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This bachelor’s thesis investigates the design and development of a robotic system for 

remote pipe cutting, welding and handling within the pipe forest of the EC launcher system 

in the DEMO nuclear fusion power plant. The work was motivated by the required 

development of remote systems to handle maintenance tasks within the constrained, high 

radiation DEMO environment. 22 SS 316L pipes must be cut, and later rejoined, to allow 

for the removal of components in the EC launcher system. The thesis uses a literature-based 

concept design approach in which the workspace and environmental constraints were 

identified in order to form task requirements, after which robotic systems, actuation methods 

and modes of control were analysed to determine which system could perform the given 

task. 

The literature review found that a dual-arm water-hydraulic assisted-teleoperation 

manipulator consisting of rotary vane actuators and prismatic joints was the most suitable 

robotic system to perform the task. A proposed conceptual CAD model was then developed 

using design inspiration from existing literature and adapted by the addition of hydraulic 

motors and additional degrees of freedom to better suit the system requirements determined 

by the constraints presented.  

The payload of a single arm was found to be 129.75kg by carrying out a worst-case posture 

payload analysis. The conclusion of the study is that while the proposed design appears to 

be a feasible concept, further work is required on material selection, sensing and control 

system design, tooling integration and verifying remote operation capability in high radiation 

environments. 
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Roman characters 

𝑑𝐶𝑂𝑀𝑖 perpendicular distance from joint axis to components COM mm 

𝑑𝑝𝑎𝑦𝑙𝑜𝑎𝑑 perpendicular distance from joint axis to payload point mm 

F  force      N 

g  gravitational acceleration     m/s² 

i  gear reduction ratio 

m  mass      kg 

𝑚𝑐 mass of component downstream from joint i 

𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 mass of the payload at each joint 

𝑝1 point 1 on joint axis 

𝑝2 point 2 on joint axis 

𝑝𝑖 point off the line 

p  pressure      bar, Pa 

T  torque      Nm 

u direction vector of joint axis 

Z  number of gear teeth 

𝑍𝑟 number of ring gear teeth 

𝑍𝑠 number of sun gear teeth 

𝑍𝑝 number of planet gear teeth 

 

 

 

 

 



Greek characters 

θ  angular displacement  ° 

η  transmission efficiency 

𝜏𝑜𝑢𝑡𝑝𝑢𝑡 actuator torque capacity 

𝜏𝑠𝑒𝑙𝑓 torque required to hold up the weight of downstream components 

 

Subscripts 

in  input 

out  output 

 

Abbreviations 

AI  Artificial Intelligence 

CAD  Computer-Aided Design 

DEMO Demonstration Fusion Power Plant 

DOF  Degrees of Freedom 

EC  Electron Cyclotron 

GUI  Graphical User Interface 

ITER  International Thermonuclear Experimental Reactor 

LVDT  Linear Variable Differential Transformer 

MHD  Magnetohydrodynamic 

RIA  Robot Institute of America 

SS  Stainless Steel 

TIG  Tungsten Inert Gas 

WHMAN  Water Hydraulic Manipulator 
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1  Introduction 

Nuclear Fusion is the process of two light atomic nuclei combining under high pressure and 

temperature, forming a heavier nucleus, which releases a very large amount of energy. This 

is the process that takes place in the sun, where nuclei collide at 10 million degrees Celsius 

under extremely high pressure due to the sun's immense gravity, allowing the nuclei to 

overcome their electrical repulsion and fuse. Scientists and engineers are trying to replicate 

this process on an industrial scale as it would provide incredibly high amounts of energy that 

would help meet the world’s energy demands (Igor, 2019). (Barbarino, 2023)  

Nuclear power plants currently use nuclear fission, which is the splitting of atoms, to 

generate energy. Nuclear fusion however has the potential to generate four times more 

energy per kilogram of fuel, making it a substantially more efficient process (Barbarino, 

2023). Furthermore, nuclear fusion uses hydrogen instead of uranium, which exists in 

abundance, and the nuclear waste generated from fusion is much less than that of fission,  

meaning if nuclear fusion is successful and economically viable, it would be a major step to 

a more sustainable future. (Claessens, 2019)  

There is currently a nuclear fusion research project called the International Thermonuclear 

Experimental Reactor (ITER), which aims to demonstrate that by fusing hydrogens two 

isotopes, deuterium and tritium, nuclear fusion can be replicated on Earth for several 

minutes, with a goal to produce 500 MW of fusion power from 50 MW of input heating 

power (Claessens, 2019). While the research behind the ITER is developing, the focus is 

starting to shift to a Demonstration Fusion Power Plant (DEMO), which aims to move to the 

next step and demonstrate how nuclear fusion can be used to generate electricity (Federici 

et al, 2019).  

The fusion reaction will take place within the central device of the DEMO, the TOKAMAK, 

which uses magnetic field coils to confine plasma particles to achieve the necessary 

conditions for fusion reactions (Claessens, 2019). The plasma is a hot charged gas made of 

positive ions and free moving electrons and is the state of matter in 

which fusion occurs (Barbarino, 2023). Claessens (2019) notes that the temperature of the 

plasma will reach 150 million degrees °C, putting extreme thermal demand on 

components located within the vacuum vessel. 
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To support high temperature operations and maintain stable conditions, the DEMO will 

have an Electron Cyclotron (EC) launcher system within the equatorial port, to be used 

for “plasma heating, magnetohydrodynamic (MHD) control, and thermal instability 

suppression”. During operation, the severe thermal loads increase the risk of material 

degradation and constrain how components can be accessed, handled, and maintained. 

(Spaeh et al. 2024) 

In addition to thermal loads, the fusion neutron environment puts internal components at risk 

of damage due to radiation. During its operation, approximately 1.77·10^20 neutrons per 

second (14.1 MeV) are produced by deuterium–tritium reactions. The intense neutron field 

will penetrate nearby components inside the vessel, causing them to give off their own 

radiation, making the environment inaccessible to humans (Martinez-Albertos et al. 2023). 

After each operation of the reactor, it must be shut down and maintained, and as humans are 

unable to enter the reactor, robotic systems will be used to inspect components for damage 

caused by the extreme environment, and when necessary, to remove and replace them 

(Tesini & Palmer, 2008). Within the EC launcher system, SS 316 L pipes are permanently 

connected to components, therefore component removal requires cutting and later rewelding 

(Spaeh et al. 2024). Pipe welding or cutting accounts for about 70% of future fusion reactor 

remote maintenance work, which shows the importance for the development of a 

precise, functional and reliable system that can handle these tasks (Zheng et al., 2024). 

1.1  Problem Statement 

Mirror cooling, actuator and helium supply pipes are permanently connected to components 

within the EC Launcher system. As a result, to allow for components to be transferred in or 

out of the reactor, these pipe connections must first be disconnected and later reconnected. 

Robotic systems must therefore be able to disconnect or connect pipes in the highly 

constrained workspace (Spaeh et al. 2024).  

The aim of this bachelor's thesis is to investigate current robotic systems capable of 

performing precise cutting, welding and handling of SS 316 L pipes in the pipe forest of the 

DEMO EC Launcher system. Different robotic system concepts are compared in order to 

find the most suitable system for the task. The selected system is then modified and adapted 
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to satisfy the task, workspace and environmental constraints. Furthermore, a CAD model 

and a conceptual control system are developed, and the system is evaluated in terms of its 

feasibility for performing the task at hand, and considerations for further development of the 

proposed system are outlined. 

Correspondingly, the research question of the thesis is: What is the most suitable robotic 

system concept for remote pipe cutting, welding and handling in the DEMO EC launcher 

pipe forest under the given workspace and environmental constraints? 

1.2  Research Methodology 

The research methodology used in this bachelor’s thesis is a literature-based concept design 

approach. The literature review is conducted to analyse existing literature in order to develop 

a concept design. A concept design is a preliminary phase of the development process of a 

system, and involves combining identified technologies and components to produce a model 

which helps visualise and understand the requirements and structure of a system (Shoshany-

Tavory et al., 2023). 

The workspace, environmental and task constraints were initially identified from the 

literature, providing a framework of the requirements that must be met for a robotic system 

to be deemed suitable for the task. Different robotic system concepts were then compared 

and analysed, with the most suitable system being chosen and further developed to satisfy 

the constraints and requirements presented. 
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2  Task Analysis and System Requirements 

Remote pipe cutting is primarily used to disconnect pipelines so that large in-vessel 

components can be removed and reinstalled. Most of the piping remains in place as a 

lifetime component and is re-joined by rewelding at the same cut locations (Spaeh et al., 

2024). 

When choosing and designing a robotic system for pipe cutting and handling, it is important 

to understand the dimensions and environment of the operational workspace, as the 

workspace constraints impact multiple factors in the design of the robotic system, for 

example, size, material selection, combination of joints, etc.  

2.1  Overview and Location of Workspace  

This subsection will introduce the workspace, which will provide insight into the factors 

which will impact the choice and design of the robotic system for pipe cutting and handling. 

Figure 1 below shows the location of the EC launcher within the DEMO. 

 

Figure 1. Location of EC Launcher (Spaeh et al. 2024) 

The Electron Cyclotron launcher system will be in the equatorial port of the DEMO, and 

will be divided into three systems. The first is the optical in vessel system, the second is the 

structural system which contains port plug modules and shielding and the final system 

contains auxiliaries, which refers to the piping forest. The pipe forest has 22 SS 316L pipes 

each one 5mm thick, with different functions and varying diameters. Figure 2 below shows 
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a closeup of the EC launcher within the DEMO and as can be seen, the pipes are connected 

to the auxiliary shields and the port plug modules, therefore, to remove the structural system 

for remote maintenance, the pipes must be cut and later rewelded to allow for removal and 

joining of said components. (Spaeh et al., 2024) 

 

Figure 2. Close-up of EC Launcher (Spaeh et al. 2024) 

Accessing the EC Launcher requires opening of the port closure plate, with the rails 

providing guided access for remote maintenance systems. The cooling and supply pipes shall 

be guided along the sidewalls of the port to provide enough space for the removal of the port 

plug modules for maintenance and repair through the opened closure plate or sub-plates. 

They exit the equatorial port through feedthroughs on the port flange. (Spaeh et al., 2024)  

2.2  Workspace and Environmental Constraints 

The two main constraints present during remote handling tasks in the pipe forest of the EC 

launcher are the harsh environmental conditions associated with radiation and the limited, 

geometrically constrained workspace in which the manipulator must operate. 

2.2.1  Workspace Constraints 

In the EC Launcher system, there are 22 SS 316L pipes, with different functions and varying 

diameters. Each pipe has a thickness of 5mm. Figure 3 shows a concentric view of the CAD 
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model of the EC Launcher pipe forest. The figures used in this section are from the EC 

Launcher CAD model provided by LUT University. 

 

 

Figure 3. EC Launcher Pipe Forest 

Table 1 below shows the function and dimensions of each pipe. The radial clearance between 

pipes refers to the distance between surfaces of parallel pipes. The radial clearances provide 

insight into the allowable size of the cutting and welding tools along with the workspace of 

the robot arm.  

Table 1. DEMO EC Launcher Pipe Dimensions 

Pipe Function Quantity Outer Diameter (mm) Radial Clearance 

Mirror Cooling 16 25.4 74.6 

Mirror Actuators 4 88.9 50 

Helium Supply 2 21.3 78.7 

 

Figure 4 below shows the top view of the EC launcher CAD model. As can be seen, there 

are four rails within the EC launcher which will be used to transfer components in and out 

of the equatorial port. Furthermore, these rails could possibly be used to mount a robotic 

system, allowing for it to travel into and within the EC Launcher.  



21 

 

 

 

Figure 4. EC Launcher Top View 

However, because motion along the rails is constrained, the robotic system must have the 

reach capability to access pipes at different locations within the pipe forest. Figure 5 below 

shows the approximate dimensions of the workspace. 

 

Figure 5. EC Launcher Dimensions (X, Y) 

By using the 3D model files of the EC Launcher system provided by LUT University, the 

dimensions of the workspace can be seen using the built in Smart Dimension tool in 

Solidworks. The width of the left rail system is 710mm. Furthermore, when viewing the 

workspace from a 2D X,Y coordinate plane, the distance from top of the left rail to the top 

of the SM EPP module is 2925mm, and the distance to the furthest pipe, supply to mirror 

actuator, is 3371.25mm. The robotic system must be able to operate in the workspace 

provided.  
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The approximate cutting and welding positions can be seen in Figure 6. The pipe cutting and 

welding does not take place at the surface of the EC devices, with designs stating there must 

be above 78mm of usable pipe length connected to the component being removed (Spaeh et 

al., 2024). 

 

Figure 6. Pipe Cutting/Welding Positions 

2.2.2  Environmental Constraints 

The radiation in the vessel 24 hours after shut down is estimated to be around 3000 Gy/h, 

falling to around 300 Gy/h after one year. This causes complications, as electronic devices 

used in robotic systems can become damaged when exposed to high neutron radiation 

environments, resulting in degradation of device performance, such as reduced speed, 

increased power consumption or functional failure (Ren et al., 2024).  

2.3  Process Steps 

The remote handling process starts with the robotic system entering the EC launcher and 

moving through the pipe forest using the left-sided rail-mounted carriage system. This allows 

controlled linear positioning of the robot within the constrained workspace. 

After reaching the target area, the system must locate the required pipe and align the 

manipulator or tool with the intended cutting or welding position. Where necessary, the pipe 

must also be clamped or supported to maintain stability during the operation. 
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The next stage involves carrying out the required task, such as cutting, rewelding, or 

complete pipe removal. Because of the limited clearances in the pipe forest, this stage 

requires accurate positioning and controlled local motion. 

Finally, once the task has been completed, the robot must withdraw safely from the work 

area and exit the EC launcher if necessary, allowing for component removal or further 

maintenance operations to proceed. 

2.4  System Requirements 

The system requirements are based on the constraints within the workspace, environment 

and process, which were identified in the previous sections. The robotic system must be able 

to operate within the confined workspace of the EC launcher pipe forest while also 

maintaining the required reach, positional accuracy and manoeuvrability for remote pipe 

cutting, welding and handling. 

Firstly, when designing the robotic system for pipe cutting and welding, the robot arm would 

preferably have the capacity to reach slightly outside the given workspace, therefore when 

reaching pipes which are furthest away the arm does not have to be extended to its full 

capacity. This also ensures that all pipes within the system can be reached from the left sided 

rail system. 

Furthermore, the pipe diameter ranges from 21.3mm to 88.9mm (Spaeh et al. 2024), 

meaning that a versatile system and tools must be developed to cut and weld all pipes of 

varying sizes with high positional accuracy. The smallest radial clearance is 50mm, as shown 

in Table 1, therefore the tooling selected/developed should also accommodate this in its 

design, ensuring that the task can be performed on each pipe. 

Donato Sorgente et al. (2024) presented several key process requirements for remote cutting 

and welding in nuclear environments. Firstly, the process itself and the equipment used 

should be reliable to ensure that the task is executed successfully, alongside being 

recoverable without needing operator access. Furthermore, the process should generate 

minimal, or no debris and no assisting fluid should be used if it leaves residual contaminants.  

The cutting process must produce sufficient edge quality and suitable geometry for later 
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welding, while the welding process must ensure minimal thermal distortion while having a 

tolerance to minimal pipe misalignment. 

The system must also have high positional accuracy and controlled motion as slight 

misalignments of end effector position can cause collisions due to the limited clearances 

within the pipe forest. Furthermore, the predetermined cutting and welding zones detailed 

by Spaeh et al. (2024) reinforce the need for precise manipulation of the end effector. 

Finally, the system must be suitable for remote operation in high radiation environments, 

meaning that the actuation method, material selection and possible use of electronics should 

be carefully considered to prevent system failure within the DEMO. 

In conclusion, the system requirements can be summarised into the points below. 

• Perform remote operation with required level of safety, accuracy and 

repeatability 

• Reach the cutting zone of each pipe within the pipe forest from the left-sided rail 

system 

• Operate under the radiation levels present in the DEMO 

• Avoid damaging surrounding components 

• Support the integration of suitable cutting, handling and welding end-effectors 

for all pipe sizes 
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3  Tooling Selection 

The tooling selection is necessary for being able to plan the design of the robotic system. As 

there are 3 different pipe diameters in the pipe forest, a one size fits all tool for pipe cutting 

and welding could be considered a preferable approach, as it would prevent having to do 

multiple trips in and out of the DEMO for tool changes.  

Donato Sorgente et al. (2024), outlined the concept of in-bore cutting and welding to be used 

for pipe cutting in nuclear environments. While in-bore cutting and welding is a feasible 

concept for the 88.9mm pipes connected to mirror actuators, the in-bore cutting and welding 

tools tend to be designed for pipes with a significantly larger outer diameter than the 21.3mm 

and 25.4mm helium supply and mirror cooling pipes, as the power supply of such a small 

device would not be sufficient for pipe cutting (Donato Sorgente et al., 2024; Zheng et 

al., 2024). Therefore instead of in-bore methods, the robotic system outlined will be designed 

to perform ex-bore cutting and welding. 

Ex-bore cutting or welding involves cutting or welding the pipe from the outside. Ren & 

Skilton (2024) reviewed pipe cutting and welding technologies to be used in fusion 

devices. The cutting tools presented used mechanical cutting methods as they produced 

suitable cut quality that was suitable for rewelding. The welding methods section presented 

an orbital TIG welding tool which was developed and successfully demonstrated the 

feasibility of joining 3mm-walled 316LN stainless steel pipes without a wire feed system. 

Although the detailed tooling solution remains under development, the proposed robotic 

system is designed on the basis that the selected cutting and welding tools are ex-bore and 

must satisfy the process and system requirements identified in Section 2.4. 
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4  Robotic Systems Used for Nuclear Remote Maintenance 

This section will explore current robotic systems used for nuclear remote maintenance tasks 

and compare these with systems used in other industrial applications, in order to find the 

most suitable system for the given task. 

4.1  Fundamental Principles of Robotic Systems 

The Robot Institute of America (RIA) defines a robot as “a reprogrammable, multifunctional 

manipulator designed to move material, parts, tools, or specialized devices through variable 

programmed motions for the performance for a variety of tasks” (Hutchinson & Vidyasagar, 

2020). Robotic mechanisms are actuated by electric or hydraulic motors, and use internal 

and external sensors to assess factors such as  position, velocity and contact forces 

(StandardBots.com, 2024).  

The proposed robotic system for DEMO pipe cutting and welding will be mounted on a track 

and rail, as previously mentioned. While the track allows for linear motion, the base will be 

fixed to the track, making the system a fixed-base robot. Fixed-base robot arm manipulators 

work in structured settings such as production lines. Figure 7 illustrates a simplified diagram 

of a fixed-base robot arm, where the base is fixed, motion is planned in a global Cartesian 

frame anchored at the base, and external effectors are the joint motors that move the arm 

links and end-effector. (Kagan, 2020)  

 

Figure 7. Fixed Base Robot Diagram (Kagan, 2020)  

Robot manipulators are made up of links connected by joints. These joints allow for 

movement of the links through different actuation methods. Two joints which are commonly 
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used in manipulators are revolute and prismatic joints. A revolute joint is a rotary joint and 

allows for relative rotation between two links, whereas a prismatic joint is a linear joint, 

which allows for relative linear motion between two links. Figure 8 illustrates the function 

of each joint. (Hutchinson & Vidyasagar, 2020) 

 

Figure 8. Revolute and Prismatic Joint Diagram (Hutchinson & Vidyasagar, 2020) 

The number of joints determines the degrees of freedom (DOF) of a robot manipulator. The 

DOF refers to the number of independent movements the manipulator can make. In a three 

dimensional space, a rigid object has three DOF for positioning and three DOF for 

orientation, which is why a manipulator arm should have at least six DOF, to ensure the arm 

can reach every point within its workspace with the required orientation. (Hutchinson & 

Vidyasagar, 2020) 

The movement of links can be described as roll, pitch, yaw in reference to the X,Y,Z axis. 

Figure 9 provides a visual illustration of each axis. Roll refers to rotation about the X-axis, 

pitch refers to rotation about the Y-axis and Yaw refers to rotation about the Z-axis. (Bajd 

et al., 2013) 

 

Figure 9. X,Y,Z Axis (Bajd et al., 2013) 

The total volume of swept out by the end effector as the manipulator moves through all 

possible orientations is defined as the workspace, which is constrained by the geometry and 

mechanical constraints of the manipulator. The reachable workspace is all the set of points 

reachable by the manipulator, whereas the dexterous workspace consists of the points that 
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the manipulator can reach with the required orientation of the end effector. (Hutchinson & 

Vidyasagar, 2020) 

4.2  Method of Actuation 

As mentioned in section 2.2.2, the intense radiation within the DEMO can cause electronics 

to fail, which is why hydraulic systems are generally more suited than electronic robot 

systems for DEMO maintenance as they can output high force and torque while keeping 

sensitive electrical components away from the harsh in vessel environment. (Dubus et al., 

2008)  

Oil hydraulics however are unable to guarantee the cleanliness level required for DEMO 

remote maintenance, which is why pure water hydraulics has been proposed as a possible 

alternative, with research starting to focus in on that direction. (Dubus et al., 2008) 

A challenge with designing/manufacturing water hydraulic robotic systems is the lack of 

actuators on the market, more specifically rotary actuators. Due to differences in viscosity, 

lubrication and corrosion between oil and water, oil hydraulic actuators must be modified to 

adapt their designs to water. (Dubus et al., 2008) 

4.2.1  Rotary Vane Actuator 

Dubus et al. (2008) outlines the development and assessment of a water hydraulic joint for 

remote handling operations in the ITER. The research paper specifically focuses on the 

modification of a rotary vane actuator so that it can be used with water instead of oil.  

A rotary vane actuator is a compact actuator used to convert hydraulic pressure into rotary 

motion. Figure 10 shows the structure of a rotary vane actuator, which consists of a stator 

and a rotor with vanes. The vanes create chambers filled with hydraulic fluid between the 

stator and rotor. By increasing/decreasing the pressure in the chambers, the rotor is forced 

to rotate and output force onto an external mechanism (Nikas et al., 2007). The main 

modifications to the vane actuator in Dubus et al. (2008) were the use of corrosion resistant 

materials, reduction of clearances to reduce leakage, preventing contact between water and 

components with poor corrosion resistance and adapting the seal materials to water. 
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Figure 10. Rotary Vane Actuator Structure (Nikas et al., 2007) 

The concept of using rotary vane actuators for remote maintenance tasks in the ITER was 

further explored in Nieminen et al. (2009), which detailed the design and development of a 

six degrees of freedom water hydraulic manipulator (WHMAN), which is shown in Figure 

11 below, with force feedback for teleoperation tasks in the ITER. The system consists of 

rotary vane actuators for rotary motion at the joints and one prismatic joint for linear motion, 

allowing the end effector to move into confined spaces with a reduced risk of collision. This 

combination of joints would be beneficial for pipe cutting and welding within the EC 

launcher as it provides the required manoeuvrability and positioning of the end effector to 

operate within the tight radial clearances in the workspace. 

 

Figure 11. WHMAN for ITER Remote Maintenance (Nieminen et al., 2009) 
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4.2.2  Joint Control  

To accurately control the joint movements of the robot, the fluid pressure within the actuator 

must be accurately controlled (Nikas et al., 2007). While electronics should be minimized 

within the DEMO (Bandala et al., 2019), some are still required for sensing and joint control 

purposes, with the use of servo valves being one possible way to achieve accurate joint 

control (Nieminen et al., 2009 ; Dubus et al., 2008). Servo valves are electrohydraulic control 

valves that convert an electrical input signal into a precisely controlled hydraulic flow or 

output pressure by adjusting the position of an internal spool (Balasoiu and Bordeasu, 2013). 

Radiation sensitivity of electronics remains a design constraint, so only essential valve-

control electronics should be exposed to the hazardous environment, with fault tolerance to 

reduce failure risk. (Väyrynen et al., 2011; Nieminen et al., 2009) 

Nieminen et al (2009) considers the risk of damage to surrounding components if hydraulic 

or electric power loss is to take place, and details the use of safety breaks in the pitch joints 

to maintain the WHMAN position if this is to occur.  

4.3  Modes of Control 

This section will outline and compare three modes of control for robotic systems; 

autonomous control, teleoperation and assisted teleoperation. The most suitable mode of 

control will then be chosen for a robotic system to be able to perform accurate and reliable 

pipe cutting and welding in the EC launcher. 

4.3.1  Autonomous Robots 

Autonomous robots use a combination of sensors, Artificial Intelligence (AI) and pre-

programmed instructions to navigate and perform tasks independently. (Hayat, 2022)   

A commonly used autonomous system in industrial applications is an industrial robot, which 

operates as a fixed base manipulator. The International Federation of Robotics defines an 

industrial robot as “automatically controlled, reprogrammable, multipurpose manipulator 

programmable in three or more axes”. Typical industrial robots are large and bulky 
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automated machines with good repeatability but poor accuracy. However, with the 

integration of sensor fusion techniques combining cameras, laser scanners and other sensors, 

together with uncertainty analysis, the accuracy can be greatly improved, allowing them to 

achieve very high precision, which is crucial during precision-based tasks such as operation 

within a pipe forest. Figure 12 below showcases an example of an industrial robot arm. 

(Hayat, 2022)   

 

Figure 12. Six Axis Industrial Manipulator (Hutchinson & Vidyasagar, 2020)  

While autonomous systems can achieve high precision (Hayat, 2022), full autonomy is not 

yet trusted for remote maintenance systems in high-risk environments due to the risk of 

failure (Bandala et al., 2019; Ren et al., 2024). However, the development and use of safety 

standards for industrial robots such as ANSI/RIA R15.06-2012 can help with the acceptance 

of eventually using an autonomous robotic system for nuclear remote maintenance. While 

the standards do not apply directly to nuclear applications, they can still provide the safety 

evaluation framework and certification that aids in the development and adoption of these 

systems for the nuclear industry. Furthermore, as autonomous systems become more 

common in other sectors, it can be argued that this has led to more strict regulations, which 

aids in the development of autonomous systems and decreases the risk of system failure 

when deployed within a hazardous environment. (Smith et al., 2020) 

For remote pipe cutting/handling in nuclear environments, industrial robots can meet the 

required accuracy and repeatability, however, this is if their mechanical design, control and 

sensing systems are calibrated and specifically adapted/designed for radiation tolerance 

and compatibility with dedicated cutting and gripping end-effectors. (Hayat, 2022)   
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4.3.2  Teleoperated Robots 

While considerable progress has been made in communication, computing and sensor 

technologies, adopting fully autonomous systems for remote maintenance tasks requires 

further research and development. Even systems capable of very high levels of autonomy 

require human monitoring due to the complexity of the environment (Moniruzzaman et al., 

2022). Subsequently, the nuclear industry currently uses tele-operated robots to handle 

remote maintenance tasks in hazardous environments (Smith et al., 2020). 

While teleoperated robotic systems are well documented in nuclear remote handling (Smith 

et al., 2020; Luk et al., 2006), specifically pipe cutting examples are much harder to find in 

academic literature, with recent pipe-cutting and welding papers focusing more on semi-

autonomous systems instead (Bandala et al., 2019; Shin et al., 2018). This section however 

will outline the operation principle of teleoperated systems, and how this could be applied 

for the proposed pipe cutting and handling system for DEMO remote maintenance. 

Teleoperated robots are controlled manually by an operator from a distance, where control 

commands from an operator and sensor feedback from a remote robot are transmitted over 

a communication channel. (Moniruzzaman et al., 2022) Teleoperation also requires sensors 

for position feedback and an actuation system capable of converting operator inputs into 

motion at the joints. Luk et al. (2006) outlines remote teleoperated maintenance and 

inspection systems used in the nuclear industry, and details the use of servo valves to 

generate translational and rotational motion using double-acting pneumatic cylinders. More 

specifically to a water hydraulic system, the same teleoperation principle applies, where the 

operator issues motion commands remotely, and the joint actuators generate the required 

movement through the specified actuator.  

4.3.3  Assisted Teleoperation 

Currently, for remote maintenance tasks in the nuclear industry, tele-operation tends to be 

the preferred choice of control method. However, a certain level of autonomy has been 

shown to aid with precise, accurate tasks (Bandala et al., 2019). Normal teleoperation has 

the operator controlling everything the robot does, which can be challenging and tiring, 

especially in systems with high degrees of freedom. Assisted teleoperation lowers the 
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operator workload by controlling the movements using the robots built in “smart functions”. 

With assisted teleoperation, the operator still decides what the robot should do, but the robot 

helps by automatically handling some of the detailed actions, such as keeping the right 

cutting position or controlling the contact force. This reduces the operator’s workload and 

makes the cutting process more stable, efficient, and safe. (Shin et al., 2018). 

Assisted teleoperation for use in nuclear environments was explored in Bandala et al (2019). 

The paper presents a semi-autonomous, vision-based control system for a hydraulically 

actuated dual-arm robot designed for pipe cutting and grasping in nuclear environments. The 

system supports the robots’ basic actions using vision and Kinect based tracking, while the 

operator remains as the decision maker. Cameras and a graphical user interface (GUI)  

provide clear visual feedback to the operator. Furthermore, haptic and auditory feedback is 

used, such as vibration of the controller or beeping, which signals to the operator that a 

collision is about to take place. Figure 13 shows an image of the system developed in 

Bandala et al (2019), the system consists of two 7-DOF Hydrolek robot arms which are 

mounted on a BROKK-40 base, the system is controlled by a controller connected to a PC 

outside of the working environment. (Bandala et al., 2019) 

 

Figure 13. Hydraulic Dual Arm Robot with Assisted Teleoperation (Bandala et al., 2019) 

However, the sensors and cameras are not what make it an assisted teleoperation system. 

Instead, assisted teleoperation is achieved by combining the hardware with a GUI, image 

processing algorithms, operator assisted target selection, inverse kinematics and autonomous 

motion control based on operator decision making. Combination of these elements means 

that instead of the operator using a joystick to control each joint individually, the operator 

performs actions such as positioning the platform, capturing the workspace image, selecting 
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the target pipe and choosing the desired pipe cutting and grasping zones, with the control 

system then processing the image and computing the required motions to perform the task. 

This allows the task accuracy to be increased while decreasing the operator workload. 

(Bandala et al., 2019; Shin et al., 2018). 

Laboratory tests results show that the assisted tele-operation system allowed for reliable pipe 

selection and grasping from many different starting positions and pipe orientations. The task 

speed and control performance also improved when compared to regular tele-operation, with 

model error being reduced. Inexperienced users were also able to successfully complete 

grasping tasks, which means that operators will not need as much training to complete the 

tasks efficiently. However, while the grasping positioning of the system was accurate, the 

system is still not accurate enough for precise cutting, which is crucial when there are 

dedicated cutting zones, such as in the EC launcher pipe forest. Overall, the results suggest 

that assisted tele-operation can lower operator workload and improve efficiency, but further 

developments are still required to improve the cutting accuracy. (Bandala et al., 2019) 

4.3.4  Comparative Analysis Based on Key Criteria 

The three outlined control methods each have their benefits and drawbacks in relation to 

pipe cutting and handling within the pipe forest of the EC launcher system. This section will 

compare these methods of control and choose the most suitable one for remote pipe cutting 

and handling. 

A major design constraint surrounding mainly autonomous systems, but also systems using 

assisted teleoperation, is the requirement of electronic components and sensors for improved 

performance. Adding many sensors to robotic systems comes with challenges as the 

radiation within the DEMO environment can degrade electronics and sensors, which can 

lead to a reduction in performance, a decreased service life and eventual failure of these 

systems. Two approaches can be used to combat this, redundancy and minimisation of 

exposed electronics. Redundancy uses multiple sensors which can lead to an improvement 

in fault tolerance, however it leads to an increase in costs and may not be practical if the 

sensors degrade at a similar rate. Minimizing the number of electronic components may be 

more suitable as it reduces the amount of radiation sensitive equipment exposed to the 
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hazardous environment, which in turn would decrease the accuracy and the required task 

execution quality of the autonomous system. (Bandala et al, 2019) 

Teleoperated systems have the lowest system failure risk due to the minimisation of 

electronic components when compared with autonomous and assisted teleoperation systems 

(Bandala et al, 2019). However, these systems still require sensors when operating in highly 

constrained environments. Furthermore, the demand placed on the operator becomes 

extremely high, especially in a dense pipe forest with tight clearances, causing the task 

execution to be determined by operator skill and providing very little room for error (Shin 

et al., 2018). The three control modes were compared in Table 2 below to assess their 

suitability for performing precise pipe cutting and welding in the DEMO EC launcher. 

Table 2. Comparison of Robot System Control Methods 

Control Mode Autonomous Assisted Tele-

operation 

Tele-operation 

Human Role Intervene at faults/rare 

conditions 

Involved in task execution Involved in task execution 

Environment 

Suitability 

Geometry, access and 

conditions must be well 

modelled and repeatable 

 

Unexpected obstructions and 

damaged pipes may cause 

failure to complete task 

accurately 

More suitable for high 

variable environments 

 

Humans can react to 

unexpected conditions, while 

robot handles precision and 

force control 

More suitable for high 

variable environments 

 

Human is in complete 

control 

Task 

Performance 

High performance for 

predefined cuts/welds  

 

Low performance if robot is 

not in the planned position 

High performance as operator 

can adapt to any changes 

during the task 

 

Improvements required in 

cutting precision 

 

High performance as 

operator can adapt to any 

changes during the task 

Operator 

Workload 

Low Moderate High 

Precision & 

Repeatability 

High when 

workspace/references are 

accurately known 

Can be impacted by operator 

skill, however shared control 

(force/precision assistance) 

can raise consistency 

Highly dependent on 

operator skill 

Safety in 

DEMO 

Risk of damage to high 

risk/expensive components if 

planning/execution is wrong 

 

Harder to justify use 

Human remains the primary 

decision maker, reduces 

wrong-target risks 

 

Less risk of damage 

 

Easier to justify use 

Human remains the primary 

decision maker, reduces 

wrong-target risks 

 

Safety is dependent on 

operator skill 

 

Easier to justify use  

 

Out of the three control methods outlined in Table 2, assisted teleoperation is the most 

appropriate control method for remote pipe cutting in the pipe forest of the DEMO EC 
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launcher. The robotic system must operate in a hazardous, high radiation environment with 

tight clearances, meaning that the use of both fully autonomy or teleoperation becomes 

problematic. Assisted teleoperation keeps the human as the primary decision maker in an 

uncertain environment while providing assistance to improve the accuracy and consistency 

of the task execution (Bandala et al, 2019). 

Although assisted teleoperation requires additional sensing and electronic components 

which comes with a risk of failure, by including safety breaks in joints and keeping only the 

necessary components for safe and precise manipulation support, the risks can be lowered 

while providing a suitable compromise between safety, precision and suitability for the 

environment. (Väyrynen et al., 2011; Nieminen et al., 2009) 

4.4  Chosen Robotic System  

The robotic system designed for remote pipe cutting and welding in the EC launcher of the 

DEMO must be capable of meeting the system requirements detailed in section 2.4 

Based on the literature review conducted, the most suitable robotic system to perform the 

given task is a dual arm, assisted-teleoperation, water-hydraulic manipulator system. This 

selection is justified due to the suitability of water hydraulics as an actuation method for high 

radiation environments, the ability of a dual arm system to conduct the task at hand while 

also handling pipe alignment, and the advantages of assisted teleoperation in reducing 

operator workload while keeping the operator as the decision maker during the task. These 

choices provide a mix of compatibility with the environment and the ability to execute the 

task while maintaining safety requirements. 
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5  Proposed Robotic System Concept Design 

A CAD model of the mechanical design of the robotic system was designed using 

SolidWorks, consisting of two hydraulically actuated robot arms. The main inspiration for 

the mechanical design comes from the WHMAN detailed in Nieminen et al (2009) while the 

main inspiration for the control system comes from the assisted teleoperation system detailed 

in Bandala et al (2019).  

The system is designed for the end effector of one arm to be equipped with either an ex-bore 

cutting or welding tool, and the other to have a gripper, which allows for potential pipe 

section removal and helps with pipe alignment while welding together pipes. For the design 

concept, a conceptual hydraulic gripper design was mounted at the end of each arm, shown 

in Figure 14 below. 

 

Figure 14. Design Concept of Hydraulic Gripper 

The gripper operates using a hydraulic cylinder. As the hydraulic cylinder extends, the 

gripper is forced open and retraction of the cylinder causes the gripper to close. However, 

the gripper presented here is intended only as a conceptual visual design to illustrate how 

the robot arms could interact and handle the pipes within the system. For this reason, the 

gripper design is not examined further in this thesis 

Figure 15 below shows the CAD model of the proposed dual-arm system. To illustrate the 

overall concept design, a simplified design for the carriage/track has been added to the 

assembly. However, this is conceptual and aims to demonstrate that the assembly can be 
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integrated with appropriate track and carriage systems specifically designed for the rails 

within the EC launcher. 

 

Figure 15. CAD Model of Proposed Robotic System 

5.1  Hydraulic Actuators & Mechanical Components  

This section will focus on the hydraulic actuators chosen for the robotic system, alongside 

the mechanical components. 

The WHMAN detailed in Nieminen et al (2009) was used as inspiration for the mechanical 

design of the system, with rotary vane actuators and prismatic joints being incorporated 

into the design. The use of vane actuators provides compact rotary actuation at the joints, 

allowing for reduced mass and size towards the wrist region of the robot arm (Nikas et al., 

2007). Furthermore, they can be directly integrated into the joint, allowing for a more 

simplified setup. The prismatic joints provide the system with linear motion, allowing the 

end effector to move into compact areas with a reduced risk of collision.  

However, modifications were made to the first few revolute joints, which generate the 

main workspace of the system. Rotary vane actuators provide limited rotation, which can 

be problematic when having to reach 22 different pipes. Hydraulic motors were instead 

used for the first three revolute joints as they provide continuous rotation, which 

significantly increases the workspace of the system. Furthermore, these joints are 

responsible for supporting the largest downstream loads, so combining hydraulic motors 

with gear reduction systems allows for high torque capability.  
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Hydraulic motors tend to be heavier and less compact than vane actuators, which is why 

they were used in the first few joints responsible for generating the main workspace of the 

system. If these were also used in joints closer to the end effector, the wrist region would 

become larger and heavier, decreasing the effective payload capacity of the system. 

Each arm consists of the following joints and hydraulic actuators shown in Figure 16 

below, with each joint being numbered from 1 to 8. Table 3 provides further information 

on the layout of joints and actuators used in the design of the robotic system. 

 

Figure 16. Configuration of Joints and Actuators 

Table 3. Combination of Joints and Hydraulic Actuators 

Joint Joint Type Actuator Final Output 

Rotation 

1 Revolute Yaw (Rz) Hydraulic Motor 360° 

2 Revolute Pitch (Ry) Hydraulic Motor 360° 

3 Revolute Pitch (Ry) Hydraulic Motor 360° 

4 Prismatic (P) Hydraulic Cylinder x 

5 Revolute Yaw (Rz) Rotary Vane 180° 

6 Revolute Pitch (Ry) Rotary Vane 180° 

7 Prismatic (P) Hydraulic Cylinder x 

8 Revolute Yaw (Rz) Rotary Vane 180° 
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A simplified block was modelled on each joint to represent the mounting location of the 

servo valve. It contains two hydraulic ports aligned with the actuator passages, providing a 

conceptual flow path between the servo valve and the actuator. Figure 17 below shows a 

transparent close up view of how this concept was modelled on Joint 5 and 6 in the CAD 

model. 

 

Figure 17. Conceptual Servo Valve Mount 

5.1.1  Chosen Water Hydraulic Motor 

The chosen water hydraulic motor is the Janus M180 Axial Piston Motor, shown in Figure 

18 below. The motor is designed to operate using tap water, which eliminates the risk of oil 

contamination within the DEMO. (The Water Hydraulics Company Ltd, 2025) 

 

Figure 18. Janus M180 Axial Piston Motor (The Water Hydraulics Company Ltd, 2025) 
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The Water Hydraulics Company Ltd (2025) website provides the technical data sheet for 

the motor, which the information in Table 4 was obtained from. 

Table 4. Janus M180 Motor Technical Data 

Material A.I.S.I 316, Polymer & Martensitic 

Stainless steel 

Weight 82kg 

Output Torque at 160 Bar Pressure 550Nm 

 

The CAD model seen in Figure 19 was downloaded from the website (The Water 

Hydraulics Company Ltd, 2025), and used in the final assembly. The material properties 

alongside the 82kg mass properties were applied to the downloaded model using the 

SolidWorks material properties and override mass properties tools. 

 

Figure 19. Janus M180 Motor CAD Model (The Water Hydraulics Company Ltd, 2025) 

5.1.2  Planetary Gear System for Hydraulic Motor 

Planetary gear systems are gear reduction systems with a high transmission ratio, resulting 

in a reduction in speed but an increase in torque (Landler et al., 2024). To achieve a 

substantial torque increase, two planetary gear systems were designed to be used in series 

for the hydraulic motor. In both systems, the outer ring is fixed, the sun gear provides the 

input rotation, which causes rotation of the planet gears alongside the planet gear carrier, 

with the carrier providing the output rotation. One system has a reduction ratio of 𝑖 = 5 and 

the other with a ratio of 𝑖 = 6, providing a final output torque multiplication of 30. Assuming 

an overall transmission efficiency of η=0.9 for the combined two-stage gear system, the 

output torque is 27 times that of the input torque. 
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The tooth counts for each gear are chosen based on the geometric condition for a planetary 

gear set shown in equation 6.1 below. (Landler et al., 2024) 

 𝑍𝑟 = 𝑍𝑠 + 2𝑍𝑝 (6.1) 

 

For a planetary gear with the sun gear as the input, ring gear as the fixed component and the 

carrier as the output, the reduction ratio is shown in equation 6.2. The final tooth count ratio 

of the i=5 sun gear and planet gear is seen in equation 6.3 and is substituted into equation 

6.1 to find the ring gear tooth count.  

 
𝑖 = 1 +

𝑍𝑟

𝑍𝑠
 

(6.2) 

For 𝑖 = 5, the following calculation steps provide the tooth counts shown in Table 5. 

5 = 1 +
𝑍𝑟

𝑍𝑠
 

4 =
𝑍𝑟

𝑍𝑠
 

𝑍𝑟 = 4𝑍𝑠 

𝑍𝑟 = 𝑍𝑠 + 2𝑍𝑝 

 3𝑍𝑠 = 2𝑍𝑝 (6.3) 

Table 5 shows the tooth counts and symbols of each gear in the CAD design of planetary 

gear system seen in Figure 20. 

Table 5. Tooth Count For Planetary Gear i=5 

Gear Symbol Tooth Count 

Ring  𝑍𝑟 80 

Planet 𝑍𝑃 30 

Sun 𝑍𝑠 20 
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Figure 20. CAD Model of Planetary Gear, i=5 

The same calculation steps are repeated for a system with reduction ratio of 𝑖 = 6. The tooth 

counts of the planetary gear system are shown in Table 6 and the CAD model is shown in 

Figure 21. 

𝑍𝑟 = 5𝑍𝑠 

𝑍𝑟 = 𝑍𝑠 + 2𝑍𝑝 

 4𝑍𝑠 = 2𝑍𝑝 (6.4) 

 

Table 6. Tooth Count for Planetary Gear i=6 

Gear Symbol Tooth Count 

Ring  𝑍𝑟 100 

Planet 𝑍𝑃 40 

Sun 𝑍𝑠 20 

 

 

Figure 21. CAD Model of Planetary Gear, i=6 
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5.1.3  Chosen Rotary Vane Actuator 

The chosen hydraulic rotary vane actuators are the Micromatic LLC HS Series Rotary 

Vane Actuators shown in Figure 22. More specifically, the single vane HS-010 for joints 5 

and 6 and the single vane HS-004 for joint 8. Both actuators provide 280° rotation. Instead 

of an external output shaft, the HS Series uses a central rotating output hub to transmit 

torque to the connected joint components (Micromatic LLC, 2020) 

 

Figure 22. Micromatic LLC HS Series Rotary Vane Actuator (Micromatic LLC, 2020) 

Figure 23 below is from the technical datasheet of the HS Series Rotary Vane Actuator. It 

provides information on the output torque, weight and volumetric displacement of each 

actuator.  

 

Figure 23. Technical Data for Micromatic Actuators (Micromatic LLC, 2020) 

The Micromatic LLC website states that the pressure should not exceed 137.9 bar  

(2000psi) for heavy duty applications. Therefore, the maximum output torque of the 

actuators will be the torque provided by the 137.9bar pressure. The public HS Series 
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datasheet used does not specify the actuator material. Table 7 shows the weight and output 

torque of the chosen rotary vane actuators. 

Table 7. Technical Data for HS-004 and HS-010 Actuator (Micromatic LLC, 2020) 

 HS-004 HS-010 

Weight 18.59kg 30.39 

Output Torque 813.60 1943.60 

 

The CAD models for both actuators are shown in Figure 24 and 25 below. The CAD 

models were downloaded from the website and used in the final assembly. (Micromatic 

LLC, 2020) 

  

Figure 24. HS-004 CAD Model 

  

Figure 25. HS-010 CAD Model 

A limitation of the HS Series Rotary Vane Actuators is that they are not currently designed 

for water hydraulic actuation. However, if further developments and modifications are 

made to the model to make the actuator compatible with water, such as was explored in 

Dubus et al. (2008) which was outlined in section 5.2.1, then this would be an actuator that 

could possibly be used for the robotic system. 



46 

 

 

5.1.4  Planetary Gear System for Rotary Vane Actuator 

As the vane actuators provide limited rotation, the gear reduction ratio will not be as high. 

Furthermore, to allow for high manoeuvrability of joints and links, the system will not aim 

for a maximum increase in torque, but instead be designed to allow for an output rotation of 

180° from the input rotation of 280° , while still providing a substantial torque increase. In 

the selected planetary gear arrangement, the ring gear acts as the input member and the sun 

gear is fixed to the housing. Rotation of the ring gear causes the planet gears to revolve 

around the fixed sun gear. Because the planet gears are mounted on the planet carrier, this 

motion drives the carrier, which serves as the output member of the transmission. 

The gear reduction ratio of the proposed planetary gear arrangement is shown in equation 

6.5. 

 
𝑖 =

𝜃𝑖𝑛

𝜃𝑜𝑢𝑡
   

(6.5) 

𝑖 =
280°

180°
= 1.556 

For a planetary gear set with the ring gear as the input, the sun gear fixed, and the carrier as 

the output, the displacement ratio is then found using equation 6.6. 

 𝜃𝑜𝑢𝑡

𝜃𝑖𝑛
=

𝑍𝑟

𝑍𝑠 + 𝑍𝑟
 

(6.6) 

𝜃𝑜𝑢𝑡

𝜃𝑖𝑛
=

180°

280°
= 0.643 

0.643(𝑍𝑠 + 𝑍𝑟) = 𝑍𝑟 

0.643𝑍𝑠 + 0.643𝑍𝑟 = 𝑍𝑟 

0.643𝑍𝑠 = 0.357𝑍𝑟 

 𝑍𝑟

𝑍𝑠
=

0.643

0.357
= 1.8 

(6.7) 

The planetary gear geometric condition is then applied, substituting in equation 6.8 (Landler 

et al., 2024). 

𝑍𝑟 = 𝑍𝑠 + 2𝑍𝑝 
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 𝑍𝑟 = 1.8𝑍𝑠 (6.8) 

1.8𝑍𝑠 = 𝑍𝑠 + 2𝑍𝑝 

 𝑍𝑝 = 0.4𝑍𝑠 (6.9) 

 

Therefore, 𝑍𝑟 = 1.8𝑍𝑠, 𝑍𝑝 = 0.4𝑍𝑠, 𝑍𝑠 = 1. The ratio of gear teeth 𝑍𝑟: 𝑍𝑝: 𝑍𝑠  will be 

1.8: 0.4: 1 = 9: 2: 5. Multiplying this ratio by a suitable integer will provide the number of 

teeth used for each gear. Multiplying it by 5 gives the tooth counts used in the CAD design. 

Table 8 shows the tooth counts and symbols of each gear used in the CAD model of the 

i=1.556 planetary gear system shown in Figure 26. 

Table 8. Tooth Count for Planetary Gear i=1.556 

Gear Symbol Tooth Count 

Ring  𝑍𝑟 45 

Planet 𝑍𝑃 10 

Sun 𝑍𝑠 25 

 

 

Figure 26. CAD Model of Planetary Gear, i=1.556 

The outer ring of the planetary gear is the internal ring within a roller bearing. The outer ring 

of the bearing is fixed, however the inner ring is able to rotate, which then causes rotation of 

the planet gears, providing the output torque. 
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5.1.5  Prismatic Joints 

The system includes two prismatic joints, both of which are actuated by hydraulic cylinders. 

Figure 27 shows the location of each prismatic joint within the CAD model. 

 

Figure 27. Location of Prismatic Joint 

The first prismatic joint provides an approximate extension of 300mm. Its main purpose is 

to increase the reachable workspace of the manipulator and allow for a more effective 

adjustment of the tool position along the direction of the arm. By allowing the arm to extend 

or retract without requiring large changes in joint angles further up the arm, this joint 

improves local positioning accuracy and reduces the need for excessive rotational motion.  

Figure 28 below shows the assembly of the first prismatic joint. The extension occurs when 

fluid is supplied to the piston side chamber, while retraction occurs when fluid is directed to 

the rod side chamber. Linear guides are incorporated into the design to support the moving 

components by maintaining alignment. Furthermore, the linear guides act as load bearing 

components, holding a majority of the load present when the cylinder is horizontal. 
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Figure 28. Assembly of First Prismatic Joint  

The second prismatic joint shown in Figure 29 provides an approximate extension of 100mm 

and is located closer to the wrist region and is used for positioning and moving the end 

effector. The inclusion of this second prismatic joint allows for the arm to achieve the 

required overall orientation before making contact with the pipe, with the final linear motion 

advancing the end effector to make contact.  

 

Figure 29. Second Prismatic Joint 

Together, the two prismatic joints expand the reachable workspace and improve the 

positioning capability within the pipe forest. They also help reduce collision risk and make 

the manipulator more suitable for precision-based remote maintenance tasks in the DEMO 

EC launcher environment. 
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5.1.6  Degrees of Freedom of Each Arm 

The robotic system is made up of six revolute joints and two prismatic joints, providing each 

arm with eight degrees of freedom (DOF). This provides enough DOF’s for the system to 

reach the twenty-two different pipes within the EC Launcher from the left sided rail system. 

The addition of two prismatic joints allows the end effector to move linearly to interact with 

each pipe, which reduces the risk of collisions with surrounding structures. 

Figure 30 below illustrates an example configuration in which both arms can access and 

grasp a pipe in the upper-right area of the pipe forest simultaneously without colliding. This 

is made possible by the eight degrees of freedom available in each arm, which provide 

sufficient manoeuvrability for coordinated positioning and end effector alignment within the 

confined workspace. The manipulator at the front of the system is used to support and align 

the pipe during cutting, welding or handling operations, while the arm at the back will be 

equipped with the cutting or welding tool.  

 

Figure 30. Dual Arm Handling of Mirror Actuator Pipes  

Similarly, Figure 31 below showcases another example configuration in which both arms 

are grasping a pipe in the bottom left area of the pipe forest, illustrating how the system 

can reach different pipes within the confined workspace. 
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Figure 31. Dual Arm Handling of Mirror Cooling Pipe 

The proposed combination of joints provides the system with the sufficient workspace and 

manoeuvrability to operate within the EC launcher pipe forest. The example configurations 

provided suggest that coordinated dual-arm operation within the constrained workspace of 

the EC launcher would be feasible. 

5.1.7  Load Bearing Components 

The rotary actuators generate the torque required to rotate the links, however, they are not 

designed to carry the radial loads caused by the weight of the attached components 

(Micromatic LLC, 2020; The Water Hydraulics Company Ltd, 2025). These loads are 

instead supported by structural components and bearings, which serve as the primary load-

bearing elements of the joint, while simultaneously allowing for rotational motion (Kot et 

al., 2021). Figure 32 showcases the location of bearings used in the CAD model. 
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Figure 32. Location of Bearings Within Assembly 

Cylindrical roller bearings were selected as the primary load-bearing components of the 

joints because their high radial load-carrying capacity makes them suitable for supporting 

the loads caused by the attached links and components (Rivera et al., 2024).  

The material selected for the bearings in the concept design is SS 316 LN stainless steel, 

which is the material used for structural components within the EC launcher (Spaeh et al., 

2024). The material used for links and other structural components is 6061 Aluminium alloy, 

due to it being used in ITER-relevant remote handling tasks (Manoastephen et al., 2024). 

This selection reflects environmental requirements within the DEMO, however, detailed 

material selection requires further consideration of the properties required for the task at 

hand. 

Figure 33 below showcases a transparent view of the internal components present in the joint 

covers. As can be seen, the actuators and reduction gear systems are mounted to the joint 

covers, with these not being designed to carry the axial and radial loads acting at the joint 

components, instead being responsible for the torque transmission. These loads are 

transferred through the bearings and structural joint components, such as links and actuator 

housings. 
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Figure 33. Transparent View of Assembly 

Figure 34 further illustrates how the loads are held by bearings and structural components 

by showcasing a close-up example of the internal component layout used throughout the 

system.  

 

Figure 34. Transparent View of Joint 5 & 6 

5.2  Sensors and Electrical Components for Assisted Teleoperation 

Converting the proposed water-hydraulic dual arm manipulator from a purely teleoperated 

system into an assisted teleoperation system will require a combination of joint, hydraulic, 

force and vision sensing, along with supervisor control. However, the current mechanical 

concept design does not yet fully integrate these additional sensing and electrical 

components. Further developments of the design will therefore be required in order to 
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accommodate their physical mounting, protection, and routing within the manipulator 

system. 

The sensing and joint control components are inspired by the ITER-relevant WHMAN 

concept outlined in Nieminen et al (2009). Figure 35 showcases a possible layout of sensing 

and joint control components. Similarly to Nieminen et al (2009), in the proposed concept 

design, the rotary joints will use resolvers for angular position feedback and the prismatic 

joints will use Linear Variable Differential Transformer (LVDT) type sensors for linear 

position feedback. Additionally, adding potentiometers to the joints can reduce the risk of 

collisions. To achieve accurate joint control, the servo valve will be accompanied by a 

pressure sensor for each chamber at each joint, alongside a six-axis force-moment sensor, 

which will provide force feedback. Furthermore, a camera will be mounted on the wrist near 

the end effector, alongside the base, which provides multiple viewpoints of the workspace 

(Burrell et al., 2018). These components provide the required sensing and actuation feedback 

and control in order to improve the safety of operating within the constrained environment.  

 

Figure 35. Sensing and Electrical Components 

1 = Resolver, 2 = Potentiometer, 3 = LVDT, 4 = Camera 

Achieving the assisted element of assisted teleoperation is outlined in Bandala et al. (2019), 

and will require a vision-based supervisory layer added on top of the current conceptual 

sensing and actuation architecture. As previously mentioned, the sensors and other hardware 

must be combined with higher level systems such as image processing algorithms, inverse 

kinematics, etc. to allow for the system to accurately execute the tasks which the operator 

commands. 
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6  Payload of Designed Robotic System 

This section evaluates payload capacity of the proposed robotic system. The payload refers 

to the capacity of the system to lift or handle an external load safely. (Dubus et al. 2008) 

The payload is found by calculating the required torque needed to hold up the weight of the 

downstream components and comparing this with remaining output torque available from 

the actuators. The remaining actuator torque capacity is the available payload used to carry 

external loads. 

6.1  Required Actuator Torque in Worst Case Posture 

The torque requirements of the actuators within the robotic system will be calculated using 

the worst-case posture shown in Figure 36, which would be when the links from joint 2 

onwards are horizontal with respect to the world frame and the prismatic joints are at full 

extension. Each arm provides a maximum extension of 3.65m from joint 2 onwards, with a 

weight of approximately 862kg. 

 

Figure 36. Worst Case Posture of Robot Arm 

Joint 2 will have the highest load requirement, as the moment arm caused by the self weight 

of each component and the payload is furthest away from this joint, leading to the highest 

torque requirement. To find the torque about each pitch joint, the following formula shown 

in equation 7.1 is used. 

 𝜏𝐽𝑖 =  ∑𝑚𝑐𝑔𝑑𝐶𝑂𝑀𝑖 (7.1) 
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𝜏𝐽𝑖 = Torque required to hold up downstream components 

𝑚𝑐 = Mass of component downstream from Joint i 

𝑔 = 9.81m/s 

𝑑𝐶𝑂𝑀𝑖 = Perpendicular distance from Joint axis to components Centre of Mass (COM) 

Using the Mass Properties feature on SolidWorks, the volume and center of mass (COM) 

position 𝐶𝑂𝑀𝑖 = [𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖]
𝑇of downstream components were obtained in the global 

coordinate system. The static holding torque required by each joint 𝐽 is found by calculating 

the gravitational moment of all components downstream from the joint. All material 

properties have been applied to each component. 

The joint axis is defined by a point on the axis 𝑝1 and an axis direction vector 𝑢 (eq. 7.2). 

The direction vector is calculated with the help of the reference geometry tool in SolidWorks. 

Two reference points on this axis were created and their x,y,z coordinates obtained using the 

Measure tool. 

 𝑢 = 𝑝2 − 𝑝1 (7.2) 

 

Where 𝑝1 is point 1 and 𝑝2 is point 2 on the joint axis. 

To find the gravitational moment of downstream components, the perpendicular distance 

between the actuator joint axis, and the COM of downstream components must be found 

using the point to line distance formula. (Weisstein, 2026)  

𝑑 =
|(𝑥2 − 𝑥1) × (𝑥1 − 𝑥0)|

|𝑥2 − 𝑥1|
 

𝑥1, 𝑥2 = two points on a line, whereas 𝑥0 = a point off the line 

Similarly, 𝑝1, 𝑝2 = two points on a line, whereas 𝑝𝑖 = a point off the line, which in this case 

is the COM of downstream components. 

𝑑𝐶𝑂𝑀𝑖 =
|(𝑝2 − 𝑝1) × (𝑝1 − 𝑝𝑖)|

|𝑝2 − 𝑝1|
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𝑑𝐶𝑂𝑀𝑖 =

|𝑢 × (𝑝1 − 𝑝𝑖)|

|𝑢|
 

(7.3) 

 

Once 𝑑𝐶𝑂𝑀𝑖 has been calculated, the torque about each joint can be found using equation 7.1 

6.1.1  Required Torque at Revolute Pitch Joints Calculation Example 

To determine the required static torque at Joint 2 shown in Figure 37, the gravitational 

moment produced by all downstream components was calculated about the Joint 2 axis. The 

axis of Joint 2 was defined using two points located on the axis of the vane actuator rotor. 

One of these points was taken at the exposed end of the actuator rotor, which represents the 

rotating output member of the actuator. 

 

Figure 37. Joint 2 Actuator Axis 

Point 1 = (688.91, 1698.17, 1794.04) mm 

Point 2 = (606.12, 1520.46, 1487.35) mm 

The direction vector of Joint Axis 2 is therefore 

𝑢𝑗2 = 𝑝2 − 𝑝1 

The downstream components from Joint 2 were then isolated, shown in Figure 38, and their 

combined centre of mass was obtained from the CAD model as COM = 𝑝𝑖 =

 (1629.41, 2167.42, 1183.75)𝑚𝑚 with a total mass of 857.1kg. 
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Figure 38. Downstream Components from Joint 2 

The perpendicular distance from the combined centre of mass to the Joint 2 axis was 

calculated using the point-to-line distance relation (eq. 7.3).  

𝑑𝐶𝑂𝑀𝑖 =
|𝑢𝑗2  × (𝑝1 − 𝑝𝑖)|

|𝑢𝑗2|
 

A MATLAB code was made with the help of Chat GPT (Open AI) following the calculation 

steps provided. The full script is provided in Appendix 1. The MATLAB code returned a 

value of 10201.692 Nm for the gravitational moment of downstream components from Joint 

2. The same calculation steps are repeated for each revolute pitch joint. 

Joint 5 acts as a Yaw joint, however, when the downstream components from joint 5 are at 

a 90-degree angle to the previous link, as shown in Figure 39, it operates as a pitch joint. 

This orientation of joints will also cause the highest gravity moment experienced about the 

joint. When the arm is in the worst-case position as shown in section 7.1, the required 

actuator torque is significantly less than in the position shown below. 

 

Figure 39. Worst Case Position of Downstream Components from Joint 5 

More detailed calculation steps for each joint can be found in Appendix 1, at the end of this 

thesis. 
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6.1.2  Required Force of Prismatic Joints 

In the worst-case position of the robotic system, the linear guide is what holds the load at 

joint 4 and 7, as there is relatively small amount of axial force on the cylinder. The maximum 

required force of the prismatic joints will be when the robot links are facing upwards with 

respect to the world frame(z+), which will be calculated below. Figure 40 shows the 

downstream components from joint 4. 

 

Figure 40. Downstream Components from Joint 4 

The mass of Components is 411.24kg. The required force of hydraulic cylinder is 411.24N 

multiplied by the gravitational acceleration which equals 4034.3 N. The piston has a 

diameter D of 138mm, with a rod diameter d of 46mm. 

 
𝑃𝑖𝑠𝑡𝑜𝑛 𝐴𝑟𝑒𝑎 =

𝜋𝐷2

4
 

(7.4) 

𝑃𝑖𝑠𝑡𝑜𝑛 𝐴𝑟𝑒𝑎 =
𝜋 ∗ 0.138𝑚2

4
= 0.01496𝑚2 

 
𝑅𝑜𝑑 𝑠𝑖𝑑𝑒 𝑎𝑟𝑒𝑎 =

𝜋𝐷2

4
−

𝜋𝑑2

4
 

(7.5) 

𝑅𝑜𝑑 𝑠𝑖𝑑𝑒 𝑎𝑟𝑒𝑎 = 0.01496 − (
𝜋 ∗ 0.0462

4
) = 0.01330𝑚2 

 𝐹𝑜𝑟𝑐𝑒 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 

 

(7.6) 

If the same 137.9 bar (13.79MPa) pressure which is used in the rotary vane actuators is used, 

the output forces of the hydraulic cylinder in Joint 4 are shown in Table 9 below. 

Table 9. Joint 4 Hydraulic Cylinder Output Force 

Joint 4 Extension Force 206298.4𝑁 

Joint 4 Retraction Force 183407𝑁 
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The same calculation steps were repeated for joint 7, which can be found in the Appendix 1. 

The output forces of the hydraulic cylinder are shown in Table 10. 

Table 10. Joint 7 Hydraulic Cylinder Output Force 

Joint 7 Extension Force 110485.48𝑁 

Joint 7 Retraction Force 97964.16𝑁 

 

6.1.3  Required Torque and Actuator Output Torque Values 

Table 11 below is comprised of required output torque and force values which were obtained 

from the calculation steps outlined, output torque values from technical datasheets of chosen 

actuators, and the final output torque with the addition of the planetary gear systems detailed 

in section 5.1.2 and 5.1.4. 

Table 11. Required Torque and Actuator Output Torque Values 

 Actuator Required 

Torque/Force 

(13.79Mpa) 

Actuator Output 

Torque/Force 

Output 

Torque with 

Planetary 

Gear 

Output 

Rotation 

Joint 2 (Pitch) Janus M180 10201.69Nm 550 14850Nm 360° 

Joint 3 (Pitch) Janus M180 7268.58Nm 550 14850Nm 360° 

Joint 4 

(Prismatic) 

Hydraulic 

Cylinder 

4034.3N 206298.4N(Ext) 

183407N (Ret) 

x x 

Joint 5 (Yaw) HS-010 574.67Nm 1939.08N 3017.21N 180° 

Joint 6 (Pitch) HS-010 438.55Nm 1939.08N 3017.21N 180° 

Joint 7 

(Prismatic) 

Hydraulic 

Cylinder 

636.71N 110485.48N(Ext) 

97964.16 (Ret) 

x x 

Joint 8 (Yaw) HS-004 0.180 813.60N 1261.08N 180° 

 

The final actuator provides a yaw motion for the end effector. Due to this, there is a very 

small torque requirement of 0.180Nm, as gravity acts largely parallel to the yaw axis and 
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therefore produces minimal gravitational moment about the joint. The design is instead 

limited largely by radial loads on the joint bearings and any external forces, such as cutting 

forces, transmitted through the end effector. 

6.2  Payload Calculations 

The payload is calculated by subtracting the required actuator torque caused by the self-

weight of the components from the actuator output torque. This is then divided by the 

distance of the payload point on the end effector multiplied by the gravitational constant. To 

calculate the payload, values from Table in section 6.1.3 were used. 

 𝑚𝑝𝑎𝑦𝑙𝑜𝑎𝑑 =
𝜏𝑜𝑢𝑡𝑝𝑢𝑡 − 𝜏𝑠𝑒𝑙𝑓

𝑔 ∗ 𝑑𝑝𝑎𝑦𝑙𝑜𝑎𝑑
 

(7.7) 

 

𝜏𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑡𝑜𝑟𝑞𝑢𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

𝜏𝑠𝑒𝑙𝑓 = 𝑇𝑜𝑟𝑞𝑢𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑒𝑙𝑓 𝑤𝑒𝑖𝑔ℎ𝑡 

𝑑𝑝𝑎𝑦𝑙𝑜𝑎𝑑 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑗𝑜𝑖𝑛𝑡 𝑖 𝑡𝑜 𝑝𝑎𝑦𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 

𝑔 = 9.81 

Approximate distances (𝐿𝑖) from each joint to the payload point are calculated the same way 

that the perpendicular distance from the joint axis of each actuator to the COM of 

downstream components was calculated using equation 7.3. 𝑝1, 𝑝2 = two points on a line, 

whereas 𝑝𝑖 = a point off the line (Payload point) 

𝑑𝑃𝑎𝑦𝑙𝑜𝑎𝑑 =
|(𝑝2 − 𝑝1) × (𝑝1 − 𝑝𝑖)|

|𝑝2 − 𝑝1|
  

𝑑𝑃𝑎𝑦𝑙𝑜𝑎𝑑 =
|𝑢 × (𝑝1 − 𝑝𝑖)|

|𝑢|
 

The payload point for joints 2, 3, 6, 8 is seen in Figure 41 below. 
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Figure 41. Payload Point for Joints 2 to 8 

𝑝𝑖 = (3647.11, 3302.02, 354.49)𝑚𝑚 

The payload point for joint 5 when the downstream components are a at a 90-degree angle 

to the previous components is seen in Figure 42 below. 

 

Figure 42. Payload Point for Joint 5 

𝑝𝑖𝑗5
= (2130.47, 2293.53, −534.02)𝑚𝑚 

A MATLAB code was made with the help of Chat GPT (Open AI) following the payload 

calculation steps provided for the revolute joints. The full script is provided in Appendix 2. 

The joint axis points used for each rotary actuator are the same as used in sections 7.1.1 to 

7.1.7. To calculate the payload of the prismatic joints, the required force was subtracted from 

the retraction force and divided by 𝑔 = 9.81𝑚/𝑠. The payload of each joint is shown in 

Table 12 below. 
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Table 12. Payload of Each Joint 

 Payload (kg) 

Joint 2 129.75 

Joint 3 240.56 

Joint 4 18284.68 

Joint 5 199.24 

Joint 6 215.73 

Joint 7 9921.25 

Joint 8 4797 

 

The lowest payload is at Joint 2, as this joint must hold up all the downstream components 

present in the system. Therefore, the payload of a single robot arm in its worst-case posture, 

is 129.75kg. 
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7  Discussion 

This chapter evaluates the proposed concept design in relation to the requirements of remote 

pipe cutting and welding in the DEMO EC launcher pipe forest. The discussion considers if 

the system is able to fulfil the requirements and outlines the limitations at the current concept 

design stage. 

7.1  Can the Proposed System Fulfil the Requirements 

Based on the conducted literature review, concept design and worst-case payload 

calculations, the proposed robotic system seems to be capable of fulfilling the main system 

requirements outlined in section 2.4. The selected concept, a dual-arm assisted-teleoperation 

water-hydraulic manipulator was chosen as it provides a balance between the requirements 

presented. This includes the capability for remote operation in a radiation constrained 

environment, while maintaining the required safety and accuracy needed to reach the cutting 

and welding zones from the left-sided rail system without damaging surrounding 

components. Furthermore, the system supports the integration of suitable end effectors for 

cutting, handling and welding across the pipe size range. 

The proposed combination of joints appears suitable for operation within the confined 

workspace of the EC launcher pipe forest. By including six revolute joints and two prismatic 

joints per arm, the eight degrees of freedom provided allow the end effector to firstly 

approach each pipe in the pipe forest, and to do so with a reduced collision risk. Furthermore, 

the inclusion of two arms provides an advantage for the given task, as one arm can support 

with pipe alignment during cutting or welding tasks, which helps with later rejoining of the 

pipes. 

The payload calculations further support the feasibility of the concept design. The worst-

case posture indicates that the limiting joint in the system is Joint 2, which has a worst-case 

payload of 129.75kg per arm, indicating that each arm has the sufficient load-carrying 

capacity to use the intended tooling to carry out the task. However, this conclusion is based 

on static loading and does not take into account dynamic loading or external force caused by 

cutting or welding. 
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7.2  Strengths of the Selected Concept Design 

A major strength of the proposed system is the use of water hydraulics. While there are still 

some electronic components such as servo valves required, when compared with a pure 

electrically actuated system, hydraulics are better suited for remote maintenance in high-

radiation environments due to their force and torque generation capabilities while keeping 

away sensitive electronic components. Pure water hydraulics also avoids contamination 

concerns associated with oil hydraulics in the DEMO environment. 

The choice of assisted teleoperation is also a strength of the system, as pure teleoperation 

places a high burden on the operator and full autonomy is difficult to justify in such a 

constrained and uncertain environment. Assisted teleoperation has the benefit of keeping the 

operator as the decision maker, with the system supporting accurate task execution. 

7.3  Limitations of the Selected Concept Design 

The main limitation of the system is that the current work is a concept design rather than a 

validated engineering solution for the task at hand. While the CAD model demonstrates 

potential feasibility of the proposed system layout, many elements are still conceptual, 

such as the track and carriage, the end effector tooling used, the protection of sensing and 

electrical components and the full integration of higher-level assisted teleoperation 

systems. 

In regards to tooling, the concept of ex-bore cutting and welding is justified, however, the 

detailed cutting and welding tools are still not finalised. This means that while the system 

is designed to be used with said tools, the feasibility of the final design depends on further 

development of the tools mentioned. 

Another limitation is that the payload calculations are based on static worst case posture of 

the system and do not represent the final operating conditions. Further factors such as 

dynamic loads, cutting and welding forces, joint friction and control system error can 

worsen the performance of the system. This lowers the feasibility of the design as precise 
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cutting and welding in the highly constrained environment will require more than just a 

sufficient static payload, but also high positioning accuracy and repeatability. 

Furthermore, another limitation is the use of commercial vane actuators which are not yet 

designed for water hydraulic actuation. While these may become suitable if modified, such 

as in research by Dubus et al. (2008), this means that the design is still governed by future 

actuator development. Furthermore, by modifying these actuators to use water instead of 

oil, the output torques may change, which can impact the payload of the system. 

The high weight of each arm may also be a limitation, as the combined weight of both 

arms with the addition of the carriage system results in a final weight of over 1900 kg. This 

may cause complications when moving the system into the EC launcher, as remote 

maintenance systems will need an extremely high payload in order to move the system into 

the workspace. 
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8  Conclusion and Future Work 

In conclusion, this bachelor’s thesis identified the main workspace, environmental and 

process requirements for remote pipe cutting and welding in the DEMO EC launcher pipe 

forest, using these as the basis for designing the most suitable robotic system for the given 

task. Through the literature review, the most suitable robotic systems for the task were 

identified, with necessary modifications being implemented to make it more suitable for the 

task at hand. Based on the requirements and the literature review, a dual-arm assisted-

teleoperation water-hydraulic manipulator was determined to be the most suitable concept, 

providing a mix of suitability for the environment, operator supervision and task execution 

capability. The design concept developed shows that the system appears capable of operating 

within the pipe forest and supporting pipe cutting, welding and handling. The proposed 

system however remains as a design concept, and further work is required to verify the 

control and sensing systems and confirm the operation capability in high radiation 

environments. 

Future work should first focus on validating the design concept mechanically, which 

includes more detailed structural analysis of critical components and extending the payload 

and torque calculations to include dynamic loading and process forces to ensure that the 

design will not mechanically fail during operation. Secondly, the assisted teleoperation 

system should be developed in more detail and integrated into the CAD model. This includes 

sensor mounting, placement of cameras, cable routing and protection of sensitive 

components. Furthermore, the cutting, welding and handling tools need to be further 

developed to ensure that the system can perform the task as planned. Finally, once the 

mechanical, sensing, tooling and control architecture has been improved, the system should 

be tested in high radiation environment, to make sure that electronics, sensors and control 

hardware do not fail under the operating conditions. 
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Appendix 1. MATLAB Code and Inputs Used to Perform Static Holding Torque 

Calculations  

 

 

 

Figure 43. MATLAB Code Used to Calculate Gravitational Moment About Joint Axis 
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Figure 44. MATLAB Code Joint 2 Input 

 

Figure 45. MATLAB Code Joint 3 Input 

 

Figure 46. Joint 3 Actuator Axis 

Point 1 = (1007.76, 1850.34, 1518.54) mm 

Point 2 = (1090.55, 2028.06, 1825.23) mm 
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Figure 47. Downstream Components from Joint 3 

The COM = (1967.80, 2384.44, 1001.89)𝑚𝑚 with a mass of 618.302kg. The MATLAB 

code returned a value of 7268.583 Nm for the gravitational moment of downstream 

components from Joint 3. 

 

 

Figure 48. MATLAB Code Joint 5 Input 

 

Figure 49. Joint 5 Actuator Axis 

Point 1 = (2132.5, 2422.29, 828.22) mm 

Point 2 = (1965.14, 2338.15, 922.15) mm 
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Figure 50. Downstream Components from Joint 5 

The COM = (2341.13, 2621.87, 493.87) mm with a mass of 301.171kg. The MATLAB code 

returned a value of 574.666 Nm for the gravitational moment caused by the mass of 

downstream components from Joint 5. 

 

 

Figure 51. MATLAB Code Joint 6 Input 

 

Figure 52. Joint 6 Actuator Axis 

Point 1 = (2620.09, 2702.91, 706.13) mm 

Point 2 = (2576.24, 2595.39, 531.69) mm 
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Figure 53. Downstream Components from Joint 6 

The COM = (2929.31, 2938.40, 703.94) with a mass of 130.512 kg. The MATLAB code 

returned a value of 438.551 Nm for the gravitational moment of downstream components 

from Joint 6. 

 

Figure 54. MATLAB Code Joint 8 Input 

 

Figure 55. Joint 8 Actuator Axis 

Point 1 = (3181.87, 3089.55, 607.57) mm 

Point 2 = (3036.08, 3013.91, 690.85) mm 
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Figure 56. Downstream components from joint 8 

COM of downstream components from joint 8 = (3331.01, 3167.07, 523.06) mm with a mass 

of 28.094kg. 

Figure 57. Downstream Components from Joint 7 

The mass of Components = 64.904kg 

Required force of hydraulic cylinder = 64.904 ∗ 9.81𝑚/𝑠 = 636.708𝑁 

The piston has a diameter of 101mm, with a rod diameter of 34mm. 

𝑃𝑖𝑠𝑡𝑜𝑛 𝐴𝑟𝑒𝑎 =
𝜋𝐷2

4
=

𝜋 ∗ 0.101𝑚2

4
= 0.008012𝑚2 

𝑅𝑜𝑑 𝑠𝑖𝑑𝑒 𝑎𝑟𝑒𝑎 = 0.002827 − (
𝜋 ∗ 0.0342

4
) = 0.007104𝑚2 

𝐹𝑜𝑟𝑐𝑒 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐴𝑟𝑒𝑎 

If 137.9 bar (13.79MPa) pressure is used the forces are 

𝐹𝑜𝑟𝑐𝑒𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝐽7
= 0.008012 ∗ 13.79𝑀𝑃𝑎 = 110485.48𝑁 

𝐹𝑜𝑟𝑐𝑒𝑅𝑒𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐽7
= 0.007104 ∗ 13.79𝑀𝑃𝑎 = 97964.16𝑁 
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Appendix 2. MATLAB Code Used to Calculate Payload of Each Joint 

 

 

 

Figure 58. MATLAB Code Used to Calculate Payload of Each Joint 
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Figure 59. Joint 2 Input 

 

Figure 60. Joint 3 Input 

 

Figure 61. Joint 5 Input 
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Figure 62. Joint 6 Input 

 

Figure 63. Joint 8 Input 
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