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The main aim of the thesis was to design a robot arm for underwater purpose. Underwater 

exploration is harsh due to the environment down inside ocean so in order to solve the 

problem a robot arm which is feasible in that harsh environment has been designed in his 

research. To design the robot arm two different approaches were used. First approach was 

designing of robot arm for designated robot body followed by the second approach which 

included the forward and inverse kinematics for the robot arm. Calculation was done to 

conclude the task space of the robot arm. The results were achieved after the modeling of 

the robot and then the calculation results. 

 

As the result of modeling the robot arm and kinematic model of the robot arm a functional 

robot arm was obtained with designated workspace. Based on the result a bigger robot arm 

can be designed to have larger workspace as well. 
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1  Introduction 

This chapter consists of research based on the history and current robots available for 

underwater operations. The background research is followed by research problem, objectives 

and research procedures carried out for the completion of this thesis work. 

1.1  Background research of underwater robot 

Two third of the earth’s surface is covered by ocean and is the “engine” that has been a 

source of valuable resources from human existence (Reimer & Hasselmann, 1987, p. 77; 

Tunnicliffe, 1992 , p. 6). Earth would still be a planet as Mars without the existence of the 

ocean with no existence of human life. With development of new technologies ensuring 

deep-sea exploration possible, researchers are experimenting with different approaches to 

comprehend a variety of geological and biological processes. (Gage & Tyler, 1992.) Figure 

1 shows an example of sketch of underwater Robot. 

 

 

Figure 1. Example sketch of underwater Robot (Kang et al. 2022). 

 

In various fields relating to sea exploration, underwater vehicles have been prevalent. They 

serve a variety of functions in general as well as in military purposes, beginning with the 
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petroleum industry and exploring direction and extending to rescue and exploration of mines. 

(Isern & Clark  2003.) At first, these robots were remotely operated with a human being 

present in the decision-making process. Later, they developed variants called autonomous 

underwater vehicles which is also called AUV in short which is addressing short comings of 

remotely operated vehicle which is referred as ROV as well. (Shi et al. 2022.) 

Many researchers have concentrated their efforts on building underwater vehicles that enable 

of  expanding number of surface stations, one to investigate the ocean and the  desire across 

the globe to explore the sea floor. Man-powered and unmanned underwater vehicles are the 

two subcategories of underwater vehicles. (Martin et al. 2006.) There are many different 

catagories of underwater vehicles (UUVs) that can operate autonomously. UUVs are made 

to carry out a variety of duties, including observation, exploration, and mapping of the ocean 

floor, sampling, manipulating objects, keeping an eye on buildings and pipelines, and other 

underwater engineering operations. (Yuh, 2000.) 

1.1.1  Human Operated Vehicle (HOV): 

Every form of equipment and vehicles in which a human influence is involved in the 

controlling the process such HOV (Human Occupied Vehicle), contains more researchers. It 

has robot arms with projectors and high-definition cameras which are responsible in 

gathering specimens from ocean and marine life. Thus, military submarines are also included 

in this category. (Yuh, 2000.) 
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Figure 2.  HOV, Woods Hole Oceanographic Institution (2018). 

 

1.1.2  ROV (Remotely Operated Vehicle): 

ROV (Remotely Operated Vehicle) has possibility for identical tasks and reaching higher 

depths without a crew because it is completely remote operated remotely from surface by a 

network of cables and has the same component like in human operated vehicle. Although it 

is a gear that operates independently of the surface, there is an audio link that enables control 

and data transfer between the surface and the submarine. According to R. Christ et al. (2007), 

the following modern remotely operated vehicle classifications are based on size, depth 

capacity, onboard horsepower, and whether they are electro-hydraulic or all-electric 

1. Micro-class remotely operated vehicles are incredibly light and compact in size. The 

Micro Class of today. Remotely operated vehicles can be under 3 kg in weight. In 

circumstances where the diver might not be able to reach, such as a pipelines , small 

cavity and sewers, these remotely operated vehicles are employed as an alternative 

to divers. 
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2. Mini Class ROVs typically weigh 15 kg. As an alternative to divers, mini class 

remotely operated vehicles are also utilized. It's possible for one person to deploy the 

complete remotely operated vehicle system by themselves using a small boat. The 

Micro and Mini classes are occasionally referred to as the "eyeball" class. task alone 

to differentiate them from remotely operated vehicles that might be able to perform 

intervention activities.  

3. General class remotely operated vehicle are normally less than 5 HP which is though 

small three-finger manipulators grippers occasionally have been included, as on the 

very first RCV 225. These remotely operated vehicles are often employed for light 

survey tasks and may be able to transport a sonar device. The usual maximum 

working depth is less than 1,000 meters, despite the fact that one has been built to go 

as deep as 7,000 meters. 

Architectural and control solutions frequently improved the choice of these devices. The 

first focus of this article will be on the architecture of our machine, which will rely on 

the manoeuvrability of 4-degree arm rotors for its development in the marine 

environment. It will be the focus of this effort, and we'll describe how this robot acts 

when equipped with this kind of propulsion.  

 

 

Figure 3.   Jason 2 ROV (Woods Hole Oceanographic Institution, 2018). 
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1.1.3  Autonomous Underwater Vehicle (AUV): 

The ability of  AUV (Autonomous underwater vehicle) to function entirely independently of 

human control is crucial for prolonged or repeated missions. Depending on the program in 

place, they may choose to engage with their environment or follow a race, for example: It 

stands out for its capacity to glide underwater for extended missions and dive with the aid 

of ballasts and wings.  

 

Figure 4. Example of an AUV composed of units (Li et al. 2017). 

 

Presently, ocean exploration is currently a hot topic for military, economic, and scientific 

reasons. The majority of AUV applications come from these sources. The AUV is an 

effective tool that may meet contemporary needs because of its versatility and independence. 

There is interest in the technology, whether it is for reduced costs or for more capability. In 

the 1960s, the military was the first to experiment with AUVs. One of the various marine 

hazards in a time of conflict is undoubtedly the most concerning: submarine-launched 

nuclear ballistic missiles. Such dangers can be neutralized by the AUV, which also offers 

unmatched military capability. The military is still the largest customer in the AUV market 

today. (Yuh, 2000.) 
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Figure 5. Currently existing AUVs (Arafat et al. 2006). 

 

AUVs were also being developed by academic institutions with a focus on certain scientific 

investigations. The use of AUVs to gather data has resulted in significant advancements in 

oceanography over the past ten years. These investigations help people learn important 

things about the natural forces and laws that regulate our oceans. Before the oil and gas 

industry expressed interest in the technology to cut costs, AUV usage was restricted to the 

public sector. This industry became the first significant commercial application of AUVs 

following successful experimentation with them. Exploration for hydrocarbons offshore is 

already well-established. (Yuh, 2000.) 

 

Figure 6. Components of AUV (Arafat et al. 2006). 
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ROV (Remotely operated vehicle) sector is now well established in the robotics world. Since 

the beginning of this industry, these have been developed and used. One of the key 

determinants of whether a vehicle is to be constructed as a ROV or as an autonomous vehicle 

is the need for autonomy in robotics and vehicles, which is becoming more and more 

important. For instance, autonomous control is needed instead of remote control in situations 

where communication with a vehicle is hindered or impossible. (Tunnicliffe, 1992.) 

As interest in exploring the ocean bottom grows worldwide, many researchers have been 

focusing and increasing their research and efforts on developing underwater vehicles that 

will make it possible to operate remotely which is above the water surface station. Man-

powered underwater vehicles and unmanned underwater vehicles are the two subcategories 

of underwater vehicles. Currently various kinds of underwater vehicles (UUVs) that can 

operate autonomously. UUVs are made to carry out a variety of duties, including 

observation, exploration, and mapping of the ocean floor, sampling, manipulating objects, 

keeping an eye on buildings and pipelines, and other underwater engineering operations. 

(Yuh, 2000.)  

Due of their considerable versatility in performing a variety of jobs and activities, robots are 

frequently used in underwater situations. Due to the freedom of movement it affords, much 

like the human arm, the vast majority of people working in this industry are able to operate 

devices intuitively. In recent years, there has been an increase in interest in studying, 

investigating, and using the underwater habitats of the oceans. As a result, Unmanned 

Underwater Vehicles (UUVs) are more widespread and used in surveying, scientific, 

industrial, and military uses. (Beni, 2005.) Underwater situations are among those where 

communication is severely hampered. Vehicles play a crucial part in underwater exploration 

and enable humans to reach tremendous depths. Since the late 1960s, ROVs have been 

utilized in the offshore business. They are trusted and specialized vehicles for deepwater 

operations. However, their limitations, such as the requirement for a control platform and a 

communications tether, have restricted their utilization. Humans can now explore 

tremendous depths thanks to underwater vehicles, which are essential for underwater 

research. Since the late 1960s, ROVs have been a well-established and specialized vehicle 

in the offshore business. (Yuh, 2000.)  
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1.2  Research problem 

Although the importance of the ocean is clear and accepted by all research, still limited 

amount of knowledge of underwater environment obtained. The reasons are due to the 

presence of extreme pressures, high corrosion, low visibility, limitations in underwater 

communications, access difficulty and unstable environmental conditions which are making 

the studies difficult resulting in the same and wide challenges for underwater exploration. 

(Gage & Tyler, 1992.) Only the use of underwater vehicles is a viable option for study, 

mapping, or monitoring below the surface of the oceanEven though it is costly and 

sometimes even impossible, using mobile robots has provided a very advantageous 

alternative for missions avoiding the hostile underwater environment compared to human 

exploration. (Wynn et al. 1970.)  

Basically, small underwater robots experience the issue of high force requirement with the 

risk of damage due to whirlpools and water waves which results the demand in the design 

of these structures with higher control, speed and accuracy. Designing of accurate robot is a 

complicated process as efficient sensor network is required for data exchange due to the 

hostile conditions. The operation relation along with human intelligence in a compact robot 

structure is complex. Due to these limitations, only functioning robot arm have been 

designed for the underwater investigation and cleaning purposes. 

1.3  Research Objectives 

The main objective of this research is to design and investigate underwater robot design and 

its functionality under the hostile condition. This research aims to create an underwater car 

vehicle as small as it can be with standard performance. The size is determined by the needed 

speed, force to drive the robot arm for the investigation and cleaning purpose. Then it is 

followed by design of the robot with vision using 4-degree freedom robot arm which is 

developed into a controller for automated underwater vehicle to assess its viability and 

efficacy through the optimization of various factors. This goal will outline the design and 

construction of robot arm with necessary components to produce enough force to operate in 

harsh underwater situation. The effectiveness of the propeller has a significant impact on the 

total speed and power efficiency of the vehicle. The selection of the propeller is critical for 
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the generation of thrust and maximize efficiency. The results obtained by the forward and 

inverse kinematics are sufficient for determining performance of designed robot. 

1.4  Research approach and structure  

First, a survey of the literature and an analytical analysis of theoretical models in four degrees 

of freedom for underwater vehicles were conducted. To simplify the 4 degree of freedom 

approach starts with the findings of unknown parameters for the mathematical models, 

assumptions for the dynamics of the vehicle were made using the study of physical 

characteristics and running speeds. Following that, a method for estimating model 

parameters was developed based on the evaluation of system identification.  The approach 

consists of the following steps. 

1. Planning of the robotic system 

2. Modeling the robot  

3. Robot kinematics 

4. Simulation results and conclusions 

The stages can be shown as the figure below. 

 

Figure 7.  Stages of Research 

 

System 
planning

Modeling
Robot 

kinematics
Simulation 

results 
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2  Mechanical design for kinematics functionality  

This chapter consists of the applications and mechanical requirements of the underwater 

robot configuration. 

2.1  Application environment and requirement for robot and material selection 

For the underwater robot application, the robot requires appropriate platform. Due to the 

problem of electronics and water not resembling each other the design of the platform is 

critical which should overcome the special environmental conditions.  The robot should be 

watertight as the functionality of the robot can be ruined by a single drop of water which can 

lead the failure of the whole operation. (He et al. 2020.) Even though, the whole electronics 

can be ruined by single drop of water the electronics and the operational components should 

be easily accessible as the robot may need constant checking and fixing of the electronics. 

The platform needs to float so the weight needs to be considerable so that it does not sink 

due to the weight factor. (Joordens, 2008.) Figure 8 shows the robotic arm attached in the 

platform where the electronics in the form of energy supply can be seen. (Li et al. 2019.) 
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Figure 8. ROV underwater robot arm (Li et al. 2019). 

 

The frame is one of the most important components of the robot, so it must be rigid, 

formable, and capable of withstanding rising underwater pressure for the vehicle to operate 

without failure. All the required mechanical, electrical, and propulsion components can be 

mounted on it as well. (Xu et al. 2019.) 

2.2  Material Selection 

Materials  for the frames should be with maximum strength while being low in weight. The 

materials can be stainless steel, aluminium, polyethylene and high density polyethylene 

which are considered to be safe and light weight. Aluminum and stainless steel are the 

strongest materials when it comes to strength, but they are also the heaviest and would 

corrode in water. (Vasilescu et al. 2005.) In contrast, polyethylene and high density 

polyethylene are lightweight and impervious to corrosion. So, high density polyethylene is 

selected as the frame's material due to its low weight and machinability.  
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2.3  Mechanical Design  

3-D modelling of the robot is done by the modelling software.  

 

 

Figure 9. Design of the Robot  

 

2.3.1  Body platform 

Robot body or platform consists of the 170mm width and 375mm length structure with the 

flat surfaces on the sides and bottom. The thickness of the wall is 3mm which will make the 

body to be stronger to withstand the water pressure underwater. Robot arm, thruster’s camera 

and torch are attached to the body which can also be seen in figure 9 as well. 
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Figure 10. Robot Platform  

 

2.3.2  Robot arm 

Robot arm-like mechanism is consisting of a series of links, with a certain number of DOF, 

specified for any given task. It is used to work or move parts or tools within a given work 

area.  
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Figure 11. Robot Arm 

 

2.3.3  Robot joints 

Robot arm is be considered to consist of a series of links connected by joints. The whole 

structure consists of a kinematic chain. Kinematics relates the geometry of the manipulator 

to the movement of the robotic system, applying coordinate frames to the mechanical 

linkages, using homogeneous transformations to calculate a posture of the manipulator in 

any reference frame.  

2.3.4  Thrusters 

Thrusters are expensive units as it’s the part which is exposed to the water can hard to be 

made waterproof.  Thrusters are responsible for drive the robot arm by the energy generated 

by the connection of motor. There are 6 thrusters in this robot which are welded in the 

platform is good enough to maintain the stability and horizontal movement of the robot. 
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Figure 12. Thrusters 

 

2.3.5  Motors and controllers  

The selection of the motors is a challenging area.The properties of this motor should 

comprises thrusters and also with sensors. DC motors are cheap and cannot withstand a lot 

of pressure do brushless motors are selected for the robot to provide better thrust and to go 

deeper underwater. 12V brushless motor (A2212) output is directly supplied to the 6 

thrusters. 6V motor MG996 is used for the manipulator joints which can go from 0 degree 

to -55 degree Celsius. 

 

 

Figure 13. A2212 brushless motor 
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2.3.6  Structural analysis of robot arm 

The ratio of the maximum payload to robot weight is used to compare industrial robots. 

Because of this, every robot maker focuses on reducing that ratio. There are numerous 

approaches and studies on how to optimize the ratio of payload to robot weight, but one of 

the most well-known ones involves lowering the weight of the robot manipulator while 

taking into account each component's stiffness and allowable deflection in order to increase 

payload capacity. (Bugday and Karali, 2019.) 

Manufacturers initially overdesign the payload capacity. The value must be optimized for 

the application, though, as it has an impact on the robot arm's performance. Several aspects 

need to be considered and analyzed throughout the dynamic simulation and structural 

analysis in order to achieve the best design. (Jain et al. 2019.) The effectiveness of robots 

has been increased using a variety of techniques. Bugday and Karali (2019) identified the 

robot elements' optimal geometry, geometric adjustments on the second axis were made to 

save material, and strength analysis was done. According to their investigation, the robot 

arm got lighter and underwent the same load with no more deformation. 

As a result, as the robot's weight is decreased, so does its capability. Sahu and Choudhury 

(2017) performed a finite element analysis to compute the deformation and stress values for 

a six-axis robotic arm in order to take loads into consideration. They determine where there 

is the most deformation and research ways to stabilize the robot by applying the right 

reduction methods to those areas. The mentioned research is based on extensive expertise in 

the disciplines of mechanical and electrical engineering. 

According to Bugday and Karali (2019), about 70–75 percent of a robot's total weight is 

supported by its second axis. Hence, altering the material or geometric structure is one 

method for reducing motor stress. The robot is in a critical state when its arm is horizontally 

extended to its maximum length, as seen in Figure 13. The instant brought on by robot self-

weight is therefore significant. Also, when the payload is at its maximum, the second axis 

experiences the most stress. (Bugday and Karali. 2019.) 
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Figure 14. Illustration of maximum stress (Bugday and karali, 2019)  

 

2.4  Hydrodynamic forces and moments 

This chapter includes the forces caused in the robot due to the properties of water.  

2.4.1  Vehicle Hydrodynamics 

In hydrostatics, two forces are considered in hydrostatics which are buoyancy and 

gravitational forces. According to the Archimedes’ principle A body submerged in a liquid 

will feel an upward force equal to the weight of the displaced fluid. The buoyancy force is 

the name given to this energy. 

 

B = ρg∇      (1) 

 

Where ρ denotes fluid density density, acceleration of gravity is denoted by g  and ∇ depicts  

fluid volume displaced by the robot. The buoyancy force acts in the opposite direction which 

is expressed in  

B = 9770.6 kg2/m2/s2 (∇) 

 as (∇) is the volume of water displaced which is unknown at this point. 
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fB
n 
=    [

0

0

-B

]     (2)
 

        

The gravitational force (or weight) is derived from Newton’s 2nd Law of motion.  

 

W = mg       (3)

       

W = 12kg *9.81m/s2 = 117.72kg m/s2  

 

Where m is the mass and g is the acceleration of gravity. The gravitational force acts upon t 

positive direction. Expressed in  

 

fg
n
 =    [

0

0

W

]         (4)

      
 

        

= [
0
0

117.72
]                  

 

  

2.4.2  External Forces  

Trolling motors often supply the movement force for an AUV. The external forces vector 

(also known as the thrust vector) connects each motor's geometry and thrust properties to the 

resulting forces and moments. When a vehicle has to move a portion of the fluid as it passes 

through it, the idea of increased mass is evident. You can obtain this word by using an 

energy-based method. Since it fluctuates with the shape, volume, and rate of change of the 

vehicle, the additional mass is not a fixed amount of fluid in body contact of the vehicle. 
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2.4.3  Hydrodynamic Added Mass 

A phenomenon known as kinetic energy transfer occurs when a moving object accelerates 

through a fluid. This phenomenon adds additional resistance to accelerations by transferring 

some of the moving object's kinetic energy to the fluid due to friction. The effect can be 

ignored if the fluid density is significantly lower than that of the vehicle, such as in the case 

of air, but if they are similar, the vehicle will act as though it has more mass than it actually 

does. As a result, the effect is frequently referred to as increased mass. One can refer to this 

phenomenon as hydrodynamic added mass if the mean is water. The entire expressions for 

additional mass for an ideal fluid are produced in. The kinetic energy of the fluid surrounding 

the vehicle T A can be expressed according to 

 

TA = 1 /2 mV2      (5)

      

Where m is mass and v is speed of the water. 

2.4.4  Hydrodynamic Damping 

The reasons causing hydrodynamic damping are mainly due to the following reasons. 

1. Uncertain damping resulting from waves-primarily induced forced body oscillations. 

2. Linear skin friction while the equipment is moving at minimal speed because of the 

laminar boundary layers. 

3. Skin friction that is quadratic owing to turbulent boundary layers. Skin friction that 

is quadratic because of turbulent boundary layers and wave drift dampening. Wave 

drift dampening is the obstacle to forward motion caused by waves. 

4. Vortex shedding-related dampening. Skin friction and vortex shedding are the main 

causes of damping for underwater vehicles. 
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2.4.5  Hydrodynamic Damping 

The four primary causes of hydrodynamic damping for maritime vessels are potential 

damping, wave drift damping, skin friction, and vortex shedding damping (Fossen 2011). 

However, for underwater vehicles, the effects of potential damping and wave drift damping 

are disregarded. Thus, the skin friction-induced linear damping (DL) and the vortex 

shedding-primarily quadratic damping (𝐷𝑁𝐿(𝜈)) can be utilized to approximate the ROV 

damping 𝐷(𝜈) expressed by: 

 

D(ν) = DL + DNL(ν)      (6)

      

Drag forces are larger in water because its density is higher than that of other media on which 

earthly vehicles travel. Even at modest speeds, such those that most UUV encounter, the 

drag component is significant and must be accurately represented. Moreover, due to the high 

fluid viscosity, this feature needs to be considered. The drag force can be modeled using the 

drag equation: 

 

FD = - 1/ 2 ρ ν2 CD A0        (7)

   

 

Where ρ is the density if the fluid, CD is the drag coefficient, A0 represents the reference area 

and V is the velocity.  

2.4.6  Hydrostatics  

The gravitational and buoyancy forces operating on the ROV are referred to as restoring 

forces in hydrostatics. Given that m is the vehicle's mass, g is gravity's acceleration, weight 

of the body W and buoyancy force B are estimated using the following formulas: where is 

the water density and is the volume of fluid the ROV displaces 
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W = mg B = ρg∇      (8)

     

 The vehicle's center of buoyancy (CB) is defined as 

 

𝑟𝑏 = [𝑥𝑏, 𝑦𝑏, 𝑧𝑏] 𝑇      (9)

      

2.4.7  Restoring forces and moments  

Gravitational force, f b g, acts at the vehicle's center of gravity, indicated by the vector r b g 

= [xg yg zg] T. The buoyant force, or f b b, works at the vehicle's center of buoyancy, which 

is represented by the vector r b b = [xb yb zb] T.  

2.4.8  Force calculation 

For manipulation tasks, the manipulator's ability to manage environmental interaction is 

crucial. High contact forces are undesirable because they could strain the manipulator and, 

in some situations, overheat the motors. The quantity that more accurately captures the state 

of interaction is the external contact forces. Admittance and impedance control are discussed 

in this section. In actuality, controller presents a behaviour of a desirable mass-spring-

damper system response to an external force, describing a new intended position for the 

joints. The relationship between force and location, velocity and acceleration is controlled 

by impedance. The force or torque that will be applied to the actuators is the controller's 

output. The system adopts a spring-mass-damper behaviour as a result of the impedance 

controller. 
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2.4.9  Desired system dynamics  

In this project, it is ideal for the operator to alter the robot's stiffness as they control it. The 

system will react more quickly if the manipulator is made stiffer. Yet, it will overshoot or 

even make it unstable after a certain gain. In order to adjust the bandwidth of the manipulator, 

make it stiffer, have a faster response, and prevent undesired overshoot, the damping (Dd) or 

mass gain (Md) must be a function of the stiffness gain (Kd). As was previously stated, the 

manipulator should behave like a mass-spring-damper system. The system functions as the 

equation predicts. Let 𝑥𝑑 − 𝑥0 = 𝑥 the displacement of the mass, applying Laplace transform 

to this equation results in equation  

 

Fext = Mdẍ+ Ddẋ+ Kd      (10)

     

 

Choosing a desired stiffness gain (𝐾𝑑) and mass gain (𝑀𝑑), a damping value (𝐷𝑑) is 

computed guaranteeing a stable behaviour of the system with the help of damping factor (𝜉). 

This system allows the body to respond without increasing its stiffness. Force structure can 

be seen as follows. 

 

Figure 15. Force structure 
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2.5  Thruster model  

The group of components that allow the ROV to move together to form the propulsion 

system. The system converts the energy from the power source into mechanical energy, 

which drives the propeller and propulsion for the vehicle. The propulsion system, according 

to reports, consists of four major components: the propeller, which converts the shaft's torque 

into thrust; the motor dynamics, which converts electrical energy into mechanical energy; 

the shaft dynamics, which transmits the torque provided by the motor to the propeller; and, 

lastly, the low-level thruster controller, which controls the power supplied to the motor to 

maintain the shaft's velocity. 

2.6  Impedance Control 

Impedance control is a method of dynamic force and position control. Changing the robot's 

mechanical impedance is the goal of impedance control. Imposing an impedance behavior 

on the manipulator is a viable choice to define the contact interaction behavior since the 

environment can be physically represented as an admittance that translates forces to 

velocities. 

The impedance law's modest to medium stiffness is made possible by the torque feedback in 

the inner loop, which is represented, leading to good contact behaviour. When model 

uncertainties or external factors are present, the steady-state error is unavoidable. The 

system's stiffness can be raised to lessen this mistake. 

2.7  Admittance Control  

A robot link's position can be managed through admission control, which relies on external 

torque and force. The robot behaves like a system of mass, spring, and damper. When a force 

or torque is applied to a robot, the robot conforms in the applied direction. 

The mapping from generalized forces to velocities is what is meant by the mechanical 

admittance, which is the inverse of the mechanical impedance. A position or velocity 

controller combined with the observed generalized external forces is used in robot admission 
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control. The tip of the end-effector is typically where the external forces are measured. The 

force sensor in this instance, however, is located at the bottom of the manipulator and 

measures the robot's reaction forces. This means the sensor will measure not only external 

forces, but also inertial forces of the manipulator. This means that in addition to measuring 

external forces, the sensor will also monitor the manipulator's inertial forces. Hence, a good 

manipulator model is needed to neutralize these forces. Also, since a force sensor at the 

bottom cannot be used to determine the location of the external force, it is assumed that all 

forces are applied at the end-effector. 

2.8  Continuous optimization problem 

The battery, load, and motor-thruster are the three main elements that determine the total 

size of an underwater vehicle. The frontal diameter of the vehicle (D) and the propeller 

diameter are the two factors that determine the underwater vehicle's performance and range 

of travel (d). Another option is to show the vehicle's length as a direct proportional function 

of the mUV frontal diameter. Consequently, using the two parameters D and d, the size of 

the vehicle can be depicted. 

 

V=  π/(3  )  (D2 – d2)3/2      (11)

     

                                                           

 



32 

 

 

Figure 16. continuous optimization (Joordens, 2008). 

 

IN OUR CASE  

 D = 165 

 d= 35 

 

                                          V= 
𝜋

3  
 (1.652 – 0.352)3/2   

  V= 4.19m 

 

The mUV's total dimension includes the size of the hollow cylindrical motor. It can be  

supposed a motor with an outer diameter and length L that is equal to the sum of the outer 

diameter of  mUV and the diameter of the propeller's average length, d. This presumption is 

valid to ensure that the engine can fit inside a mUV. 

 

V=  πL/(4  )  ((D2 – d2)/4)-d2     (12) 

 

2.8.1  Vehicle equation of motions 

 

The equations of motion is used to characterize the vehicle's model base. The mUV is 

assumed to be linearly moving, naturally buoyant, and has a torpedo shape. There are no 

external flow disturbances assumed. as depicted in figure, the force and moment acting on 

the robot. 
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Figure 17. Schematics of propulsion system with acting forces (Joordens, 2008) 

Hence, the equation for the propeller speed when a motor with motor constant KT is used is 

 

j dw/(dt  )= -bw-Q+ KTInet    (13) 

 

where, Inet is the net electric rated current delivered to the motor, Q is the propeller torque, 

J is the x-axis moment of inertia, and b is the damping factor for the bearing. The value of 

speed is  

 ω = 1000 rev/min 

 

The mU/V with a mass of m will move at a speed of u as a result of the force FT produced 

by the propulsion system.  

 

m du/(dt  )= -FD+FT     (14) 

 

Where, drag coefficient of the vehicle is FD.  
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If there is no cavitation, no frictional losses are taken into account, the fluid is 

incompressible, there are no effects of gravity, and the propellers are perfectly symmetrical, 

the parameters Q, FT, and FD can be stated as.  

 

Q = CQpw2d5
      (15)

  

FT = CTpw2d4     (16)
  

FD = ½(CDpu2A)     (17)

     

 

where CQ, CT, and CD stand for the constants for the torque, thrust, and drag of the mUV, 

correspondingly. 

Because the equations account for the magnitude of the torque and forces, they will produce 

positive numbers. However, the signs of the mUV velocity and propeller rotation speed must 

be carried along with the ordinary differential equations in order to integrate the direction of 

the torque and the forces. 

 

 Q = CQpw2d5
= 525 Nm/Amp 

  

FT = CTpw2d4 =  0.01kgf   

FD = ½(CDpu2A) = 228 Nm/Amp 
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3  Kinematics calculations for modelling and analysis 

The kinematic element, which will concentrate on the movement and geometric relationships 

of ROV, controls the modeling of underwater robots (Remotely Operated Vehicle). The 

dynamic component of the machine explains the forces and torques. Robotic arms are made 

up of joints and linkages. In this study, every joint was believed to have one degree of 

freedom. As the type of joints in this instance is a revolute joint and the angle of rotation is 

determined by a number, each joint's action can thus be described by a single real number.  

The primary goal of forward kinematic is to ascertain the total influence of all joint variables. 

Each degree of freedom is given a set of reference coordinates using the Denavit-Hartenberg 

nomenclature. Ai is a homogeneous transformation in this system made up of four 

fundamental transformations. (Tatarnikov 2019.) The transformation matrix that changes a 

robot's kinematic link chain from frame Ki-1 to frame Ki is displayed below.  

According to the project's outcomes, all goals have been accomplished. The first aspect of 

this research's scientific contribution is the minimizing of underwater vehicle size within the 

bounds of trip distance. The goal is to determine how far you can reduce the vehicle's size 

while maintaining a minimal level of performance for travel distance. 

Finally, the propeller was created to enhance performance and increase total vehicle 

efficiency. Experimental testing was done on each propeller to determine its effectiveness 

and the greatest thrust it could produce. 

3.1  Kinematics Model 

The analytical examination of a robot manipulator's movements is known as robot 

kinematics. The most popular technique for describing the kinematics of a robot is the 

Denavit-Hartenberg (DH) approach. Four factors are needed for a general transformation 

between two joints, as demonstrated by Denavit and Hartenberg in 1955. The Denavit-

Hartenberg (D-H) parameters, which are commonly used to characterize the kinematics of 

robots (Funda et al 1990).  
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Figure 18. Illustration of coordinate frame 

 

 

Figure 19. Schematic of 4 DOF Arm Robot 
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The technical drawing of robot arm is illustrated in figure 19. Figure depicts the 4 DOF arm 

robot schematic with all measurements labelled. Once all dimensions have been established, 

enter the number for each notation in accordance with the schematics of DH parameter labels 

Table 1 which are  

• i noted as link- i 

• i-1 is the link - i-1 

• α1,  considered as angle between z1 and zi-1 in xi axis 

• ai,  noted as distance between xi-1 and xi in axis zi-1 measured along xi axis  

• θi,   noted as angle between xi-1 and xi in zi axis  

• di, noted as  distance between xi-1 towards xi measured along zi axis. 

 

The robot kinematics is separated into two different form as forward and inverse kinematics 

(Siciliano & Khatib 2008). Forward kinematics problems are straightforward, with little 

complexity in driving their respective equations. (Craig 1989.) Forward kinematics is 

simpler to calculate than inverse kinematics.  (Serdar & Zafer 2006; Satoru 2011). 

3.1.1  Forward kinematics  

 In this scenario, it is believed that the robot is rigid. A technique to determine the 

relationship between the robot's joint variables and the position and orientation of the end 

effector is provided by forward kinematics. The angles between links and rotation or 

revolution are factors for joints. (Mark W. Spong and Seth Hutchinson 2008.) 

Denavit Hartenberg Parameters 

l1 = 50 ; l2 = 110 ; l3 = 125 ; l4 = 95 ; d1 = 145 
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Table 1. DH Parameters 

 

Joint θn αn  an dn 

1 
θ1 -90 l1 d1 

2 
θ2 0 l2 0 

3 
θ3 0 l3 0 

4 
θ4 0 l4 0 

 

The equations for homogeneous transformation matrix are 

i-1Ai =
 Trans (0, 0, di) Rot (z, θi) Trans (ai, 0, 0)   Rot (x, ai)     

  ( 18) 

i-1Ai = [

cosθi -cosαisinαi sinαisinθi αicosθi

sinθi cosαicosθi -sinαicosθi αisinθi

0 sinαi cosαi di

0 0 0 1

]                                    (19)  

 

                                     T1 =
 [

cosθi 0 -sinθi 50cosθi

sinθi 0 cosθi 50sinθi

0 -1 0 145

0 0 0 1

]              (20) 

 

T2 =
 [

cosθ2 -sinθ2 0 110cosθ2

sinθ2 cosθ2 0 110sinθ2

0 0 1 0

0 0 0 1

]                                            (21) 

 

T3 =
 [

cosθ3 -sinθ3 0 125cosθ3

sinθ3 cosθ3 0 125sinθ3

0 0 1 0

0 0 0 1

]                                            (22) 
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T4 =
 [

cosθ4 -sinθ4 0 95cosθ4

sinθ4 cosθ4 0 95sinθ4

0 0 1 0

0 0 0 1

]                                              (23) 

 

T = T1*T2*T3* T4      (24) 

 

By the multiplication of equations (20, 21, 22, 23) we can calculate the transformation 

matrices shown as equation 24 and the forward kinematics equation is calculated as 

equation 8 which is  

 

T =
 [

𝑟11 𝑟12 𝑟13 𝑝𝑥
𝑟21 𝑟22 𝑟23 𝑝𝑦
𝑟31 𝑟32 𝑟33 𝑃𝑧

0 0 0 1

]       (25)                                                                                       

px = (cos(θ1) * 130*cos(θ2+θ3+θ4) + 216*cos(θ2+θ3) + 180*cos(θ2) + 100))/2      (26)      

py = (sin(θ1) * 160*cos(θ2+θ3+θ4) + 216*cos(θ2+θ3) + 125*cos(θ2) + 120))/2       (27) 

pz = 145 - 120*sin(θ2+θ3)-90*sin(θ2) - (130*sin(θ2+θ3+θ4))/2                                 (28) 

 

 
Equations (26, 27 & 28), which display the robot's end effector location in cartesian 

coordinates as a result of calculation of equation 25, ( Px, Py & Pz) can be calculated as, 

px = - 116.1962 

py =  -28.0664 

pz = 205.6632 

 

3.1.2  Inverse Kinematics  

 Robots inverse kinematics can be possible to acquire using a variety of techniques, an 

algebraic approach being one of them. This approach is based on the findings of forward 

kinatics ( Px, Py & Pz)  which are as          
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θ1 = atan2 (py,px)                                            (29) 

θ2 = 𝑎𝑡𝑎𝑛2 (𝐴, 𝐵)                                   (30) 

θ3 = atan2 (sin (θ3), cos(θ3))                           (31) 

θ4 = −θ2 − θ3                                                           (32) 

 

The final calculation result of the robot's inverse kinematics is represented by the equations 

(29, 30, 31 & 32). (θ1, θ2, θ3, θ4) are the 4 joint angles in robots which are obtained as  in 

table no 2 where the results of the angles are listed. 

 

Table 2. Angles and results 

Angles Results 

θ1 -29.0546 

θ2 57.4943 

θ3 39.1755 

θ4 18.3188 
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4  Results and discussion 

Robot arm is evaluated by calculating forward kinematics and inverse. (Px, Py, Pz)  which 

is position orientation is achieved by calculation. For the calculation purpose the position 

of robot is considered to be in position zero followed by the end-effector’s position robot in 

the space of three dimensions are (360, 0, 145). 

4.1  Forward Kinematics Result 

From the figure 17, which shows forward kinematics interface, (-72, 14.4, -72, 100.8) are 

the input angle values in degrees along with the (-116.1962, -28.0664, 205.6632) which are 

the results to the forward kinematics of end-effectors position by the input angles. 

4.2  Inverse Kinematics Result 

Equations 29 ,30, 31 and 32 depicts the inverse kinematics interface. The arm value can also 

be calculated using the inverse calibration method based on the results of the forward 

kinematics procedure, and it is then feasible to define the pick and place inverse kinematics 

of point (A to B). A is the starting point and B is the ending point. (210, 155, 145) and (180, 

-80, 328) is the position of the end effectors at point A and B respectively. Likewise, 

(34.0193, -31.221, 101.3105, -70.0894) and (-29.0546, 57.4943, 39.1755, 18.3188) are the 

fur joint angles at respective points A and B which are obtained by the inverse kinematics 

equations.  

4.3  Robot Working Envelope 

The robot arm's "work envelope" or "working range" is what it can reach for the intended 

uses. When a manipulator extends forward, backward, up, and down, that range is said to be 

in use. The robot's arm length and axis design, which adds to the motion range capacity, can 

be used to define the workspace. 
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Robot is flexible but still it only can perform in its work envelope. 

 

 

 

Figure 20. Functional workspace of an example robot (Joordens, M.A, 2008) 
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Figure 21.  Work envelope of the robot arm 
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5  Conclusion and future work 

By utilizing six thrusters, we are able to create a better robot with four degrees of freedom. 

The forward and inverse kinematics design and verification goal of the thesis was 

accomplished. The majority of the research assessed is built to work in a positive buoyancy 

environment; in order to submerge, they must use their immersion thrusters, which has 

produced excellent results. By utilizing this simulator, the kinematics model of an arm robot 

serves the intended function of the project. improving the practical use of the kinematics 

solution. Because there is no single analytical solution, evaluating inverse kinematics is more 

difficult than evaluating forward kinematics. One of the strategies used in this study to 

evaluate the inverse kinematics is the algebraic approach method. This technique is used 

because it is more effective to use algebraic approach. 

 The purpose of this project is achieved by the calculation of the kinematics model of robot 

arm along with evaluating of the inverse kinematics. Inverse kinematics are little more 

complex to find than forward kinematics when the solution is not analytical. The study could 

be more informative if we could have done robot simulation with simulation software. The 

results obtained for the thesis can be more clarified if we use MATLAB simulation and get 

the results. In future if we are going for the underwater robot design it is the best approach 

to consider the depth of the robot reach, design with the best suitable material for underwater 

approach along with hand calculation and simulation verification which is the key factor to 

succeed the motto of designing underwater robot. 
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