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ABSTRACT

Maintenance of DEMO breeding blanket includes the removal and replacement of plasma facing components.
Due to the components having an active cooling loop, multiple coolant pipes need to be removed to allow
access to the tokamak. The connection then needs to be reconnected using the replacement components. To
fulfill the safety requirements, the welded connection needs to be inspected and approved for operation. Due
to the space restriction of DEMO vacuum vessel, both the welding procedure and the subsequent inspection
procedure must be conducted from inside the pipe bore.

One of the methods currently under development in DEMO remote maintenance work package is visual
inspection method designed to inspect the surface of the pipe weld seam as an alternative inspection method.

This study presents the comparison between stereo RGB cameras and laser triangulation-based system for
use in demo service joining. This includes the comparison between the visual inspection systems for their
capability to detect the pipe weld seam, detect any pipe weld defect if present and quantify the size of the
pipe defect. With the result from each visual inspection system, a comparative advantage and disadvantage
analysis of each sensor is carried out and the result of the analysis is then used for further development and

integration of the inspection system into the overall cut and weld concept.

1. Introduction

During the maintenance phase of the DEMO power plant, multi-
ple components which are entering their end of service time will be
replaced with a new one. This includes the replacement of blankets
and divertors which are plasma facing components [1], as shown in
Fig. 1. Both divertor and breeding blankets are actively cooled compo-
nents which are connected to the cooling loop through cooling pipes.
Breeding blankets have additional pipes which are called purge pipes.
Purge pipes are used to remove tritium from the breeding modules
which are then processed further in an ex-vessel processing facility and
will further be pumped back in as part of the D-T fuel cycle [2]. Both
cooling and purge pipes needs to be disconnected to the plant loop
before the removal of the divertors and breeding blankets (example of
weld seam positions that needs to be serviced to access outboard BB is
shown in Fig. 2), and both set of pipes needs to be reconnected with
the plant loop before the power plant is allowed to operate. The strand
which is responsible for this concept is called service joining and one
of the concepts developed by the service joining strand of DEMO is the
application of the cut and weld (C&W) concept for both cooling and
purge pipes [3]. After a C&W procedure is carried out on the pipe an
examination system of the weld beads needs to be developed to be able

to commission the welded connection for operation, to ensure the safety
aspect of these pipe connections.

During safety inspection of pipe connections, one of the aspects that
is inspected is the surface condition of the pipes. To pass the safety
requirements of the regulators, there are certain requirements that the
pipes need to met to qualify. These requirements includes the condition
of the weld, whether there are defects of certain types and sizes present
on the surface. The requirements are regulated by industry standards
such as RCC/RSE [4], ASME [5] or KTA [6] standards.

According to ASME-IX, the three types of examinations used during
in-service inspection are defined as visual, surface, and volumetric [5].
Visual inspection covers inspection method using image and video
capture sensor. A surface examination indicates the presence of sur-
face discontinuities, which may be conducted using magnetic particle,
liquid penetrant, eddy current, or ultrasonic method [7]. A volumetric
examination indicates the presence of discontinuities throughout the
volume of material and may be conducted from either the inside or
outside surface of a component using methods such as radiographic,
ultrasonic, eddy current, acoustic emission, or alternative examination
methods [7]. Previous study on the allowable defect size which takes
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Fig. 1. Actively cooled in-vessel components such as breeding blankets (1
and 2) and divertor (4), which needs to be replaced during the maintenance
phase [1].

Fig. 2. Example of weld seams that needs to be serviced to access outboard
breeding blanket for maintenance purposes.

into account the industry standard and numerical analysis has been
carried out. From that study, the sensor requirement is to detect defects
with a volumetric dimension of 1 mm> or larger with defect length of
0.5 mm or longer [8].

This study focuses on the investigation for possibility of using visual
inspection sensors such as camera or laser to carry surface inspection.
Such surface inspection is carried out by constructing of a surface map
of the pipe interior using image depth map [9]. The surface map can
then be used to evaluate the surface of the pipe. Using the surface
map, overall pipe condition can be assessed manually or assisted using
machine vision to detect surface defects or notable features that can
pose safety threat to the overall power plant operation. The main goal
is to compare the feasibility and characteristics of select visual sensors
to generate a surface map.

2. Design consideration and test rig set-up

The visual sensors are compared against each other on a test rig
constructed at KIT. The piping concept for DEMO upper port purge and
cooling pipes restricts the deployment of sensors. All of the sensors that
will be used for pipe inspection needs to be remote handling compatible
and must be deployed with in-bore configuration.

The main objective of the test is the creation of a surface map.
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Fig. 3. Weld sample produced from previous welding PoP test [10].

2.1. Pipe sample

Pipe samples provided by a Proof-of-Principle (POP) test conducted
for welding head of DEMO pipes [10]. The welding head is tested
on DN90 schedule 40 pipes which are representative of DEMO purge
pipe diameter. The welded sample consists of two symmetrical flanged
machined pipe sections welded together to form a pipe sample with
length of 100 mm, as shown in Fig. 3.

2.2. Sensor selection

Sensors which are tested are visual sensors which are selected based
on their suitability for in-bore use. The family of sensor that will be
tested is visual imaging sensors such as camera and laser triangulation.
The main criteria why visual imaging sensors are selected for this
study is that the visual imaging sensors can be used as pathfinding
and control sensor as well. Cameras and Laser does not need to have
specific measuring configuration (unlike ultrasonic sensor which needs
to have the sensor in contact with the wall, requiring the deploy-
ment system to have 2 configuration: deployment configuration and
measuring configuration), can still measure while in motion (unlike
dye penetrant which requires the deployment unit to be stationary),
and doesnt require a receiver to be placed on the pipe out-bore. The
possibility to use pathfinding sensors as inspection sensors would also
present the possibility of having a more compact inspection system with
simpler inspection procedure.

As the study is aimed to research on the capabilities of the sensors
which are already available on the market, creating a custom sensor
to fit the need of DEMO maintenance is beyond the scope of this
preliminary study. Therefore, the sensors are selected that can fit inside
a DN 90 pipe, the same pipe size that is used for weld head test
trial [10].

The main categories of selection are availability, dimensions, and
deployment considerations. Radiation resistance will considered for
future testing to test sensor performance under radioactive condition.
This include possibility of further sensor development and senor modi-
fication to meet radiation resistance requirement for deployment inside
DEMO Bioshield. Sensors can be divided into two major categories,
active sensors and passive sensors(as shown in Fig. 4).

2.2.1. Active sensor

Active sensors encompass sensors which use a signal sent by an
emitter, which is then deflected by the test object and then captured
by a receiver. This sensor family has the advantage of having high
resistance to ambient noise and low ambient condition sensitivity, as
the signal emitted can be attuned to cancel out the ambient noise. Major
drawback of the concept is that the sensor requires at least one emitter
and one receiver, making the overall sensor dimension larger than the
passive sensors.
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Fig. 4. Comparison between active (left) and passive (right) sensors, in this case of a stereo imager.
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Fig. 5. Laser triangulation working mechanism.

2.2.2. Passive sensor

Active sensors encompass sensors which use signals from the am-
bient environment captured by a receiver. This sensor family has the
advantage of having simple construction and not having to rely on a
signal emitted by an emitter. A major drawback of the concept is that
the sensor is more sensitive to ambient condition and noise than active
Sensors.

2.3. Selected sensors

From families of sensors described on Section 2.2, three sensors
were chosen: Intel D405, stereo IMX219-77, and circular laser CiTris
60-140.

Both the Intel D405 and stereo IMX219-77 sensors were used due to
their compact size as well as their capability to output a depth data as
well as RGB image using stereoscopy technology [11,12]. As neither
system uses an additional emitter, both can be classified as passive
systems. No active stereography systems is tested, since at the time of
writing no readily available active system with two sensors and one
projector/emitter is available on the market that can fit inside a DN90
pipe.

CiTris 60-140 is a circular laser measurement sensor using triangu-
lation concept (as shown in Fig. 5) by emitting an annular laser light
on the surface which is then read by a camera [13]. A circular sensor
is chosen instead of a linear sensor due to deployment issue for linear

Fig. 6. Citris annular laser line.

sensor, as the deployment system needs to anchor on the pipe wall and
move the linear sensor tangentially to be able to read the radial surface
of the pipe. A circular laser sensor produce an annular surface reading
using laser line as shown in Fig. 6 that can be stitched together with
the corresponding odometry reading while only requiring the sensor to
move axially along the pipe.

2.4. Test rig design

Pipe samples are placed on a PoP (Proof-of-Principle) test rig (as
shown in Fig. 7) which consists of a straight stretch of pipe with an
opening slot to drop the pipe sample in place (as shown in Fig. 8
(left)). The sensors are mounted on a deployment jig (as shown in Fig.
8 (right)), which then pulled using a set of pulleys and actuator along
the pipe. The deployment jig is pulled at the constant speed of 12 mm/s
by the linear actuator.

3. Result and discussion

From the measurement process some observations of the sensor
performance have been made, which will be discussed in this chapter.
It needs to be noted that during the measurement run of the sensors,
no odometry data (from either rotary encoder or inertial measurement
unit (IMU)) was taken with the measurement run. The effect of not
including the odometry data is discussed in each subsection.

As mentioned in 2, the main objective of the test is the creation
of a surface map. The surface map can then be compared and future
improvements can be discussed.
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Fig. 8. Weld sample (left) and example of sensor deployed inside pipe (right).

Fig. 9. Detected feature using OpenCV.

3.1. Stereovision cameras

From the test run using both Intel D405 and IMX219-77 sensors,
with D405 using a RGB camera and a IR-Depth camera while IMX219-
77 is using two TGB camera. Feature detection is used by the post-
processing algorithm to merge and calculate disparity between left and
right images [12,14]. The disparity is then converted into a depth
profile of the features.

While IMX219-77 managed to capture images from the test pipe,
images taken with the sensor proved to be difficult to process for tri-
angulation and depth analysis. The measurement found using IMX219
in combination with OpenCV [15] shows a difficulty in finding any
particular feature on the pipe surface that can be traced on both
cameras. As shown in Fig. 9, the post-processing algorithm only manage
to pick up features of the weld seam or where the sample pipe was
mounted on the test rig. In addition to that, the features detected on
one image does not match the feature well on the other image. This
proved to be insufficient to provide a depth map of the pipe internal
surface.

Therefore, to use the stereovision camera as means to construct
surface map, further development of the feature detection, specifically
for pipes, is required, as most of the readily available are not capable
to detect the features on the pipe for feature matching algorithm to be
used.

3.1.1. D405 with one RGB camera and one IR-Depth camera

The test run using D405 managed to produce a sample depth map.
This is due to the in house image signal processor that Intel D405
uses [16]. As shown in Fig. 10, the sensor managed to pick up features
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Fig. 12. Laser reading of the pipe sample.

on the plain pipe wall. While the data points per each image are sparse,
the resulting data points from multiple images during a measurement
run can be then stitched up to form a surface map, as shown on 11.
Each pixels represent detected data points with inherent data such as
local coordinate (in cartesian coordinate of x,y,z) and color information
(in R,G,B triplets).

The sensor of D405 itself runs at frame rate of up to
90 frame/second [16]. Therefore with the assumption that the deploy-
ment has no slip and runs at a constant speed of 12mm/second, the
distance between frames is assumed to be 0.133mm. From the test
result, a uniform and equidistant annular data is assumed. However,
from the measurement video taken at the same time as the image
acquisition, there is some notable slip between the deployment unit
and the pipe surface. This means that the accuracy of the measurement
results needs to be validated in further study.

3.2. Laser triangulation sensor

Measurement runs using the laser triangulation sensor manages to
produce a surface map of the pipe interior. The resulting surface map
is shown in Fig. 12. A gray band is shown on the surface of the pipe
where the weld seam is supposed to be located. This is due to the laser
ring being obstructed by an obstacle and therefore the laser line cannot
be transmitted to the receiver (the principle of is shown in Fig. 13).

An example of the measurement line is shown in Fig. 14, where
data points between +260° and +270° lay outside the measurement
range. The construction of CiTris means that the distance of the laser
transmitter is fixed against the receiver. Therefore it is physically not
possible to measure the obstructed area without changing the sensor
head or redeploying the sensor in a different configuration.

Fusion Engineering and Design 223 (2026) 115553

Fig. 13. Occlusion in a laser triangulation system where either the laser
emitted from the emitter is blocked from the surface (left) or the laser reflected
from surface is blocked from receiver (right) [17].
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Fig. 14. Measurement of pipe surface with occlusion between +260° and
+270°.

Fig. 15. Occlusion of weld toe.

This manifested in two particular occurrences of the occlusion. The
first one is the occlusion of the weld toe (as shown on Fig. 15) due to the
laser line obstructed by the weld face. The second one is the occlusion
of the weld crater (as shown on Fig. 16). The occlusion of the weld
crater prevents the measurement of the crater depth, therefore making
the assessment of the criticality of the weld defect more difficult.

3.3. Surface map comparison

From the stitching process of the measurement result using both
RGB-Depth camera (shown in Fig. 17) and laser triangulation (shown
in Fig. 19), the odometry has to be given in order to carry the stitching
process. For both processes, a surface map can be generated, which can
be used to inspect the weld surface.

For the test result, a uniform and equidistant data is assumed to
generate surface map using stitching. However, during of the measure-
ment, a video recording was also taken. Qualitatively from observing
the video, there are noticeable slips between the deployment unit and
the pipe surface. This means that the accuracy of the measurement
result is compromised. This necessitates the use of odometry to correct
the position of the data point in case that slip happens. Therefore a
further improvement of the workflow by integrating odometry based
correction would be required.

The resulting data point cloud shows that the reconstruction is
possible using the data points from the camera sensor and built image
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Fig. 16. Occlusion of weld crater (left) compared to the picture of the crater (right).

Fig. 17. Point cloud at weld sample after data point processing using Intel
D405 camera.

signal processor with postprocessing using a Canny-like method [18].
However, the point cloud does not produce a surface map of the pipe
internal surface, but rather a cloud around the surface. This is due
to the condition of the pipe reflectivity, producing noise. Impact of
surface finish of the pipe also shows on the result of the camera based
measurement, as shown in Fig. 17 that the point cloud is more sparse at
the area around pipe sample. This is due to, as noted in 2.1 that the pipe
sample is made from machined stainless steel while the pipe section
of the test bench, as noted in 2.4, is made from section of cold rolled
pipe. Cold rolling produces a rougher surface finish compared to the
machined sample. The rougher pipe surface is more easily detectable
as a surface feature by the stereovision camera when compared with
the machined surface.

While the reconstruction of the surface (as shown on Fig. 18 using
the data point (shown in Fig. 17)is capable to reconstruct the weld
seam, finer details are lost due to the noise level of the data. To
reduce the noise and obtain higher fidelity reconstruction, a better
measurement workflow and refinement of the processing algorithm is
required, which is beyond the scope of this study

When comparing the stitching procedure from data acquired from
D405 RGB-depth camera and from laser triangulation, the notable
characteristics is the type of data. As the data from the RGB-Depth
camera is scattered along the center line of the pipe, it is possible
to create surface map from a single frame from RGB-depth camera.
However, the laser triangulation produce dataset which is a slice of the
pipe contour in a single plane perpendicular to the pipe center line.
With this limitation, it is impossible to create a surface map just from
a single frame.

Ideally, the resulting surface data can then be used to identify
particular defects individually. However, as it is now, it can only detect
large sized features such as weld seam and weld cratering. Future
improvement in the measurement system is targeted to enable detection
of finer surface defect such as crack, spatters, or pitting.

The measurement is taken on weld sample from previous weld head
test [10]. As the weld sample is used as it was produced by the welding
head, the result is not controlled. Therefore a further testing with a
controlled sample, possibly made using machining instead of welding,
with controlled defect size and types, would be carried out as further
development of this study and will be addressed in detail in future
publications as more testing results are gathered.

4. Conclusion and outlook

From the measurement result, one of the main point is the effect
odometry has on the measurement result. As shown in 3.1, slip has
a detrimental effect on the stitching problem as this can change the
distance between the measurement plane and therefore distort the
detected feature on the pipe surface. Since the stereovision produce 3D
data points along the surface for each measured frame, an algorithm
can be developed further to match and error correct the error due to
slip. This can then be compared with using odometry data. Result from
the stereovision camera also requires further de-noising convolution to
produce a surface map from the resulting point cloud.

On the other hand, as shown in 3.2, the laser only provides 2D
annular data points on the pipe, therefore the data points cannot be
used for self-correction. This makes the laser system more dependent
on the reliability of the odometry system.

The next step of the PoP testing is to test the performance of the
sensors with the odometry data taken. For Stereovision specifically,
the additional step is to test the effect of the stitching correction using
hardware (odometry data) and software (fitting correction).

In a previous study done at KIT, a critical surface defect size of
+1 mm? is shown to be the maximum size limit for DEMO upper port
pipes [8], therefore another step that needs to be done by the PoP test
is to test the performance of the sensors in measuring the defect. A way
to test this is to use synthetic sample with the surface defect machined
in a controlled manner instead of using weld samples.

As was discussed in 3, at the current state both methods can only
detect major features such as weld seam and major crater. Further
development of this study is to take the planned odometry testing,
and testing with synthetic sample and refine the measurement process
to obtained higher fidelity images and surface maps. The goal of the
higher fidelity images and surface maps is to be able to detect finer
defects such as crack or pitting around the weld HAZ in sizes as small
as +1 mm?. furthermore, integration of this study in the overall DEMO
maintenance concept is planned to develop a machine vision assisted
algorithm (such as machine vision) to detect surface defects using the
surface maps results.
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Fig. 18. Reconstructed surface using data from Intel D405 camera (left) compared to the sample used (right).

Fig. 19. Surface map of the pipe sample in 3D from laser triangulation method (left) compared with the sample used (right).
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