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Abstract— This paper presents the development of a multi-
degree-of-freedom (DOF) additive manufacturing system for
automated in-situ repair of plasma-facing components within
tokamak reactors. The system integrates a 3-DOF delta robot
and two 6-DOF collaborative robotic arms to address the
challenges of maintaining complex in-vessel components. Two
case studies are explored: repair and maintenance of tiles and
pipework as found in tokamak reactors using fused filament
fabrication with polylactic acid. Automated processes, including
surface preparation, component identification, and repair using
the extrusion method, were implemented and tested. Vibration
analysis revealed limitations caused by payload constraints
and mechanical rigidity, emphasizing areas for further im-
provement. Experimental results validate the feasibility of
automating in-situ repairs while identifying technology gaps,
particularly for applications needing high strength materials
such as tungsten alloys in plasma facing components. The
findings contribute to enhancing maintenance processes in
fusion energy systems.

I. INTRODUCTION

The tokamak has emerged as the most successful nuclear
fusion reactor among all prototypes developed to date, play-
ing a key role in advancing fusion energy research globally
[1]. International experiments such as the Joint European
Torus (JET) in the United Kingdom and the International
Thermonuclear Experimental Reactor (ITER) in the Euro-
pean Union based their designs on tokamaks to achieve
and sustain fusion reactions. However, maintaining plasma-
facing components, which line the inside of these reactors,
presents significant technical challenges. These components
are subjected to extreme operational conditions, including
intense thermal stress, erosion, and particle bombardment,
which degrade their performance and shorten their lifespan.
Plasma instabilities, such as disruptions and Edge Localized
Modes (ELMs), further exacerbate these issues, causing
severe damage to the reactor walls. Traditional maintenance
methods for plasma-facing components (PFCs) involve the
disassembly, removal, and repair of damaged components.
For example, Fig. 1 illustrates Mascot performing mainte-
nance tasks inside JET [2]. This approach not only requires
considerable time and labour, leading to prolonged reactor
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downtime and elevated operational expenses but also results
in extended reactor downtime and high operational costs.
To deliver of sustainable fusion energy and maximise the
scientific and economic benefit, it is imperative to develop
solutions for automated in-situ repair of PFCs. In-situ re-
pair systems minimize downtime by eliminating the need
for component removal while reducing human exposure to
hazardous environments such as radiation fields and vacuum
conditions.

Fig. 1: Mascot dual-hand bilateral telerobotic system performing mainte-
nance tasks

Additive manufacturing (AM), a process that builds com-
ponents layer by layer, offers a promising solution for
automating in-situ repairs. AM technologies, such as fused
filament fabrication (FFF) and directed energy deposition
(DED) [3], [4], have demonstrated their ability to repair
intricate and damaged components efficiently. While FFF
provides a cost-effective method for prototyping [5], DED
enables the repair of high-strength metallic components with
high precision. Integrating AM with multi-degree-of-freedom
robotic systems and advanced sensors enables autonomous
repairs of PFCs, addressing the challenges posed by complex
geometries and limited access within tokamak reactors. This
paper presents the development of a multi-DOF robotic sys-
tem capable of performing in-situ inspection, surface prepa-
ration, and additive manufacturing approaches for repairing
tokamak components. Two case studies are examined: the
repair of plasma-facing components and service pipes using
FFF with polylactic acid. The system’s performance is eval-
uated, including vibration analysis, component quality, and
limitations of the current setup. The key contributions of this
work include:
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• Demonstrating the feasibility of automated in-situ repair
using AM technologies;

• Integrating multi-sensor systems for automated surface
detection, preparation, and material extrusion;

• Identifying limitations and providing insights into future
advancements, such as incorporating metallic materials
and directed energy deposition for more robust repairs.

The remainder of this paper is organized as follows:
Section II provides a detailed background on plasma-facing
component damage, additive manufacturing processes, and
their integration into robotic systems. Sections III and IV
describe the system design and architecture, respectively,
while Section V presents the experimental results. Finally,
Section VI discusses the findings, limitations, and future
research directions.

II. BACKGROUND

A. Plasma-Facing Component Damage in Tokamaks

Plasma-facing components are critical to the operation of
tokamak reactors, as they are the primary interface between
the plasma and the reactor walls. During operation, PFCs are
exposed to extreme thermal loads and particle flux, leading
to various forms of damage:

• Surface Melting and Erosion: Plasma instabilities, in-
cluding disruptions and ELMs, can generate localized
heat fluxes exceeding 20MWm−2. These events result
in surface melting and material splashing, particularly
on tungsten-based PFCs [6], [7].

• Cracking and Delamination: The intense thermal gra-
dients cause thermal stress, leading to cracking and
delamination, especially at high-load regions such as
divertor plates [8].

• Dust Generation and Contamination: The degradation
of PFCs results in the generation of substantial amounts
of tungsten dust, which can destabilize the plasma and
disrupt heat flux [9].

• Structural Failures: Additional damage includes edge
cracking, heat sink failures, and debonding of material
layers under extreme heat conditions [10], [11].

Addressing these issues is crucial to maintaining plasma
stability and ensuring the efficiency of fusion reactors. The
process of repairing damaged PFCs is often costly and time-
consuming, compounded by the limited accessibility within
the vacuum vessel and the presence of radiation fields. These
factors make manual maintenance highly challenging.

B. Additive Manufacturing for In-Situ Repair

Additive manufacturing has emerged as a viable method
for repairing and fabricating complex components [12].
Unlike traditional manufacturing, which often involves ma-
terial removal, AM builds objects layer by layer based
on computer-aided design (CAD) models. Two key AM
processes relevant to in-situ repairs are:

• Fused Filament Fabrication: FFF, also known as ma-
terial extrusion [13], uses a heated nozzle to deposit
thermoplastic filaments layer by layer. While FFF is

not suitable for high-strength applications, its low cost
and flexibility make it ideal for prototyping and testing
[14].

• Directed Energy Deposition: DED processes, such as
wire-arc and laser-based deposition, enable the repair
of metallic components with high precision and me-
chanical strength [15], [16]. DED has been successfully
used for repairing aerospace components like turbine
blades and propellers, highlighting its potential for
fusion reactor maintenance [17], [18].

AM technologies have demonstrated significant advan-
tages in industries requiring complex geometries and cus-
tomized repairs. The ability to automate the repair process,
coupled with the minimal material waste inherent to AM,
makes it a strong candidate for addressing the challenges of
in-situ repairs within tokamaks.

C. Robotics and Additive Manufacturing Integration

The combination of robotic systems and additive man-
ufacturing has significantly expanded the capabilities of
advanced manufacturing, enabling high-precision, scalable,
and autonomous fabrication processes across diverse indus-
tries. This integration has been instrumental in overcoming
the limitations of conventional AM systems by providing
enhanced dexterity, mobility, and automation [19]. Recent
advancements in robotics with integrated AM can be cate-
gorized into several key areas, illustrating the state of the
art:

• Multi-DOF Robotic AM Systems: Traditional AM plat-
forms are often constrained by their limited degrees of
freedom, restricting the complexity of geometries they
can fabricate. In contrast, the use of multi-DOF robotic
arms for AM enables printing on freeform surfaces,
optimizing material deposition strategies, and reducing
the need for support structures. Hybrid approaches com-
bining AM with subtractive methods further improve
precision and surface quality, particularly in high-value
applications such as aerospace and biomedical implants
[20], [21].

• Mobile and Large-Scale Additive Manufacturing: The
use of mobile robotic systems for AM has enabled
scalable and on-site manufacturing, reducing the depen-
dence on fixed infrastructure. Researchers at Nanyang
Technological University (NTU) have demonstrated mo-
bile robot arms that cooperatively 3D-print structures far
exceeding their own dimensions, providing a potential
solution for large-scale construction and emergency
infrastructure deployment [22], [23]. Similarly, gantry
robotic AM systems are being employed for oversized
metal and polymer printing in sectors such as shipbuild-
ing and automotive manufacturing.

• Aerial and Autonomous Additive Manufacturing: The
application of AM to aerial robotics has opened new
possibilities for in-situ repair and maintenance in re-
mote or hazardous environments. Autonomous drones
equipped with AM tools can deposit material mid-flight,
facilitating repairs on high-rise structures, wind turbine
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blades, and offshore platforms [24], [25]. Such systems
leverage real-time sensing and AI-driven path planning
to adapt to complex geometries and environmental
conditions.

• Multi-Robot Cooperative AM: Swarm robotics has been
explored as a method to enhance AM scalability and
efficiency. By coordinating multiple robotic arms or au-
tonomous agents, cooperative AM systems can achieve
parallelized manufacturing, reducing build times and in-
creasing resilience against single-point-of-failures. This
approach is particularly relevant in space applications,
where autonomous robotic systems could be deployed
for in-orbit fabrication and repair [6].

• In-Situ Repair and Maintenance Applications: In highly
specialized engineering sectors such as aerospace, nu-
clear fusion, and energy production, robotic AM is
being integrated with inspection and repair technologies
to extend the operational life of critical components.
6-DOF robotic arms equipped with AM tools have
been used for directed energy deposition and cold spray
techniques to restore worn or damaged surfaces with
micron level accuracy [20], [21]. In the context of
fusion reactors, such systems are being developed to
autonomously navigate the tight spaces of a tokamak
vessel, detect and assess damage, and perform localized
material deposition for repair.

These advancements illustrate the transformative impact
of robotics-integrated AM, expanding its applicability from
controlled laboratory environments to industrial manufactur-
ing, construction, and repair scenarios. By leveraging AI,
advanced sensing, and adaptive control, the next generation
of robotic AM systems is poised to revolutionize fabrication
with high precision, autonomous repair, and development of
major infrastructures.

D. Motivation for In-Situ Repair

The motivation for developing automated in-situ repair
systems lies in improving the economic feasibility and op-
erational efficiency of fusion reactors. For example, studies
on the European DEMO fusion power plant estimate that
replacing blankets and divertor cassettes in a single sector
could take approximately 1000 h [26]. Such extensive main-
tenance periods can substantially impact reactor availability
and increase operational costs. In-situ repairs eliminate the
need to remove and replace damaged components, reducing
reactor downtime and minimizing human exposure to haz-
ardous environments. The integration of AM with robotic
systems allows for precise, targeted repairs on complex
components such as plasma-facing components and service
pipes. In this work, fused filament fabrication has been
adopted as a proof-of-concept AM technology due to its
low cost, ease of integration, and suitability for prototyping.
The proposed system incorporates multi-sensor integration
for surface preparation, defect identification, and repair ex-
ecution, providing a foundation for future advancements in
material deposition and automation.

III. SPECIFICATIONS AND REQUIREMENTS

The proposed in-situ repair system focuses on two distinct
use cases involving scaled mock-ups of tokamak compo-
nents. These scenarios aim to demonstrate the feasibility
and effectiveness of automated additive manufacturing (AM)
repair processes.

A. Use Case 1: Plasma-Facing Components (Tiles)

This use case involves the in-situ repair of scaled poly-
lactic acid (PLA) mock-up tiles for Lower Hybrid Current
Drive (LHCD) antennas, as illustrated in Fig. 2(a). The
original LHCD tiles, depicted in Fig. 2(b), align along
a vertical jig with gradually varying curvature. Assembly
and disassembly require precise alignment with the jig’s
supporting raster, making the existing maintenance approach
demanding considerable time and effort, highlighting the
necessity of automation. The proposed repair focuses on
tiles with previously identified cracks resulting from heat
flux exposure. These cracks will be assessed, deburred,
and flattened prior to the additive manufacturing process,
which will restore the components to their original geometric
integrity.

B. Use Case 2: Service Pipes (Pipes)

The second use case targets the repair of tokamak service
pipes, which require frequent maintenance involving discon-
nection and reconnection of cooling and fueling systems.
The repair process compensates for surface irregularities or
material loss—such as those resulting from uneven laser cut-
ting or wear—by additively introducing sufficient material.
The primary objective is to restore the functional integrity
of the pipes while ensuring precise alignment, minimizing
downtime, and maintaining operational efficiency.

Fig. 3 illustrates the concept design of the proposed
approach. The ultimate objective is to perform automatic
in-situ repairs in all directions within the tokamak. Al-
though this work implements only 1G deposition (horizontal
components), future iterations will explore out-of-position
deposition (e.g., vertical or 4G deposition). To achieve this
goal, a delta robot with three degrees of freedom has
been introduced at the end-effector of the primary 6-DOF
robotic arm. The delta robot enhances precision and dynamic
response, enabling more accurate control of the additive
manufacturing process, while the 6-DOF robot provides
essential reach, stability, and positioning within the complex
internal geometry of the tokamak. This combined robotic
configuration facilitates precise, stable deposition even in
challenging orientations and constrained spaces.

Assumptions and Process Workflow:
1) Pre-Identification of Defects: Defects on components

will be identified, evaluated, and deburred before the
repair process, as shown in Fig. 4.

2) 1G Deposition: Horizontal deposition is chosen to op-
timize material deposition while minimizing the effects
of gravity [27], [28].

3) Component Identification: MEM sensors will automat-
ically detect and classify components to be repaired.
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(a)

(b)

Fig. 2: (a) Hybrid Current Drive antennas, (b) an LHCD tile.

The process involves generating 3D printing G-code to
calculate the required material volume and the specific depo-
sition locations [29], [30]. An auxiliary robotic arm preheats
the component surface using a heat gun while an ultrasonic
sensor monitors the surface temperature. Once the surface
reaches an optimal temperature of approximately 60 ◦C, the
delta robot positions itself over the component, and another
MEM sensor calibrates the distance between the heat bed and
extruder for precise material deposition. Upon completion,
the robotic arms return to their initial positions.

Non-Functional Requirements:
• Performance: The linear stage travel speed is limited

to 100mms−1, with an acceleration of 50mms−2, to
minimize vibration.

• Safety: The robots’ joint speed is capped at 60 ◦ s−1,
with a joint acceleration of 80 ◦ s−2. The delta robot

Fig. 3: In-situ repair concept.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4: Component evaluation and preparation: (a to c) Preparation steps of
Plasma-facing component, (d to f) Preparation steps of Pipe edge.
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tool speed is 80mms−1, while the heat gun tool speed
is increased to 250mms−1 during preheating.

• Precision: The delta robot’s layer height is fixed at
30 µm to minimize inaccuracies caused by payload
limitations.

IV. SYSTEM ARCHITECTURE

The experimental setup integrates multiple robotic compo-
nents and tools to achieve an automated, multi-DOF additive
manufacturing system. The primary components are a Delta
X2 robot and two UR10 collaborative robotic arms from
Universal Robots.

One UR10 arm holds a heat gun with a Robotiq 2-Finger
gripper to preheat the surface of components, while the delta
robot is attached to the end-effector of the second UR10
arm for material deposition. The collaborative configuration
is shown in Fig. 5.

Fig. 5: Collaborative system design with Delta X2 robot and UR10 robotic
arms.

Fig. 6 illustrates the robotic cell known as the AIM-TU
platform, located at the UKAEA Culham Campus, where
the AM trials were conducted. This platform features fixed-
mounted UR10 robots positioned on automated linear stages,
and includes a heated bed measuring 200 cm × 200 cm
within the workspace reachable by the two 6-DOF robots. All
repair trials were performed using FFF with PLA material.

Initial studies in the development process focused on the
limitations of each component, particularly the UR10 col-
laborative robotic arms, their linear positioners, and the heat
bed. The workspace layout allowed both robots to operate
within a 200 cm by 200 cm area, with a platform height
optimized for surface preheating and material deposition
tasks.

Two approaches were evaluated for the material extrusion
process: direct extrusion using a collaborative UR10 robot
arm or extrusion via a lightweight delta robot mounted as
an end-effector on the UR10 arm. The latter was selected
primarily because directly mounting an extrusion head on
the collaborative robot would constrain the printable volume
and complicate the extrusion path, as all robot arm joints
would need to continuously move during material deposition.
Conversely, employing a lightweight Delta X2 robot [31]

Fig. 6: AIM-TU platform: 6-DOF robot (green marking) holding a heat
gun and a vision camera. 6-DOF Robot (red marking) with a 3-DOF robot
holding a extruder.

mounted on the UR10 allowed the arm to maintain a fixed
position, while the delta robot, benefiting from fewer degrees
of freedom and a reduced payload, efficiently handled the
extrusion process. Additionally, a Bowden extrusion system
was chosen to further minimize payload weight at the end-
effector of Delta X2 robot.

Key Components:
• Delta X2 Robot: Performs precise material deposition

with a maximum end-effector payload of 700 grams.
• UR10 Collaborative Robots: One UR10 manipulates the

delta robot for additive manufacturing, while the other
handles the heat gun for surface preparation.

• Auxiliary Sensors: Include a non-contact infrared tem-
perature sensor, an ultrasonic distance sensor, and a
vision-based component system.

Custom brackets were designed and 3D-printed to securely
attach sensors and robotic components. These brackets met
structural requirements to withstand dynamic loads while
maintaining ease of assembly and flexibility for rapid proto-
typing.

Fig. 7 shows the power and interface configuration, which
integrates a Raspberry Pi and Arduino microcontroller to
coordinate sensor input and robot control. This configuration
ensures robust and synchronized operation of all subsystems.

Implementation Challenges and Solutions: The exclusion
of lasers due to safety concerns necessitated alternative sens-
ing technologies. Ultrasonic sensors replaced laser profilers
for distance measurement, and machine vision was used for
component shape recognition. These adjustments maintained
the system’s effectiveness while ensuring safety compliance.

The testing process was divided into stages for each sensor
module:

• Temperature and Humidity Measurement: The DHT 11
sensor provided accurate readings within a 3% margin
of error, confirming environmental stability during tri-
als.

• Ultrasonic Distance Sensor: The URM14 sensor was
calibrated to measure component distances with 1mm
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Fig. 7: A Windows PC manages the vision system and controls the Delta
X2 robot. A Raspberry Pi oversees communication with the infrared and
ultrasonic sensors, while an Arduino board handles data acquisition from
the temperature and humidity sensors.

accuracy. Tests verified its precision over a range of
100–1500 mm.

• Infrared Temperature Sensor: Positioned 40 cm from
components, this sensor achieved an accuracy of
±0.5 ◦C within its 5◦ field of view, effectively moni-
toring surface temperatures.

Sensor performance demonstrated sufficient accuracy for
the identified use cases. However, improvements are recom-
mended in the following areas:

• Distance Measurement: Replace ultrasonic sensors with
laser profilers for enhanced precision in positioning the
3D printing nozzle.

• Temperature Monitoring: Use higher-resolution sensors
for more accurate edge temperature measurements, par-
ticularly for cylindrical components.

Future iterations will incorporate these improvements to
address the limitations identified during validation.

V. RESULTS AND DISCUSSION

The results demonstrate the feasibility of automated in-
situ repair using additive manufacturing techniques and high-
light specific areas for improvement. Later in this sections
comparative laser profiling results for selected use cases
are presented, clearly illustrating the geometric differences
between components repaired using the proposed in-situ
approach and those without defects. This comparison un-
derscores the effectiveness of the repair methodology and
identifies opportunities for further optimization.

Fig. 8 illustrates the successful implementation of AM
repairs for the two use cases: plasma-facing components and
service pipes. Additionally, Fig. 9 shows the components
before and after the repair process, emphasizing the practical
outcomes achieved.

Key process parameters were defined and controlled using
Creality Slicer, including a layer height of 0.3mm, an infill
density of 100%, and a printing temperature of 200 ◦C.
The heat bed was maintained at 60 ◦C to ensure optimal
adhesion of the first layer. The components’ positions were
identified using machine vision, with an ultrasonic sensor
measuring the distance between the nozzle and the surface.

(a)

(b)

Fig. 8: Demonstrations of in-situ additive repair: (a) Plasma-facing compo-
nent, (b) Tokamak pipe.

(a) (b)

Fig. 9: AM In-Situ Repair: (a) Use case: Tiles, (b) Use case: Pipes.

These parameters collectively supported accurate and effi-
cient material deposition.

The system exhibited consistent repair quality across both
use cases. However, certain challenges were identified:

• Vibrations induced by the delta robot’s mechanics and
end-effector attachment reduced the accuracy of mate-
rial deposition.

• The ultrasonic distance sensor’s precision was insuffi-
cient for fine alignment, necessitating more advanced
sensing solutions.

• The infrared temperature sensor struggled to accurately
measure edge temperatures on cylindrical components,
impacting the overall quality control of pipe repairs.

Fig. 10 illustrates the susceptibility of the extruder nozzle
to vibrations when the initial gap distance is not adequately
calibrated. The red envelopes represent the upper and lower
limits of the Euler angles, depicting the nozzle’s orientation
relative to the world frame under improper calibration.
Conversely, the blue envelopes demonstrate a significant im-
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provement, indicated by a reduced range between the upper
and lower limits, achieved when the nozzle is positioned at
an appropriately calibrated distance from the components.
This highlights the critical role of precise gap calibration in
minimizing vibrational effects and ensuring stable extrusion
performance.

Fig. 10: Envelop of IMU Euler angles

Fig. 11 and 12 provide comparative laser profiling data,
demonstrating the geometric differences between repaired
and components free of defects. The results show that
height variations between repaired components and refer-
ence samples without defects are within approximately 3%.
Additionally, volume and weight measurements are nearly
identical. These findings validate the system’s capability
to successfully perform accurate in-situ repairs, while also
highlighting specific areas that could benefit from further
refinement.

VI. CONCLUSIONS

This study introduced an innovative approach to automat-
ing in-situ repair processes for plasma-facing components
in tokamak reactors. The developed system supports the
feasibility of additive manufacturing for repairing mock-up
components using a 3-DOF delta robot and auxiliary robotic
arms equipped with surface preparation tools.

(a)

(b)

(c)

(d)

Fig. 11: 3D Laser Profiling: (a) Reference Tile, (b) Reference Tile’s 3D
profile, (c) Repaired Tile, (b) Repaired Tile’s 3D profile.

(a)

(b)

(c)

(d)

Fig. 12: 3D Laser Profiling: (a) Reference Pipe, (b) Reference Pipe’s 3D
profile, (a) Repaired Pipe, (b) Repaired Pipe’s 3D profile.

Two use cases were evaluated, involving the repair of tiles
and pipes with predetermined defects. The system effectively
automated tasks such as component identification, surface
preheating, and material deposition.

The findings underscore the need for advanced sensing
technologies, improved robotic hardware, and expanded ma-
terial capabilities to address these challenges. By implement-
ing the proposed recommendations, future iterations of the
system can achieve higher precision, reliability, and adapt-
ability for complex repair tasks in fusion energy systems.

Based on the findings, a couple of recommendations are
proposed to enhance the system’s performance and extend
its capabilities:

• Surface Preparation: Automated and material-specific
surface preparation processes must be integrated. For
instance, preheating and surface smoothing tailored
for materials with superior mechanical strength like
tungsten are crucial for achieving reliable repairs under
extreme conditions.

• Enhanced Sensors: Replacing MEM sensors with
industrial-grade alternatives will improve measurement
precision. Similarly, advanced laser profilers and high-
speed thermal sensors are recommended for accurate
defect detection and in-process monitoring of repairs
under extreme temperature conditions [32].

In conclusion, this research marks a step toward economi-
cally viable, reliable, and autonomous maintenance solutions
for tokamak reactors which are crucial for advancing fusion
energy. While feasibility has been demonstrated through in-
situ additive repairs, current results are based on prelimi-
nary trials. Future work will focus on repeatability studies,
benchmarking against manual methods, and assessing system
suitability under extreme in-vessel conditions, including ra-
diation, vacuum, and thermal constraints. These efforts will
support the development of a robust, deployable platform for
fusion maintenance.
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