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Fusion reactors and clean energy are milestones that society is striving to reach in the near 

future. Remote maintenance within the reactors is integral to its successful and safe 

operation, thus requiring systems to transport components to-and-from the reactor. The 

equatorial port has a multitude of heavy components requiring specialized equipment to 

handle the load and accommodate the heat and radiation within the reactor core. This paper 

intends to explore the best applicable systems and readily available commercial parts that 

would be viable for maintenance of equatorial port components.  

The use of computer-aided design and finite element analysis ensures these selected parts 

and designed components can handle the structural stress applied from lifting these 

components. The models are based around the dimensions of the equatorial port, the port 

components, and commercially available parts chosen for this application, in accordance 

with DFMA. This analysis proves that designed concepts and material selection are well 

within the yield limits and safety standards. The safety factors achieved are substantially 

above the 1.5 safety factor that is the typical standard within the industry. The conveyance 

system designs adequately prove that readily available parts and established transportation 

systems can be adapted to the remote maintenance of the DEMO fusion reactor equatorial 

port components. 
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1. Introduction 

Renewable energy is at the forefront of global policies and sustainability goals. As society 

veers towards cleaner energy alternatives, innovation manifests itself as inventions, such as 

the DEMO fusion reactor. The reactor requires proper maintenance that must be performed 

remotely, due to the harsh internal environment brought forth by its operation. Therefore, 

conveyance systems must be developed to transport components to and from the reactor. 

1.1. Research Background 

Establishing a foundational understanding of the DEMO fusion reactor’s operation and 

layout provides a base from which the conveyance systems could be designed. Additionally, 

investigating varying transportation and conveyance systems enables proper filtering in 

deciding the base design philosophy to follow. 

1.1.1. The DEMO Fusion Reactor 

The DEMO fusion reactor is designed to provide clean, reliable, and efficient energy. 

Nuclear fusion results in radiation and temperatures higher than the Sun’s core, due to the 

resultant neutrons (ITER 2026a); therefore, the reactor’s energy production results in an 

internal environment that requires remote maintenance with minimal physical personnel 

interaction in its interior.  

This iteration of the reactor is the successor of the ITER fusion reactor originally developed 

in France. It operates on utilizing magnetic fields to contain high temperature plasma that 

has been heated to temperatures enabling nuclear fusion. This reaction requires shielding to 

prevent external damage and energy leakage; therefore, components within the ports (entry 

points into the reactor) must be transported to perform maintenance on them (ITER 2026b). 

Its structural layout is illustrated in Figure 1 below from the Korean K-DEMO project. 
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Figure 1. Korea's K-DEMO Project (ITER 2026b). 

Particularly, the components within the reactor’s ports must be maintained and transported 

throughout its lifecycle. There are three distinct ports, the equatorial, lower, and upper ports, 

that are placed around the reactor. These shield the outside from heat radiation and ionizing 

radiation, as well as provide access to the internals. Figure 2a shows the ITER reactor’s 

components and ports that are nearly identical to the DEMO reactor’s layout. Figure 2b 

shows the ITER reactor’s sections with its dimensions. Regarding the ports, the main distinct 

difference is that DEMO’s upper port can be vertically accessed, while ITER’s upper port 

needs to be accessed through the smaller horizontally placed entrance. 
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Figure 2. (a) ITER Reactor's Ports and Components (b) ITER Section Dimensions (Moon 

2023). 

The DEMO fusion reactor is the successor of the ITER fusion reactor, and remote 

maintenance is a core issue that was considered during its design process. Specifically, the 

ports’ locations were shifted to enable easier access into its internals. A simplified schematic 

of the DEMO reactor’s ports is shown in Figure 3, displaying the core differences with port 

design philosophies. 

 

Figure 3. Location of DEMO Ports (Li et al. 2024). 
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These ports house a multitude of components integral to facilitating fusion reaction, as well 

as shielding their external components from heat and radiation. Core components are the 

port plugs or closure plates, neutron shields, and bio-shield doors or plugs. Figure 4 

demonstrates the internal component layout of the equatorial port.  

 

Figure 4. DEMO Equatorial Port Configuration (Bachmann et al. 2022). 

These components vary in operational objectives, and the main one focuses on properly 

sealing the reactor, whilst protecting external components and personnel. The weights range 

from approximately 0.13 tonnes to 120 tonnes (Li et al. 2025). The ports contain different 

components and layouts as the environment is not homogeneous throughout the reactor. 

Figure 5 demonstrates the layout of the bio-shield door and other related components of the 

DEMO reactor’s upper port. 
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Figure 5. DEMO Upper Port Configuration (Bachmann et al. 2022). 

The core components that are focused on are the equatorial port closure plate, equatorial 

neutron shield, and upper port plug. The weights range from 3.9 tonnes to 120 tonnes, 

therefore, requiring conveyance system designs that would encompass a varying range of 

component weights and dimensions. 

1.2. Conveyance Systems 

Different methods of transportation and conveyance of particularly heavy goods or 

materials. These methods typically utilize rails or tracks, since their load bearing capacity is 

high, due to material selection and geometrical shape. The main distinct categories are 

monorails, train rails, crane rails, magnetic levitation rails (maglev), and rollercoaster rails. 

These categories are the most widely utilized form of track systems, specializing in heavy, 

dynamic loadings.  

1.2.1. Monorails 

Monorails are widely utilized in primarily passenger transportation. There are multiple 

iterations of the monorail: the straddle beam monorail and suspended monorail. However, 

due to port size constraints, the straddle beam monorail would be the most feasible. Figure 

6 shows a straddle beam monorail example from the Kuala Lumpur national public transport 

service. 
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Figure 6. Kuala Lumpur Monorail (Railway Technology 2021). 

The core components consist of a large rail that the carriage is positioned directly over. The 

main wheels are distributing the load over the rail, whilst stopper wheels are positioned on 

either end to prevent lateral movement. Typically, these rails are utilized for semi-long 

distances with minimal curves (Warnes 2014). The propulsion system utilizes motors 

situated within the chassis, powering the main wheels sitting on the beam. 

1.2.2. Train Rails 

Train rails are widely utilized for long-distance and heavy loads, implemented globally as a 

method of transportation for passengers and cargo alike. It is designed for higher speeds, 

heavy loads, and turns. The conical wheel design, paired with the rail cross-section, leads to 

low-rolling resistance, self-stabilization, and heavy load-carrying capacity.  
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Figure 7 – Parallel Rails (Allen 2026). 

The distinct components of this are the I-beam shaped parallel tracks, and the conically 

shaped wheels. Systems with rails benefit from a commercially available selection of wheels 

and rails, boasting production of these components globally. These conical wheels also have 

stoppers placed on the larger diameter ends of the wheels to prevent derailment from over-

correction. Figure 8 shows the design of aligned and misaligned wheel bogies, the chassis 

part that contains at least two sets of wheels interconnected by axles and the bogie frame. 

Figure 8 – Conical Wheels Placed on Rails (Erlang 2016).  

Most trains, or machinery on rails, have internal motors that power the wheels, ranging 

from steam engines to diesel-electric motors.  
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1.2.3. Crane Rails 

Crane rails are utilized globally for transportation of heavy loads, particularly within 

shipyards and industrial zones. Most common types are overhead cranes used indoors, and 

gantry cranes typically used in shipyards. It benefits from the load bearing capacity of I-

beam shaped parallel rails, similarly to train rails; however, these cranes use specialized 

wheels built for extremely heavy loads and straight-line applications. The figure below 

demonstrates the installation of a crane rail manufactured by the company Gantrail.  

 

Figure 9 – Gantrail Crane Rail (Gantrail 2026). 

The main distinction between train rails and crane rails is the larger web between its upper 

head and lower support. This enables better load bearing capacity, however, utilizes more 

material than train rails. Additionally, this specialized rail type is commercially available in 

a multitude of different variations for varying applications, such as those produced by 

AcerlorMittal (ArcelorMittal Europe 2022). 

1.2.4. Magnetic Levitation 

Magnetic levitation trains, or maglev, are a relatively new integration into public transport 

services, despite the technology existing for decades now. It utilizes specialized rails with 

magnets placed on the upper and lower edges that repel and attract those situated on the 

carriage chassis. The electromagnetically induced forces enable the carriage to hover “on a 

cushion of air” and propel the carriage in its intended direction (Warnes 2014). Figure 10 

below shows an example of a maglev train utilized in Shanghai. 
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Figure 10 – Maglev Train in Shanghai, China (Boslaugh 2026) 

This system excels at efficiency and high speeds; however, maglev struggles with heavy 

loads at a smaller scale and positional accuracy (Bao et al. 2021). Furthermore, it lacks 

stability when induced with lateral loads, making it in-optimal for transporting heavy loads 

in tight environments (Johansen et al. n.d.).  

1.2.5. Tubular Rollercoaster Rails 

Roller coaster rails are intended for high-speed, heavy loads, and dynamic oscillating loads. 

There are no specific standards for cross-sectional design; however, there are a multitude of 

differing track designs, from company to company. Figure 11 below shows a few examples 

of rail designs from different companies.  

 

Figure 11 – Different Types of Roller Coaster Rail Designs (Väisänen 2018). 
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Whilst roller coasters are explicitly utilized for heavy loads, its degree of specialization 

enables vast modifications. As pictured above in Figure 11, the variety of rails from company 

to company allows different types of roller coasters in various types of terrain. Additionally, 

their complex cross-sections and rail design enable movement in multiple directions, where 

the rail main body can be twisted to allow even inverted movement. For example, as shown 

in the figure below. 

 

Figure 12 – Roller Coaster Track Inversion (Väisänen 2018). 

1.2.6. KUKA omniMove 

The KUKA omniMove is a slender automated robot designed to carry heavy loads in an 

omnidirectional fashion. Its sleek chassis enables it to maneuver in enclosed spaces to carry 

components. Figure 13 demonstrates the E575 model of the omniMove, designed to carry 

loads up to 17000kg (KUKA 2026). 

 

Figure 13 – KUKA omniMove E575 (KUKA 2026). 
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The focus is the chassis upper plate, as this thinner design with internal support permits the 

omniMove to lift heavy loads without requiring excess material and space utilization.  

1.2.7. Overhead Crane 

Overhead cranes are utilized globally from warehouses to factories. It operates on a dual axis 

system where two rail systems overlap to enable movement in the lateral and longitudinal 

directions. A hoist is used for the crane mechanism that lifts and lowers the crane end-

effector for its specialized purpose. The general components are shown in Figure 14 below. 

 

Figure 14 – Crane Components (Dafang Crane 2025). 

Cranes have a wide operating range, pertaining to its applications and ranging loads. 

Cranes created by companies, such as Weihua, specialize in heavy duty applications. 

Figure 15 shows the Weihua foundry casting bridge crane that has a lifting capacity rated 

between 200 to 320 tonnes.  
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Figure 15 – Weihua Foundry Casting Bridge Crane (Weihua 2026). 

These types of cranes are commercially available from a vast number of companies, and, 

due to its specialization, the modification to fulfilling its desired criteria would not require 

excessive research and development. 

1.3. Research Problem and Research Questions 

The core problem pertaining to remote maintenance of port components is that the market 

lacks readily available solutions that sufficiently meet the criteria requirements for 

performing this maintenance. Firstly, transporting these components into and out of the 

ports, as these components range in weight from 1.3 to 350 tonnes. Furthermore, heat and 

radiation play a significant role in limiting the options available for remote maintenance 

operations. Current research has compounded to producing machines that, for example, 

change the divertor cassettes situated at the reactor’s base (Alanen 2024; Carfora et al. 2014). 

The design and structural testing of new conveyance system concepts must be conducted to 

explore varying avenues for efficiently selecting a system that best reflects the criteria and 

specifications needed. 
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The scope of this thesis focuses on 2 different components within the equatorial port of the 

DEMO reactor: the equatorial neutron shield (20 tonnes) and the equatorial port closure plate 

(3.9 tonnes). These dimensions and weights are outlined in Table 1. 

Table 1. Weights and Dimensions of Relevant Components (Li et al. 2025). 

Components Weight [tonnes] Length [mm] Width [mm] Height [mm] 

Equatorial Port 

Closure Plate 
3.9 2550 3420 110 

Equatorial Neutron 

Shield 
20 1200 900 3160 

 

Analyzing different avenues of transportation ensures efficient design and implementation, 

so that the final implemented design is the most efficient and viable method. Thus, leading 

to the research questions that are explored: 

1. What conveyance systems work best for the transportation of components? 

2. What components are commercially available and viable for this application? 

3. Does the designed system comply with safety standards? 

1.4. Scope and Limitations 

The two conveyance systems focusing on the equatorial port focus on compounding on 

existing heavy-load transportation systems, exploring the wide range of commercially 

available products, and implementing parts from them. The initial design process includes 

3D modelling of commercially available parts as well as designed pieces. Thereafter, 

utilizing finite element analysis to analyze the stresses and deformations within the designed 

systems to verify its structural integrity within the standards.  

Commercially available components have rated operating values that cannot be accurately 

simulated; however, it still affects the subsequent results. Furthermore, exact dimensions of 

components, radiation resistance, and heat resistance cannot be fully assessed to avoid 

bloating the scope. Finally, the element sizing within the FEA simulation is not uniform nor 

particularly small. This leads to an under-estimation of deformations and does not fully 

replicate real-life deformations and stresses that would occur in its application. 
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1.5. Expected Outcomes and Significance 

The expected outcome is the design of two conveyance systems that can remotely transport 

equatorial port components, whilst complying with European machine design standards. 

Commercially available components should be used to reduce potential research and 

development of specific specialized components for this case. This would reduce overall 

costs and time taken to design a viable system that fulfils the desired criteria outlined in 

previous sections. 

This research and design are significant as governments and companies strive towards 

carbon neutrality and clean energy. Cost reduction and research alleviation would aid in fast-

tracking the process to getting fusion energy. Full operation of the reactor hingers on remote 

maintenance. This being an essential part of reactor operation means that viable solutions 

must be attained before it can be safe to operate. Therefore, exploring, researching, and 

designing remote maintenance conveyance systems is integral to not only the DEMO fusion 

reactor’s operation, but also towards clean energy and carbon neutrality. 
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2. Methodology 

This section outlines the approach taken by designing conveyance systems to transport the 

components outlined in section 1.3. The main focuses are on preliminary design choices, 

CAD modelling, finite element analysis, and literature review. 

2.1. Design Process 

The preliminary step is to narrow down the best rail systems to design and analyze for this 

purpose. From the rail systems outlined in the Introduction section, two stood out to be 

designed for this purpose and analyzed.  

2.1.1. Equatorial Neutron Shield 

The equatorial neutron shield weighs approximately 20 tonnes. The weight and dimensions 

of this piece require heavier duty equipment for it. The crane wheel and rail system was 

chosen as this system requires only movement in a straight-line direction. The conical wheel 

design of trains, and its smaller webbed rails would introduce larger stress concentrations. 

Therefore, utilizing thicker webbed rails and flatter wheels would enable better handling of 

these loads in a purely vertical direction. 

Commercially available wheels were easier to select for this application, since the models 

and dimensions are more replicable. The adoption of the crane wheel and rail system is the 

main design philosophy followed for this conveyance system. The approximation of wheel 

loads was taken, and thereafter, the crane wheels were sifted through to find one that can 

handle those loads. The approximate wheel load, splitting the load over four wheels, would 

be 50kN. Two driven wheels would be sufficient in powering the conveyance system, due 

to the low rolling resistance from the steel rail and wheels. The rail cross-section was selected 

based on the wheel which it was designed for.  

Chassis design started from the upper plate, fitting the dimensions of the component, and 

then supported throughout. Particularly focusing on ease of maintenance and adequate 

internal support of the upper plate. The chassis was based on the thinner upper plate present 

in the KUKA omniMove design outlined earlier in section 1.2.6. 
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2.1.2. Equatorial Port Closure Plate 

The equatorial port closure plate weighs approximately 3.9 tonnes, therefore not requiring 

an overly complex design for extremely heavy loads. The roller coaster design, designed for 

lighter loads, was an interesting concept that could be explored. The “lift hill” concept, 

carriage hooked to chains moved by a motor, would be applied. This ensures that the motor 

would be on the reactor’s exterior, mitigating the chance of heat or radiation induced failure. 

Additionally, the rail’s smaller cross-section, as opposed to monorails, enables it to fit into 

the limited space within the reactor ports. Following this design philosophy, the design must 

be modified to carry the 3.9 tonne load. 

There are no specific standards on roller coaster rail cross-sections; these are typically done 

by companies. Standards pertain to fatigue failure, serviceability limit state, and ultimate 

limit state. The design philosophy that’s followed is the box design of the company B&M 

based in the United States, as shown in Figure 16.  

 

Figure 16 – Bolliger & Mabillard Box Rail in Six Flags Great America (Bolliger & 

Mabillard 2026). 

The first step is to calculate the minimum diameter of the rail, with a strut gap of 100mm, 

utilizing deflection calculations. The deflection limit utilized was L/500, typically utilized 

in these applications, and assuming the rail to be modeled as a simplified beam (Molnár 

2024; Braccesi 2015).  
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The wheel design was adopted, naturally, from the roller coaster wheel bogie system. This 

design enabled a distribution of load over multiple wheels, as well as enabling the system to 

move in multiple directions. The inspiration for this system is shown in Figure 17 below. 

 

Figure 17 – Wheel Bogie System (Weisenberg 2016). 

This typically consists of a main load bearing set of wheels placed on the upper part of the 

rail, with smaller stopper wheels on the sides and bottom to lock it into place. The axle 

connects both sides together to prevent lateral movement and asymmetrical placement. 

Finally, the chassis was based on the chassis of a roller coaster’s undercarriage and the upper 

plate of the KUKA omniMove outlined above. These were selected as roller coaster 

carriages are a specialized set of equipment that can be easily modified. Furthermore, the 

low-profile of the omniMove’s chassis enables this conveyance system to fit into the 

constraints presented by the equatorial port. 

2.2. CAD Modelling 

The modelling of the conveyance systems is based on the commercially available 

components selected for analysis. From the motor to the wheels, the rest of the chassis 

complies with the space constraints established by the equatorial port and the components’ 

size and dimensions, whilst accommodating the components selected. The general tolerance 

placed will be the ISO 2768-mK, unless specified otherwise. The geometries and dimensions 

present do not require overly constraining tolerances, which will aid in reducing costs and 

manufacturing time. 
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Material utilization will be based on typical material selection within the industries that 

inspired the design philosophies of the systems. This tests the validity of applying readily 

available products and designs into remote maintenance applications. 

2.3. Finite Element Analysis 

The FEA focuses on the components that were modeled for the design, incorporating the 

components selected; however, the final analysis primarily focuses on designed components. 

The fixed supports are the wheel faces attached to the rails, and the forces are distributed 

over the upper plate face; however, the roller coaster rail system will have a fixed support at 

its base, enabling longitudinal movement of the chassis. This gives an approximation of the 

total deformations and equivalent (von Mises) stresses occurring within the designed 

components.  

The material parameters will be utilized from the software’s readily available database; 

however, if there is a missing parameter, it will be sourced from the CAD modelling 

software’s material property list. 
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3. Results 

This section focuses on the produced CAD models at the subsequent FEA results that arose 

from the simulations. The FEA analysis intends to provide justification for the conveyance 

systems designed that would be compared to European standards and typical engineering 

standards. 

3.1. CAD Models 

The CAD models designed were based on the preliminary calculations outlined in the 

previous section. These designed pieces were combined with commercially available 

components whose models were downloaded from their respective sources or simplified and 

modelled. 

3.1.1. Conveyance System 1 

This conveyance system is specifically designed for neutron shield A within the equatorial 

port. The design particularly focused on the chassis and wheel based, rather than the end-

effector. Figure 18 below shows the design within the equatorial port, showing that it fits 

within the port specifications. 
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Figure 18 – Conveyance System 1 in the Equatorial Port. 

The wheel chosen was based off the crane rail and wheel combination. The wheels chosen 

were from SIBRE Technologies, T-BHKE 400x90 (SIBRE 2026). This wheel has a 

maximum wheel loading of 132kN, sufficiently compensating the 50kN per wheel load 

calculated in the earlier sections. Since there were no publicly available CAD models, the 

wheel was simplified from the wheel-driven model to the specifications of just the wheel 

itself. The rail was chosen based on the wheel design, which was designed for the A75 rail. 

This was modelled off the specifications provided by ArcelorMittal that sells these rails 

(ArcelorMittal 2015; ArcelorMittal Europe 2026). Figure 19 shows the simplified version 

used, as well as the rail model. 
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Figure 19 – (a) A75 Rail (b) SIBRE Technologies’ Crane Wheel. 

The chassis design goes as follows, with two driven wheels and two non-driven wheel 

systems. The upper plate, based on the KUKA omniMove, is supported by columns bolted 

into the plate and lower chassis. This provides access and ease of maintenance of the inner 

components of the system. The motor and gearbox selected is the Toshiba 

B0252FLG3UMH02 outputting 10hp each with a gear reduction ratio of 6.05:1, both 

models taken from publicly available sources (Toshiba 2015; ElecTrack 2020). These two 

driven motors easily overcome the rolling resistance from the wheels and track to the 

desired speed of approximately 30m/min. The rolling friction coefficient is 0.002, as the 

wheels and rail are assumed to be machined well and well-maintained (Wheeler 2020). The 

equations below show the overcoming of these forces.  

    𝐹𝑟 = 𝜇𝑁 = 0.002 ∗ (22000𝑘𝑔 ∗ 9.81
𝑚

𝑠2
) ≈ 432𝑁  (1) 

                  𝐹𝑚 =
𝑃

𝑣
=

(20ℎ𝑝∗745.7)

0.5
𝑚

𝑠

≈ 29.8𝑘𝑁  (2) 

Where 𝐹𝑟 is the rolling resistance, 𝜇 is the rolling friction coefficient, 𝑁 is the system’s 

normal force, 𝐹𝑚 is the motor force output, 𝑃 is the power output, and 𝑣 is the desired 

velocity. 

The motors exceed the required to move the components by a large margin; however, this 

current iteration does not provide housing for protection from heat and radiation present in 

(a) (b) 
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the reactor. This concept focuses on the structural integrity of sustaining the weight of the 

reactor component. Figure 20 shows the design. 

 

Figure 20 – Chassis and Rail System. 

The wheels sit flush in the middle of the rail head, and the chassis hangs lower than the 

bottom of the wheels for maximum space utilization for the motors. The upper plate 

dimensions are larger than that of the components, therefore, allowing a margin of error 

when placing the components for transportation. The wide spacing within the chassis was 

intended for maintenance and ease of access when bearings, motors, and bushings must be 

repaired. Figure 21 below shows the chassis and rail from other angles.  
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Figure 21 – (a) Closer View of Chassis Inner Components (c) Isometric View of Conveyance 

System 1 (c) Isometric View of Chassis. 

3.1.2. Conveyance System 2 

This conveyance system focuses on the equatorial port closure plate. This conveyance 

system focused on the specialization and modification of roller coaster rails and wheel bogie 

systems. The lighter load meant there was more leniency with design, as stress concentrated 

around the chassis would be lower than that of the previous system. Figure 22 shows the 

final design concept within the equatorial port. 

(a) (b) 

(c) 
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Figure 22 – Conveyance System 2 within the Equatorial Port. 

Naturally, the rail would be supported with a structure on the exterior of the reactor; 

however, the simulations and testing focused on the smaller system of the rail and chassis. 

Similar to the previous conveyance system, the chassis upper plate is slightly larger than that 

of the component. The motor was placed on the outside of the reactor as a consideration to 

the radiation and heat emitted from the reactor. This would reduce chances of failure with 

the drive mechanism. The rail and wheel were inspired by typical roller coaster track designs, 

utilizing a design like the B&M box rail and the wheel bogie system, as shown in Figure 23. 
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Figure 23 – (a) Rail (b) Wheel Bogie Assembly. 

The chassis is driven by a chain that spins with a Toshiba electric motor attached to it, being 

the same as the previous system. The chassis has a pair of hooks and hinges welded to either 

end that connect it to the chain. This enables movement in either direction and slack that will 

reduce the overall stress on the chain and hooks. The chain is taken from the extreme 

performance chains manufactured by the Renold company that specializes in roller coaster 

chains. The model is the extreme performance 586954 chain, but its dimensions were 

simplified (Renold 2026). The figure below shows the system connected to the hooks. 

(a) (b) 
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Figure 24 – Conveyance System Assembly. 

The weight is distributed over the 8 main wheels, whilst being translationally locked via the 

stopper wheels on the sides and underside of the rail. The chassis itself uses steel 4140 and 

the wheels polyurethane with a steel core, similar to that of the VULKOLLAN 95 Shore A 

(Räder-Vogel 2026). The figures below show various angles of the chassis and rail system. 
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Figure 25 – (a) Upper View of Conveyance System 2 (b) Underside of Chassis (c) Isometric 

View of Chassis. 

3.2. Finite Element Analysis 

FEA simulations are conducted to ensure that designs comply with safety requirements. The 

loads placed on the modelled assembly can be simulated to demonstrate the estimated 

stresses and deformations of the materials and parts. The focus is on the equivalent stresses 

developed in the components (von Mises stresses), and the total deformation. However, 

components taken from commercially available CAD models are excluded from 

calculations, since those components have already undergone testing. 

3.2.1. Conveyance System 1 

The fixed supports are placed on the wheel faces, and the considered external loadings are 

the weight of the system and the loading caused by the component. The load is a vector force 

(a) (b) 

(c) 
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of the component’s maximum weight placed on the upper plate. This tests whether the upper 

plate can withstand the load being misaligned, as opposed to being perfectly symmetrical 

and centered. The materials chosen for these models are outlined in the previous sections. 

Figure 26 shows the constraints and loads. 

 

Figure 26 – FEA Loads and Supports for Simulation. 

The total deformations were measured through static analysis, particularly focusing on static 

failures rather than fatigue analysis. The maximum total deformation occurred at the rear of 

the chassis, situated above where the motors would be placed. This is caused by a lack of 

internal support from the column, and therefore, leads to a maximum deformation of 

approximately 0.16mm. The lowest deformation occurs at the wheel wells and edges of the 

chassis, due to the lack of direct external loading and sufficient support, respectively. The 

figure below shows the distribution of total deformation throughout the chassis. 
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Figure 27 – (a) Upper View of Total Deformation Distribution (b) Frontside View of Total 

Deformation Distribution. 

Furthermore, analysis of stresses experienced with the chassis must be analyzed to ensure 

components do not yield under the load. The maximum equivalent stress occurred within the 

wheels at approximately 11.8MPa, whilst the minimum value is located at the wheel well at 

approximately 75Pa. This means that the equivalent stresses occurring would sufficiently be 

within the yield limit of the material selection chosen. The figure below shows the equivalent 

stress distribution. 

(a) 

(b) 
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Figure 28 – (a) Upper View of Equivalent Stress Distribution (b) Frontside View of 

Equivalent Stress Distribution.  

3.2.2. Conveyance System 2 

Similarly to the previous conveyance system, the fixed supports are the wheel faces that are 

in contact with the rails. The external loadings are the weight of the chassis, and the weight 

of the component placed on the chassis upper plate. Figure 29 below shows the constraints 

and external loadings placed on the chassis. 

 

Figure 29 – Supports and Loads on Conveyance System 2. 

(a) 

(b) 
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The maximum total deformation occurred at the upper plate corners at approximately 

0.31mm. The minimum deformation occurred at the wheel bogie. The figure below shows 

the distribution of the total deformation. 

 

Figure 30 – (a) Frontside View of Total Deformation (b) Side View of Total Deformation. 

There was similar deformation on the rail. The maximum deformation is approximately 

0.31mm, situated on the rail between the two wheel bogies. Figure 31 shows the total 

deformation distribution. 

 

Figure 31 – Rail Total Deformation Distribution. 

(a) 

(b) 
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Finally, the equivalent stresses within the chassis and rails must be considered. The 

maximum equivalent stress occurs at the lower stopper wheel as the chassis experiences 

bending. This value is approximately 107MPa. The figures below show the distribution of 

stresses with the overall distribution being low compared to that in the lower stopper wheel. 

 

Figure 32 – (a) Frontside View of Chassis Equivalent Stress Distribution (b) Side View of 

Chassis Equivalent Stress Distribution (c) Lower Stopper Wheel Equivalent Stress 

Distribution. 

(a) 

(b) 

(c) 
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The equivalent stress maximum occurs in the same location as the maximum total 

deformation within the rail, between the two wheel bogies at the strut. This maximum value 

is approximately 107MPa, whilst the lowest stress approaches 387Pa on the base of the rail 

system. Figure 33 illustrates the equivalent stress distribution of the rail. 

Figure 33 – Rail Equivalent Stress Distribution. 
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4. Analysis 

The results of the simulations must be analyzed to ensure operational safety, since heavy 

machinery is bound to standards, safety restrictions, and assessments, such as the EU 

machinery directive (Electronics Bazaar, 2023) and general engineering safety standards. 

The static structural analysis must sufficiently be within the safety standards selected to 

approve this preliminary design. 

4.1. Results 

The focus is ensuring that the maximum stress and deformations occurring are within a 

certain safety factor from the yield limit of the material. The material selection was 4140 

steel normalized, 4340 steel annealed, and polyurethane as the outer material for the roller 

coaster wheels. The yield limit of polyurethane is negligible as it serves to smoothen the ride 

and for vibration dampening, rather than being primarily for load bearing. Tables 2 and 3 

below show the materials’ yield limits, maximum experience equivalent stress, and the 

subsequent safety factor. 

Table 2. Conveyance System 1 Material Comparison 

 Yield Limit (MPa) 
Maximum Experienced 

Equivalent Stress (MPa) 
Safety Factor 

4140 Steel, 

Normalized 
450 11.8 38.14 

4340 Steel, 

Annealed 
470 11.8 39.83 

42CrMo4 750 11.8 63.56 
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Table 3. Conveyance System 2 Material Comparisons 

 Yield Limit (MPa) 
Maximum Experienced 

Equivalent Stress (MPa) 
Safety Factor 

4140 Steel, 

Normalized 
450 107 4.21 

4340 Steel, 

Annealed 
470 107 4.40 

42CrMo4 750 107 7.01 

 

The tables show that the safety factors sufficiently exceed the initial 3 that were placed upon 

the designs. This means that the designs are excessively safe for operating with these loads 

in a static structural scenario. These designs would be applicable for remote maintenance of 

these components; however, they can use optimization to reduce weight, cost, and 

manufacturing time. Future iterations of these systems can focus on optimization of material 

usage, as these tables demonstrate viability for its application for its load-bearing capacity. 

4.2. Limitations 

The student version of the FEA software limited the mesh sizing that could be utilized, 

therefore, decreasing the accuracy of its estimation in both equivalent stress analysis and 

total deformation. Furthermore, the inability to utilize ISO standards for crane and roller 

coaster design reduced the efficiency of design and calculations. For further research and 

development of these systems, the utilization of these ISO standards and additional research 

on materials’ radiation and heat resistance would enable a more improved design that can be 

better applied for this remote maintenance.  
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5. Conclusions 

These designs and simulations tested proved that these concepts are viable for remote 

transportation of components from the DEMO fusion reactor’s equatorial port. Abiding the 

chosen standards, these conveyance systems provide proof that established transportation 

systems can be applied, structurally speaking, for remote maintenance. This reduces the need 

for overly strenuous research and development of new technologies. 

The design and implementation of remote maintenance systems of the DEMO fusion reactor 

is integral to society’s strive for clean energy. This preliminary design philosophy hopefully 

inspires further research into implementing established systems for remote maintenance. 

Reduction of material usage, weight, and cost can be investigated with the continuation of 

this study. Furthermore, despite not fully exploring radiation and heat resistance of the 

materials chosen, these designs hopefully inspire curiosity into the possibilities that arise 

from exploring unique established fields for this purpose. 

 

  



43 

 

   

 

References 

Alanen, J. 2024. Moving massive loads with half-millimetre precision – remote handling 

solves a crucial maintenance need for fusion reactors. VTT. Cited 12 Feb 2026. Available 

at https://www.vttresearch.com/en/news-and-ideas/moving-massive-loads-half-millimetre-

precision-remote-handling-solves-crucial.  

Allen G. F., Shedd T. C. & Vance J. E. 2026. railroad. Britannica. Cited 3 Apr 2026. 

Available at https://www.britannica.com/technology/railroad.  

ArcelorMittal. 2015. Crane Rails and Light Rails. Cited 20 Mar 2026. Available at 

https://rails.arcelormittal.com/ckeditor_assets/attachments/791/3_-_new_-

_crane_light_rails.  

ArcelorMittal. 2024. Rail A75. Cited 20 Mar 2026. Available at 

https://rails.arcelormittal.com/profiles/crane-rails/european-standards/rail-a75/. 

ArcelorMittal Europe. 2022. Long Products Rails & Special Sections. Cited 20 Mar 2026. 

Available at https://rails.arcelormittal.com/wp-content/uploads/2023/10/ArcelorMittal-

CRANE-Rails-EN. 

Bachmann, C., Ciupinski, L., Gliss, C., Franke, T., Härtl, T., Marek, P., Maviglia, F., 

Mozzillo, R., Pielmeier, R., Schiller, T., Spaeh, P., Steinbacher, T., Stetka, M., Todd, T., & 

Vorpahl, C. 2022. Containment structures and port configurations. Fusion Engineering and 

Design. 174. Available at DOI: 10.1016/j.fusengdes.2021.112966.  

Bao, Y., Zheng, J., Sun, R., & Deng, Z. 2021. Magnetic force characteristics enhancement 

by a novel permanent magnetic levitation (PML) analysis method for hybrid maglev. 

Journal of Magnetism and Magnetic Materials. 529. Available at DOI: 

10.1016/j.jmmm.2021.167888. 

Bolliger & Mabillard. 2026. Wrath of Rakshasa. Cited 13 Apr 2026. Available at 

https://www.bolliger-mabillard.com/coasters/wrath-of-rakshasa.  

Boslaugh, S. E. 2026. maglev. Britannica Cited 12 Mar 2026. Available at 

https://www.britannica.com/technology/maglev-train.  

https://www.vttresearch.com/en/news-and-ideas/moving-massive-loads-half-millimetre-precision-remote-handling-solves-crucial
https://www.vttresearch.com/en/news-and-ideas/moving-massive-loads-half-millimetre-precision-remote-handling-solves-crucial
https://www.britannica.com/technology/railroad
https://rails.arcelormittal.com/ckeditor_assets/attachments/791/3_-_new_-_crane_light_rails.pdf
https://rails.arcelormittal.com/ckeditor_assets/attachments/791/3_-_new_-_crane_light_rails.pdf
https://rails.arcelormittal.com/profiles/crane-rails/european-standards/rail-a75/
https://rails.arcelormittal.com/wp-content/uploads/2023/10/ArcelorMittal-CRANE-Rails-EN.pdf
https://rails.arcelormittal.com/wp-content/uploads/2023/10/ArcelorMittal-CRANE-Rails-EN.pdf
https://www.bolliger-mabillard.com/coasters/wrath-of-rakshasa
https://www.britannica.com/technology/maglev-train


44 

 

   

 

Braccesi, C. & Cianetti, F. 2015. Development of a procedure for the structural design of 

roller coaster structures: The rails. Engineering Structures. 93, 13–26. Available at DOI: 

10.1016/j.engstruct.2015.03.024. 

Carfora, D., Di Gironimo, G., Järvenpää, J., Huhtala, K., Määttä, T., & Siuko, M. 2014. 

Preliminary concept design of the divertor remote handling system for DEMO power plant. 

Fusion Engineering and Design. 89 (11), 2743–2747. Available at DOI: 

10.1016/j.fusengdes.2014.07.016. 

Dafang Crane. 2025. Overhead Crane Parts and Functions Breakdown: A Detailed Guide 

to Understanding the Key Components. Cited 13 Apr 2026. Available at 

https://www.hndfcrane.com/posts/overhead-crane-parts-and-functions/.  

ElecTrack Projects. 2020. 6.05:1 Speed Reducer Gearbox Powered by Toshiba 

B0252FLG3UMH02 AC Motor ORIGINAL AUTODESK INVENTOR 2020 MODEL. 

GrabCAD. Cited 22 Mar 2026. Available at https://grabcad.com/library/6-05-1-speed-

reducer-gearbox-powered-by-toshiba-b0252flg3umh02-ac-motor-original-autodesk-

inventor-2020-model-1.  

Electronics Bazaar. 2023. The Significance Of EU’s New Machinery Directive For 

Industry. Available at URN: ISSN 0974-1062. 

Erlang, A. M. 2016. Wheel Sets Or Independently Rotating Wheels - from Theory to 

Practice. Siemens AG. Cited 21 Jan 2026. Available at 

https://assets.new.siemens.com/siemens/assets/api/uuid:2dbbe04aeb88674e9b6c332c43d45

2456b59019e/wheel-sets-independent-en.pdf%E2%80%8B. 

Gantrail. 2026. Crane Rails. Cited 13 Apr 2026. Available at 

https://www.gantrail.com/products/crane-rails/.  

ITER. 2026a. Making it Work. Cited 11 Feb 2026. Available at 

https://www.iter.org/fusion-energy/making-it-work. 

ITER. 2026b. What is Fusion? Cited 11 Feb 2026. Available at 

https://www.iter.org/fusion-energy/what-fusion. 

https://www.hndfcrane.com/posts/overhead-crane-parts-and-functions/
https://grabcad.com/library/6-05-1-speed-reducer-gearbox-powered-by-toshiba-b0252flg3umh02-ac-motor-original-autodesk-inventor-2020-model-1
https://grabcad.com/library/6-05-1-speed-reducer-gearbox-powered-by-toshiba-b0252flg3umh02-ac-motor-original-autodesk-inventor-2020-model-1
https://grabcad.com/library/6-05-1-speed-reducer-gearbox-powered-by-toshiba-b0252flg3umh02-ac-motor-original-autodesk-inventor-2020-model-1
https://assets.new.siemens.com/siemens/assets/api/uuid:2dbbe04aeb88674e9b6c332c43d452456b59019e/wheel-sets-independent-en.pdf%E2%80%8B
https://assets.new.siemens.com/siemens/assets/api/uuid:2dbbe04aeb88674e9b6c332c43d452456b59019e/wheel-sets-independent-en.pdf%E2%80%8B
https://www.gantrail.com/products/crane-rails/
https://www.iter.org/fusion-energy/making-it-work
https://www.iter.org/fusion-energy/what-fusion


45 

 

   

 

Johansen, T. H., et al. Measurement and Calculation of Levitation Forces Between 

Magnets and Granular Superconductors. NASA. Available at 

https://ntrs.nasa.gov/api/citations/19960000242/downloads/19960000242.   

KUKA. 2026. KUKA omniMove (AGVs). Cited 13 Apr 2026. Available at 

https://www.kuka.com/en-de/products/amr-autonomous-mobile-robotics/mobile-

platforms/kuka-omnimove. 

Li, C., Wu, H., Eskelinen, H., Li, M., Brace, W., Budden, S., & Crofts, O. 2024. Design 

and Development on the Remote Maintenance Tools and Strategy of the Port Closure Plate 

in DEMO. IEEE Transactions on Plasma Science. 52(9), 3506–3510. Available at DOI: 

10.1109/TPS.2024.3382928. 

Li C., Wu, H., Gaudel, P., Shang, P., & Bruce, W.  2025. Remote Maintenance Strategies 

and Equipment for DEMO Port Systems. Introduction to DEMO Port Systems, LUT 

University, Lappeenranta 21 Oct 2025. 

Molnár, D., Blatnický, M., Dižo, J., Solčanský, S., & Čierňava, D. 2024. Analysis of 

Normative Requirements and Technical Specifications of a Structural Design of the 

Mechanical Device Operating in the Amusement Industry. 67. Available at DOI: 

10.14513/actatechjaur.00729. 

Moon, H., Park, SH., Kim, HS., & Kim, B.S. 2023. Evaluation of the functional 

acceptability of the ITER vacuum vessel. Nuclear Fusion. 63(1), 16003. Available at DOI: 

10.1088/1741-4326/aca1d0. 

Railway Technology. 2021. Kuala Lumpur Monorail. Cited 12 Apr 2026. Available at 

https://www.railway-technology.com/projects/kualalumpurmonorail/?cf-view. 

Renold. 2026. Extreme Performance Roller Coaster Chain. Cited 3 Apr 2026. Available at 

https://www.renold.com/products/conveyor-chain/theme-park-applications/roller-coaster-

chain/extreme-performance-roller-coaster-chain/. 

Räder-Vogel. 2026. Wheel materials for special requirements. Cited 25 Mar 2026. 

Available at https://www.raedervogel.de/en/wheels-castors/quality-wheel-materials-for-

your-applications/our-special-range-of-wheel-materials.  

https://ntrs.nasa.gov/api/citations/19960000242/downloads/19960000242.pdf
https://www.kuka.com/en-de/products/amr-autonomous-mobile-robotics/mobile-platforms/kuka-omnimove
https://www.kuka.com/en-de/products/amr-autonomous-mobile-robotics/mobile-platforms/kuka-omnimove
https://www.railway-technology.com/projects/kualalumpurmonorail/?cf-view
https://www.renold.com/products/conveyor-chain/theme-park-applications/roller-coaster-chain/extreme-performance-roller-coaster-chain/
https://www.renold.com/products/conveyor-chain/theme-park-applications/roller-coaster-chain/extreme-performance-roller-coaster-chain/
https://www.raedervogel.de/en/wheels-castors/quality-wheel-materials-for-your-applications/our-special-range-of-wheel-materials
https://www.raedervogel.de/en/wheels-castors/quality-wheel-materials-for-your-applications/our-special-range-of-wheel-materials


46 

 

   

 

SIBRE. n.d. Crane Wheel Systems. SIBRE - Siegerland Bremsen GmbH. Cited Feb 11 Apr 

2026. Available at https://www.sibre.de/wp-content/uploads/2022/05/sibre-data-sheet-

couplings-crane-wheel-systems. 

Toshiba.  2015. Low Voltage Three-Phase Squirrel-cage Induction Motor. Cited 22 Mar 

2026. Available at https://www.toshiba-

tips.co.jp/en/products/assets/pdf/catalog/mot/cata_pgm225_mot_en.   

Väisänen, A. 2018. Design of Roller Coasters. Aalto University. Available at URN: 

NBN:fi:aalto-201809034831.  

Warnes, K. & Garrett, M. 2014. Encyclopedia of Transportation: Social Science and 

Policy. Thousand Oaks California: SAGE Publications, Inc. 1413-1465. Available at DOI: 

10.4135/9781483346526.n328. 

Weihua Crane. 2026. Foundry Casting Bridge Crane YZ Type. Cited 28 Jan 2026. 

Available at https://www.weihuacraneglobal.com/product/Foundry-Casting-Bridge-Crane-

YZ-Type.html. 

Weisenberg, N. 2016. Roller Coaster Wheel Material Science with Kate Kujawa. 

Coaster101. Cited 14 Mar 2026. Available at 

https://www.coaster101.com/2016/04/13/roller-coaster-wheel-material-science-kate-

kujawa/. 

Wheeler, C., Lurie, M., Carr, M., & Chen, B. 2020. Technology review and cost analysis 

of light gauge rail-based bulk material handling systems (Version 1). Open Research 

Newcastle. Cited Feb 6 2026. Available at https://hdl.handle.net/1959.13/29897114.v1.  

https://urn.fi/URN:NBN:fi:aalto-201809034831
https://www.weihuacraneglobal.com/product/Foundry-Casting-Bridge-Crane-YZ-Type.html
https://www.weihuacraneglobal.com/product/Foundry-Casting-Bridge-Crane-YZ-Type.html
https://www.coaster101.com/2016/04/13/roller-coaster-wheel-material-science-kate-kujawa/
https://www.coaster101.com/2016/04/13/roller-coaster-wheel-material-science-kate-kujawa/
https://hdl.handle.net/1959.13/29897114.v1


1 

 

   

 

Appendix 1. CAD Drawings
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