as 

and to improve the efficiency. Effective 

more effective for 

 

size and location of 

on efficiency and speed. The width to length ratio of a 

natural manta ray body 

o be 0.245 m while the width is 0.180 m and fins are 

width to length ratio will be 

neutrally buoyant glass bubble is added to 



 

 

Silicon rubber during fabrication of pectoral fin. 

are needed to be fed to servo. For generating required pulses Micro Controller, 

Battery are needed to be used. Body of 

apparatus and servos are positioned outside the body by designing 

and to actuate pectoral fins. The

waterproof and it also provides sufficient room for 

inside for the circuit board and battery

used to seal the body and protect the Circuit board and 

to the design. A streamlined body shape 

will have very low Drag coefficient. This aids high efficient 

Figure 6.2: Inner and Outer Body of

6.3 Control Method 

Control Method employed is same as the c

ray I.  Considering stability and power requirements 

and control of the fish. Servos used for the pectoral fins are controlled using a Micro Co
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r during fabrication of pectoral fin. For generating servo sweep modulated pulses 

servo. For generating required pulses Micro Controller, Circuit Board

Battery are needed to be used. Body of robotic manta ray is designed suitably to hold all those 

apparatus and servos are positioned outside the body by designing separate slots

fins. The body of manta ray is designed such that it is 

and it also provides sufficient room for the required apparatus. A slot is provided 

and battery to be placed. A lid like structure is designed such that it

used to seal the body and protect the Circuit board and batteries inside and also to add symmetry 

to the design. A streamlined body shape is employed to limit the drag force. Stream lined body 

low Drag coefficient. This aids high efficient performance of robotic 

 

Inner and Outer Body of Robotic Manta Ray II. 

Control Method employed is same as the control techniques employed for r

lity and power requirements lithium battery is used as source for working 

used for the pectoral fins are controlled using a Micro Co

servo sweep modulated pulses 

Circuit Board and 

y to hold all those 

separate slots to place them 

is designed such that it is complete 

. A slot is provided 

like structure is designed such that it is 

and also to add symmetry 

to limit the drag force. Stream lined body 

robotic manta ray. 

 

ontrol techniques employed for robotic manta 

battery is used as source for working 

used for the pectoral fins are controlled using a Micro Controller. 



 

 

ATMEGA328 micro controller is used

directly by the Micro Controller.

Figure 

6.4 Experimental Results 

The robot was tested in a glass water tank of 1 m wide, 2.5m long and 0.9 m deep.

water level is maintained at 0.75m. Experiments are conducted to determine the linear speed and

turning speed of manta ray for various frequencies and to study relation between frequency and 

speeds. The robotic manta ray is

manta ray was able to swim with highest speed between frequencies0.9 

linear speed achieved in terms of body length is 0.53 BL/s at frequency of 1.1 Hz. To determine

the effect of frequency over speed and power consumption, the

maintained constant throughout the experiments.

linearly with increase in the frequency. But 

decreasing because the capacity of Servo is limited

even conducted to determine turning capabilities of rob

to turn to both the direction on controlling the servos accordingly. As angular speed depends on 
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ATMEGA328 micro controller is used. The two servos in the robotic manta ray

directly by the Micro Controller.   

 

 6.3: Control Diagram of Manta Ray II. 

The robot was tested in a glass water tank of 1 m wide, 2.5m long and 0.9 m deep.

water level is maintained at 0.75m. Experiments are conducted to determine the linear speed and

for various frequencies and to study relation between frequency and 

is made to swim with various flapping frequencies;

was able to swim with highest speed between frequencies0.9 - 1.1 Hz. The highest 

of body length is 0.53 BL/s at frequency of 1.1 Hz. To determine

the effect of frequency over speed and power consumption, the amplitude of f

maintained constant throughout the experiments. The speed of manta ray incre

h increase in the frequency. But after certain rise in frequency the

decreasing because the capacity of Servo is limited to certain frequency. Experimentation was 

even conducted to determine turning capabilities of robotic manta ray.  The manta ray was able 

to turn to both the direction on controlling the servos accordingly. As angular speed depends on 

ay are controlled 

 

The robot was tested in a glass water tank of 1 m wide, 2.5m long and 0.9 m deep. The 

water level is maintained at 0.75m. Experiments are conducted to determine the linear speed and 

for various frequencies and to study relation between frequency and 

frequencies; the robotic 

1.1 Hz. The highest 

of body length is 0.53 BL/s at frequency of 1.1 Hz. To determine 

amplitude of flapping is 

increased almost 

after certain rise in frequency the speed started 

Experimentation was 

The manta ray was able 

to turn to both the direction on controlling the servos accordingly. As angular speed depends on 
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frequencies of both the fins, for developing the relation between the frequency and angular speed 

one fin is completely put in rest while another fin is flapping with variable frequency. 

  

  

Figure 6.4:  Robotic Manta Ray II Swimming. 

As the frequency is increased beyond 1.2 Hz, the servo capacity to generate required 

sweep with the load gradually decreased. The robotic manta ray exhibited almost Linear Relation 

between Frequency and Speed. But this relation is only maintained when frequency was less than 

1.2 - 1.3 Hz. The simulation results and experimental results match which validates the proposed 

model. Relation between speed and frequency are shown in Figure 6.5 and Figure 6.6, circles are 

used to represent simulation results and squares are used to represent experimental results. 
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Figure 6.5:  Linear Speed Vs Frequency Characteristics. 

 

 

Figure 6.6: Angular Speed Vs Frequency Characteristics. 

 

 



 

 

A simple circuit design was used for powering and functioning of robotic manta ray

controlling servos is not too complicated

For Robotic manta ray I, ‘Photon’ is used; Photon micro controller has an inbuilt Wi

STM32 ARM Cortex M3 microcontroller.

Microcontroller is used.  External Lithium batteries are used to power the circuit board and 

robotic manta rays. The circuit design employed is shown in the Fi

Figure 

 

52 

CHAPTER 7 

CIRCUIT DESIGN 

A simple circuit design was used for powering and functioning of robotic manta ray

controlling servos is not too complicated. Same circuit design is employed for both prototypes. 

ic manta ray I, ‘Photon’ is used; Photon micro controller has an inbuilt Wi

STM32 ARM Cortex M3 microcontroller. For robotic manta ray II “APMEGA328P” 

External Lithium batteries are used to power the circuit board and 

esign employed is shown in the Figure 7.1. 

Figure 7.1: Circuit Design Employed. 

 

 

 

A simple circuit design was used for powering and functioning of robotic manta ray as 

Same circuit design is employed for both prototypes. 

ic manta ray I, ‘Photon’ is used; Photon micro controller has an inbuilt Wi-Fi chip with 

obotic manta ray II “APMEGA328P” 

External Lithium batteries are used to power the circuit board and 

 



 

 

Robotic manta rays are powered using a Lithium battery of

the robotic manta ray increased 

increased, the load current required for running the servo motors

of power consumption, as mentioned before flapping amplitude is always maintained constant.

For Robotic Manta Ray II when Frequency is around 1.1 Hz highest linear speed

each servo consumed average current around 0.3 

Figure 7.2: Power Consumption Vs Frequency Relation
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CHAPTER 8 

POWER CONSUMPTION 

powered using a Lithium battery of 7.4 V. Power consumption of 

 almost linearly with increase in frequency. As the frequency

increased, the load current required for running the servo motors increased resulting in increas

mentioned before flapping amplitude is always maintained constant.

hen Frequency is around 1.1 Hz highest linear speed

each servo consumed average current around 0.3 -0.33A at that frequency. 

 

Power Consumption Vs Frequency Relation. 

 

 

7.4 V. Power consumption of 

almost linearly with increase in frequency. As the frequency is 

increased resulting in increase 

mentioned before flapping amplitude is always maintained constant. 

hen Frequency is around 1.1 Hz highest linear speed is recorded, 
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CHAPTER 9 

CONCLUSION 

The palpable ascendancy of fish propelled by pectoral fins had dragged the interests of 

many researchers throughout the world for acknowledging manta ray as a good natural specimen 

to design a robotic fish. The key aspects of this type of bionic fishes are high efficiency, 

Maneuverability and stability.  

  A CFD Analysis is used to estimate the forces involved in swimming of robotic manta 

ray and calculate the mean thrust generated by pectoral fin at a certain frequency. Complex 

dynamics involved in swimming of robotic manta ray are replicated using servo actuated 

artificial pectoral fins.  

A bio mimetic robotic manta ray propelled by artificial pectoral fin assembled with servo 

motor, propelling similar to natural manta ray with simple mechanism has been developed. 

Liquid Silicone rubber is used to fabricate flexible and efficient fin.  

Dynamical Control model is developed and verified for the robotic manta ray propelled by single 

fin ray servo actuated pectoral fin.  Robotic manta ray achieved highest speed of 0.53 body 

length/s. The unique body design, propulsion of fins and structure bestow to the efficient 

characteristics.  
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CHAPTER 10 

  FUTURE WORK 

 

Based on achieved results work can be directed in developing a 3 dimensionally 

maneuverable swimming robot .Future work can be focused on employing a closed loop control 

for efficiently and effectively controlling the swimming path of robot. In future formation and 

cooperatively controllable aspects of the robotic manta rays can be studied based on closed loop 

control strategy. 

  Maneuverability of fish can be tried to improve by including multi fin rays. IPMC 

actuators along with servo motors can be employed to develop a much highly maneuverable 

underwater robot. Improvement of the robot designing in the aspects of controllability, 

maneuverability and efficiency can be focused.  

The results and observations reported in this document would be useful in designing 

futuristic efficient, highly maneuverable Underwater Robots and Vehicles for study and 

exploration purposes.  
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APPENDIX A 

  MEAN THRUST ALONG Z AXIS 

Developed prototype is designed to be able to freely float on surface of water. Robotic 

manta ray was designed to swim on surface of water; hence the thrust acting along Z axis is 

completely ignored. But in reality it is inferred from the CFD results that considerable amount of 

thrust is acting along Z axis. In fact more it is deduced that more thrust is acting along Z axis 

compared to Y axis. The relation between mean thrust acting along Z-axis and frequency is 

presented in Figure A.1. 

 

.  

Figure A.1: Mean Thrust along Z axis of Fin for 𝜃 = 15°. 
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APPENDIX A (continued) 

 

Figure A.2: Mean Thrust along Z axis of Fin for 𝜃 = 10°. 

Figure A.1 shows the relation between thrust acting alon Z axis and frequency  𝜃 = 15°, Figure 

A.2 shows the relation between Z axis and frequency at 𝜃 = 10°. Dots indicate the force values 

evaluated by CFD analysis, solid line denotes force values evaluated using generalised relation. 
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APPENDIX B 

CHANGE IN THRUST WITH TIME 

Thrust acting on a fin varies with respect to time. The change in thrust along different 

axis and also total thrust with time is evaluated. The change in thrust with time for one complete 

flapping at frequency of 0.25 Hz while 𝜃 = 15°, is shown in Figure B.1. 

 

Figure B.1: Thrust vs. Time at 0.25 Hz for 𝜃 = 15°. 

Here red, green and blue colors indicate thrust along X, Y and Z axis. Magenta indicates total 

thrust. 
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APPENDIX B (continued) 

The change in thrust with time for one complete flapping at frequency of 0.5 Hz 

while 𝜃 = 15°, is shown in Figure B.2. 

 

Figure B.2: Thrust vs. Time at 0.5 Hz for 𝜃 = 15°. 

Here red, green and blue colors indicate thrust along X, Y and Z axis. Magenta indicates total 

thrust. 

 



 

 
65 

APPENDIX B (continued) 

The change in thrust with time for one complete flapping at frequency of 0.75 Hz 

while 𝜃 = 15°, is shown in Figure B.3. 

 

Figure B.3: Thrust vs. Time at 0.75 Hz for 𝜃 = 15°. 

Here red, green and blue colors indicate thrust along X, Y and Z axis. Magenta indicates total 

thrust. 


