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Preface

The Norwegian whitefish industry needs automated solutions to maximise efficiency at filleting plants
and contribute to profitability in production. High labour costs in Norway make it challenging to compete
with countries where labour costs are lower. Increased automation can reduce the cost per kilo of
processed fish, particularly where labour costs are high. This in turn can facilitate a larger part of the
whitefish value chain and associated value creation being retained in Norway. One possible avenue for
innovation and increased automation, is the automatic removal of parasites in whitefish fillets.

The assignment from FHF was to identify possible solutions for the automatic removal of nematodes
and to test these. In addition, an economic analysis was requested to assess the expected profitability
of implementing such a solution.
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1 Summary (to be written in both Norwegian and English)

Visible nematodes in cod fillets represent a persistent quality and profitability challenge for the whitefish
industry. Manual inspection and trimming, traditionally performed on candling tables, is labour-intensive,
inconsistent, and associated with significant yield loss. Detection technologies based on hyperspectral
imaging — such as the Maritech Eye™ (Maritech AS, 2026) — have recently demonstrated substantially
higher detection accuracy than manual inspection under industrial conditions, improving parasite
detection rates from ~50% to ~73% in cod fillets (Syed et al., 2024). This capability allows parasite-free
fillets to bypass trimming while ensuring that infested fillets are reliably forwarded for removal.

The present project evaluated two technological pathways for automated removal of visible nematodes
after hyperspectral detection:

1) Water-jet removal using the FleXicut system (JBT Marel, 2026), and
2) Targeted robotic removal using a cutting—extraction tool mounted on an industrial robotic arm.

Tests showed that the FleXicut system is the most mature and industrially viable near-term solution.
Operating at standard line speeds (~40 cm/s), it demonstrated reliable routing of parasite-affected
portions, effectively removing infected regions through predefined cutting paths. While this method
sacrifices individual-level precision, it integrates seamlessly with existing production infrastructure and
supports high-throughput operation.

The robotic solution demonstrated successful Proof-of-Concept (PoC) removal of individual nematode
proxies on a moving conveyor. However, current limitations include low reliability, tracking errors,
slower-than-required operating speed, and tool-fillet interaction inconsistencies. Substantial
development is required before industrial adoption, although the approach retains a long-term potential
for value-preserving, highly localized trimming.

The economic analysis indicates that automated nematode removal is likely to be profitable for
processors, particularly through increased product yield, reduced labour requirements, and improved
quality consistency. Overall, the FleXicut approach offers a practical industrial pathway in the near term,
while robotic solutions may enable finer-scale, less invasive trimming in future high-precision workflows
once the technology is further developed.

1.1 Norwegian summary

Synlige nematoder/kveis i torskefileter representerer en vedvarende utfordring for bade kvalitet og
lennsomhet i hvitfiskindustrien. Manuell inspeksjon og trimming, tradisjonelt utfert pa lysbord, er
arbeidskrevende, varierende i effektivitet og ngyaktighet og er forbundet med redusert utbytte.
Deteksjonsteknologi basert pa hyperspektral avbildning — slik som Maritech Eye™ (Maritech AS, 2026)
— har nylig vist vesentlig hayere treffsikkerhet enn manuell inspeksjon under industrielle forhold, og gker
deteksjonsraten av parasitter i torskefileter fra rundt 50 % til omtrent 73 % (Syed et al., 2024). Slik
kapasitet gjgr det mulig for parasittfrie fileter & passere pa linja uten trimming, samtidig som fileter med
nematoder palitelig kan sendes videre for fjerning.

Dette prosjektet har evaluert to ulike teknologiske tilnaerminger for automatisert fjerning av synlige
nematoder etter hyperspektral deteksjon:

1) Fjerning med vann-jet ved bruk av FleXicut-systemet (JBT Marel, 2026), og
2) Malrettet robotfjerning ved hjelp av et kutte—ekstraksjonsverktgy montert pa en industriell robotarm.



Testingen viste at FleXicut-systemet er den mest modne og industrielt giennomfgrbare Igsningen pa
kort sikt. Ved drift pa standard linjehastigheter (~40 cm/s) demonstrerte systemet palitelig sortering av
parasittpavirkede omrader og effektiv fijerning av infiserte regioner gjennom forhandsdefinerte
kuttmgnster. Selv om metoden ikke gir presisjon pa individniva, integreres den sgmigst i eksisterende
produksjonslinjer og stgtter hgy gjennomstrgmning.

Robotlgsningen demonstrerte vellykket Proof of Concept-fierning av individuelle nematoder
(representert med rede linser) pa et bevegelig transportband. Naveerende begrensninger inkluderer
imidlertid lav palitelighet, sporingsfeil, lavere hastighet enn det industrien krever, samt inkonsistens i
interaksjonen mellom verkigy og filet. Betydelig videreutvikling er ngdvendig fer industriell
implementering er mulig, selv om tilneermingen kan ha et langsiktig potensial for verdibevarende,
lokalisert trimming.

Den gkonomiske analysen av nytteverdi indikerer at automatisert nematodefjerning sannsynligvis vil
veere lennsomt for produsenter, seerlig gjennom gkt utbytte, reduserte arbeidskostnader og mer
konsistent kvalitet. Samlet sett fremstar FleXicut-tilnaermingen som en praktisk industriell Iasning pa kort
sikt, mens robotbaserte Igsninger kan muliggjgre mer presis og minimalt inngripende trimming i fremtidig
hay-presisjons arbeidsflyt, nar teknologien er videre utviklet.



2 Introduction

The presence of nematodes in fish fillets is deemed unacceptable by the consumer market, posing a
significant challenge to seafood processors (Levsen et al., 2008). The prevailing industrial method for
nematode removal involves placing each fillet on a candling table, where trained personnel manually
trim away the parasites using knives. This procedure necessitates the handling of every fillet and often
results in reduced production yield due to excessive removal of fish muscle alongside the nematodes.
This method is slow, labour-intensive, and inconsistent, and often results in unnecessary loss of edible
muscle tissue. Industrial evaluations have shown that manual inspection typically detects only about
half of the parasites present, with even lower performance in skin-on fillets. As labour costs rise and
raw-material becomes increasingly valuable, these limitations place pressure on processors to find more
efficient solutions.

To address this inefficiency, the hyperspectral imaging system Maritech Eye™, developed collabora-
tively by Nofima and Maritech, has demonstrated superior performance in non-invasive detection of
nematodes in cod fillets compared to traditional manual inspection methods (Syed et al., 2024). By
employing hyperspectral imaging to screen fillets, those without nematodes can be bypassed, thereby
minimizing unnecessary trimming and improving overall product yield.

Nevertheless, fillets identified as containing nematodes must undergo trimming, and these may
constitute a substantial portion of the total production. Implementing an automated trimming solution
directly on the production line would significantly enhance operational efficiency. While manual trimming
may still be required for other defects—such as blood spots, black lining, skin, and fin remnants—these
are beyond the scope of the current project. However, by reducing both the number of fillets requiring
manual trimming and the extent of defect removal, the industry could potentially decrease the number
of trimming stations, leading to notable cost savings.

Given the urgency of this issue, the industry is keen to adopt a viable solution promptly. It has been
proposed to evaluate the suitability of water-jet cutting machines, which are typically already integrated
into production lines for automatic portioning. Additionally, robotic trimming arms will be assessed to
determine whether they can meet the necessary performance standards and provide additional
capabilities.

Automated removal represents the next critical step toward fully integrated, labour-efficient fillet
production. The challenge lies in removing parasites with high precision while maintaining product value
and ensuring compatibility with industrial throughput requirements. Water-jet cutting technologies
already used for automated portioning, and innovative robotic manipulation solutions, are two promising
candidates for achieving this.

The aim of this project is to evaluate these two technological pathways—water-jet removal based on the
FleXicut system, and robot-assisted removal using a custom cutting tool. Evaluation concerns technical
feasibility, removal accuracy, speed, integration requirements, and economic impact. Together with
industrial stakeholders, the project seeks to determine whether automated nematode removal can be
implemented in modern processing lines and to identify the most promising route for future development.
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4 Objectives

Main objective

Identify and evaluate the suitability of two proposed solutions for automated removal of nematodes
detected by hyperspectral imaging (Maritech Eye™).

Intermediate objectives

¢ Identify the requirements a nematode-removal solution must fulfil to be used in the fish industry.

o Evaluate water-jet cutting as a possible method for automated removal of nematodes.

e Develop and evaluate solutions using cutting tools manipulated by robotic arms for automated
nematode removal.

e Develop recommendations for the choice of technology best suited for commercial implementation
and identify possible challenges to be solved in their future implementation in an industrial setting.

¢ Evaluate the economic benefits of implementing new technology for parasite removal in cod fillets.

The anticipated outcomes of the project are of clear benefit to industry stakeholders seeking to improve
the efficiency and profitability of fish processing operations. This includes both technology providers
such as JBT Marel and Maritech, and seafood producers, including companies like Lergy.

The objective of this project is to assess two proposed technological solutions for the automated removal
of nematodes detected in cod fillets using the Maritech Eye™ hyperspectral imaging system. The
evaluation will focus on determining the effectiveness of these solutions, both in terms of the proportion
of nematodes successfully removed and the impact on overall product yield. Enhancing yield by
minimizing unnecessary trimming, combined with reduced labour costs resulting from fewer fillets
requiring manual correction, contributes directly to the economic efficiency of fillet production.

In the short term, the project aims to deliver a PoC for automated nematode removal and to recommend
the most suitable technology for this purpose. The aim is to generate knowledge that will enable the
industry to make informed investment decisions regarding future testing and implementation of
automated nematode removal systems in cod fillet production.

While the current focus is on cod fillets, it is anticipated that the insights gained from this project will be
transferable to the processing of fillets from other fish species.



5 Methodology and Project Execution

The project was carried out through seven work packages. In the first work package, the conditions for
nematode removal and the performance requirements for an automated removal system were defined.
Then two work packages were carried out with the objective of developing solutions for nematode
removal, based on water-jet technology and a robotic system respectively.

The water-jet-based solution was designed to utilize JBT Marel's FleXicut machine, which is used for
removing pin bones and to cut the fillet into various product categories. The development of the robotic
solution was divided into several activities. The first step involved designing a parasite removal tool that
could be mounted on a robotic arm. Next, communication with a colour camera was required to guide
the robotic arm so that nematodes could be removed from fillets on a conveyor belt. The final step was
to integrate this solution with the nematode position data provided by the Maritech Eye™.

Based on the specifications defined in the first work package and the two development activities,
preliminary tests were conducted to determine the respective strengths and weaknesses of the solutions
and their suitability for industrial implementation. Another work package was carried out to identify the
most common locations of nematodes in the fillets, and yet another was conducted to establish
foundation for integrating the developed solution with nematode position data obtained through
hyperspectral imaging. In addition, a separate work package was conducted to assess the economic
feasibility of implementing the technology for nematode removal.

5.1 Determination of the industrial requirements for an automated nematode
removal solution

At the beginning of the project, a meeting was held with stakeholders from the seafood industry to
identify the criteria that must be met for automated nematode removal. The feedback from the industry
indicated that the following criteria must be fulfilled:

1. Dark Coloration: All dark-coloured nematodes must be removed
2. Curved diameter less than 3 mm: No action required
3. Number of Light-Coloured Nematodes in the Belly Exceeds 5:
a. Large Fish: Automatic removal
b. Smaller fish: Belly section to be used for fish mince
4. Number of Light-Coloured Nematodes in the Belly Is 5 or Fewer:
a. Automatic removal permitted if customer specifications can be met (currently defined
as a maximum of 5 nematodes per 7.5 kg of fish)
5. Nematodes in the Thick Loin: Send for manual trimming
6. Nematodes in the Tail Section: Automatic removal may be possible, depending on fish size

The definition of large and small fish must be established by industry.

The threshold values listed above may be adjusted based on available raw materials and specific
customer requirements.

Additional Requirements:

e The automated removal system must be capable of operating at high conveyor belt speeds (= 40
cm/s)
¢ No removed nematodes should remain with the product after automatic removal
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e The automated removal process must meet customer requirements regarding nematode count (as
outlined in point 4), as well as limitations on fillet damage, splitting, and contamination resulting from
the removal method

e Trimming must maximize product yield and overall product value

5.2 Location of nematodes within the fillet

The next task in this project was to assess the incidence of nematodes in fillets processed at an industrial
production facility, as well as to examine how these parasites are distributed across different fillet regions
(belly, loin, and tail). Understanding this distribution is essential both for aligning with industrial
requirements for effective nematode-removal solutions and for providing critical input to the subsequent
economic analysis. The spatial distribution of nematodes within cod fillets was analysed using industrial
hyperspectral imaging data collected from 324 301 fillets processed between September 4" and
October 171 2024. Spatial positions of nematodes were reconstructed from Maritech Eye™ event logs
and normalised to a common anatomical reference frame to allow comparison across fillets of varying
size, shape, and orientation.

Raw push-broom hyperspectral images were geometrically corrected using conveyor speed and camera
parameters to generate spatially coherent fillet images. Fillet outlines provided in event logs were
transformed into corrected coordinates to create binary masks, and each fillet was cropped to its
bounding box. An anomaly-filtering procedure removed images representing problematic industrial
cases, such as folded or torn fillets or cases where multiple fillets were stacked on top of each other.

To enable anatomically consistent alignment, fillets were oriented according to head—tail direction and
normalised using a centreline derived from skeletonization and polynomial fitting. Belly—loin orientation
was determined using PCA-based asymmetry analysis and geometric fallback methods. Nematode
centroids were mapped into this reference frame and expressed as relative coordinates, enabling direct
aggregation across the dataset.

Across all production days analysed, nematodes exhibited a distinctly non-uniform spatial distribution.
The aggregated probability maps, Figure 1, show that nematodes are most commonly located in the
belly region, particularly along the ventral edge and towards the anterior portion of the fillet. They are
less frequently detected in the mid-loin and very rarely in the high-value dorsal loin region.
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Figure 1 Aggregated spatial probability map of nematode occurrence (example from two production days). Warmer
colours indicate higher probability.

Low occurrence in the dorsal loin may affect the investment versus expected return for infrastructure
focusing specifically on nematode removal since the highest-value products are only rarely affected.
The relatively high concentration in the belly requires removal strategies that are effective in this region
where residual belly lining can place additional demands on cutting tool sharpness. The dataset covers
one month of production at a single processing line, and spatial distribution may vary by season and
fishing ground.
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Figure 2 Stacked bar plot showing (a) the absolute number of processed cod fillets per 24-hour production period,
and (b) the relative proportions (% of processed fillets) classified into four mutually exclusive categories: fillets with
no detected defects, fillets with blood and/or black lining defects only, fillets with only nematodes detected, and
fillets with nematodes co-occurring with blood and/or black lining

Predictably, the strongest overlap was observed when blood and black lining were combined into a
single “other defects” category (see Figure 2). Under this definition, more than 80-90% of nematode-
positive fillets also contained at least one additional defect requiring manual trimming. Fillets with
isolated nematodes were rare, accounting for <5% of nematode-positive fillets, and on several days
were nearly absent.

5.3 Adapting Water-jet Equipment for Nematode Removal

The FleXicut machine, Figure 3, is an intelligent fish fillet portioning machine that can identify
undesirable objects and features such as bones and gaping using X-ray. The fillets are portioned based
on those objects, features and according to predefined cutting patterns, with four examples presented
in Figure 4. The portioning is conducted using water-jets and high-speed blades, where the most
common practice is to use two or three water-jets to cut on each side of the pin-bones and other cuts
along the fillet, and the blades to perform desired traverse cuts.

Figure 3 FleXicut with an infeed conveyor and a downstream grading unit



J’Nofima

Figure 4 Examples of how a fish fillet can be divided using the FleXicut machine

The first step in exploring the possibilities within the FleXicut platform in terms of removing nematode
infected portions is to validate the logistics part of the system. The general FleXicut system has been
sold for many years, where the cutting and portioning machine is accompanied by a downstream grader
to route different portions into the corresponding product streams. Those streams can be based on
portion type and/or if there are any undesirable objects or features in the portions. Currently, the reject
mechanism for undesirable objects and features is based on bones and gaping, but in essence it is the
same practice.

In a similar way, regarding the challenge of processing fillets with nematodes, a hyperspectral image
could be used with or without the X-ray system, where the nematodes are detected, portions optimized
and graded accordingly. However, as mentioned above, the system does not at this point offer an
automated way of interacting with any hyperspectral system. Therefore, to explore the logistic
challenges and other unforeseen challenges when processing fillets with nematodes, the concept can
be validated using any available undesirable object/feature detection in the FleXicut. Considering natural
bones and gaping found in untreated fillets, gaping is better suited to represent the variability in the
location of nematodes compared to bones which are usually found at the same location. However, the
optimum method is to use loose bones (Figure 5) which can be placed anywhere on the fillet, with a size
above 0.2mm (detection limit of the X-ray system).

Figure 5 A fillet with coloured bones in the loin section

Figure 6 FleXicut system setup to cut and reject infected portions through gate 3

10
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As a first iteration, the cutting pattern is unaffected by the nematodes, where the infected portions are
redirected in the grading system, see Figure 6, to the correct stream. As discussed earlier, the belly area
has the highest risk of being infected, where after portioning, the portions not infected with nematodes
would go directly to the next processing step. By diverting only the infected portions, the clean portions
would be unaffected by the manual operators, minimizing the risk of decreased yield and increased
manual labour when every fillet requires manual nematode inspection (previous research from the
APRICOT project (Marel) indicated 4 seconds in inspection time per fillet).

5.4 Development of robotic arm with different removal devices as a
nematode-removal solution

This work was inspired by recent robotic applications for the measurement of omega-3 fatty acids in
salmon fillets (Fenelon et al., 2023b, 2023a). Here, a robotics-based solution was proposed for the
removal of nematodes, in which hyperspectral imaging technology, specifically the Maritech Eye™, is
used to detect the nematodes. The coordinates of the detected nematodes are then transferred to and
processed in an imaging module. Subsequently, a six Degree of Freedom (DoF) robotic arm
manipulates a tool, positioning, orienting, and controlling it to interact with the fillet, extract the nematode,
and dispose of it into a collection bin. The sub-tasks to achieve this objective are as follows.

Sub-task 1: Design and develop a tool, specifically a hole-based saw with a motor, that removes a
nematode with minimal damage and loss of useful material. The removal of one nematode should not
alter the coordinates of subsequent nematodes on the cod fillet of interest, and the removal area should
be minimized. A tool with a 12 mm diameter has been proven to achieve the desired outcome. Although
smaller-diameter tools, for example 8 mm, could potentially further reduce the removal area, they were
not commercially available at the time of the study.

Sub-task 2: Transfer and process nematode targets from the Maritech Eye™ to the imaging module,
and then to the robotic system, as each component uses a different coordinate reference. The Maritech
Eye™ detects the nematodes and records their positions in its own coordinate system. These
coordinates are processed in the imaging module. Image registration is then used to map the nematode
target coordinates into the robotic system’s coordinate frame. The algorithm is expected to generate
accurate targets for the robotic arm to manipulate, provided that potential errors in detection, coordinate
transformation, and registration are accounted for.

Sub-task 3: The robotic system utilizes the transformed target coordinates to manipulate the tool to
interact with a moving cod fillet on a conveyor, extract the nematode, and dispose of the unwanted
material into a collection bin using a pneumatic vacuum system. All operations must be performed within
the robot’s reachable workspace, which is ensured through coordinate transformation, path planning,
and software checks to prevent the tool from attempting unreachable positions.

11
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Figure 7 (A) PoC design of the nematode removal tool based on a hole-saw with motor, (B) integration of the tool
on a UR3 robotic manipulator at Nofima-Tromsg, and (C) pneumatic valve and vacuum system used to remove and
dispose of the extracted nematode.

The tool underwent six iterations from its inception. Key factors addressed during development included
solutions for cutting, extraction, clog prevention, successful removal of unwanted flesh to a collection
bin and minimal alteration of the fillet to allow for subsequent removals. Other considerations involved
optimization of the tool's weight (currently ~1.3 kg) and cutting time (~3 seconds per nematode), which
dictate the performance requirements for the robotic arm. A critical function in the removal of unwanted
flesh is the synchronization of a pneumatic vacuum system when the tool interacts with the cod fillet.
The PoC design of the nematode removal tool and its main components are illustrated in Figure 7.

The PoC demonstration was conducted using a UR3 robotic arm with a payload capacity of 3 kg, reach
of 500 mm, weight of 11.2 kg and footprint of 128 mm (Universal Robots, 2026). In addition, the robot is
also required to track a conveyor belt moving at approximately 15 cm/s, emphasizing the need to
optimize the tool's weight and cutting time. An RGB-D camera, together with image registration
techniques, was used to transfer nematode coordinates from the Maritech Eye™ system to the robotic
system. A trajectory planner, integrated with Kalman filtering, then computes the robot’s paths and
commands, enabling the robotic arm, equipped with the nematode removal tool, to synchronize with a
point of interest on a cod fillet and perform cutting and extraction within approximately 4 seconds.

5.5 The economic benefits of implementing new technology

The profitability assessment of implementing technology for the automatic detection and removal of
parasites in commercial operations was conducted as an appraisal rather than a full evaluation. Although
parts of the proposed technology are already in limited use within the industry, the complete solution for
detection followed by removal remains at an experimental stage. A profitability analysis involves
identifying both the initial investment costs and the future cash flows associated with the investment. A
key challenge is often quantifying cash flows when data availability is limited and/or valuation is complex
and subject to considerable uncertainty. In this sense, the analysis serves more as guidance than as a
definitive statement on the economic outcome of the investment.

The costs associated with adopting technology for automatic detection and removal of parasites will
primarily relate to the purchase, installation, operation and maintenance of the required machinery,

12



equipment, and software. Production capacity or volume is also relevant, as it determines the magnitude
of fixed costs per kilogram produced, and the analysis is therefore conducted across several potential
production volumes for comparison.

On the benefit side, technology offers several potential advantages, where the revenue effects may
include both increased income and reduced costs resulting from implementation. The most apparent
benefit is reduced labour costs associated with manual inspection and trimming of parts of the
production volume. Another potential advantage is increased yield due to both reduced and more
precise cutting of fillets. Furthermore, improved precision and higher product quality may influence the
number of customer complaints and, over time, affect market trust and willingness to pay.

In this work, each component on both the cost and benefit side were assessed individually before being
consolidated into the overall analysis. Future expected cash flows were discounted into a net present
value (NPV) for comparison, assuming a standard useful/economic life of investments in machinery of
10 years. NPV valuation is an often-applied method in investment decisions for considering the time
value of money, and it allows for including both quantitative and qualitative factors (Shou, 2022).

13
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6 Findings, discussion, and conclusion

The results from comparing the two methods for nematode removal indicate that each has its own
strengths and weaknesses. The following two sections will present the outcomes associated with each
method. Subsequent sections outline the comparison of both methods, and the economic benefits of
adopting the technology.

6.1 Results of the Water-jet removal of nematodes

The FleXicut system was evaluated at a customer location in Iceland in January 2026. During the test,
fishbones were used to simulate nematodes located in the loin section of 14 fillets. The fillets were
processed with the FleXicut, where the “bone-nematodes” were detected with X-rays, the fillets were
cut according to predefined cutting patterns, and the portions graded accordingly. The system was run
at 42cm/s. Figure 8 shows examples of cutting patterns and how bones of different sizes are detected,
both as individuals and groups. Since every FleXicut system has been optimized for the specific needs
of the customer, it can be challenging to change the settings for an abnormal test like the one presented
here, increasing the risk of fillets and cutting patterns falling out of specifications, resulting in uncut fillets.
That process is to ensure that no fillet is cut outside of the predefined, customer specifications and is
there to safeguard the value of the raw material.

Questions that needed answer:

¢ Indications that the FleXicut system can process infected portions
¢ Evaluate the ratio of portions infected by “nematodes” going the correct/incorrect path
e What effect has a “nematode” when it is on the predefined cutting path?

Out of the 14 fillets tested (Table 1), 11 fillets were within the specifications and cut into portions. The
other three were rejected as whole fillets as they were not within the predefined specifications. To
improve this number, the FleXicut system would need to be optimized for the nematode removal
application, falling out-of-scope for the PoC phase. An optimization would include a thorough
investigation regarding which grading path would be optimum for infected portions. Out of the 11 fillets
that were cut, 10 infected loins were graded correctly, rejected through gate 3 (Figure 6) where one loin
was not rejected through gate 3, an indication that the solution will be capable of performing the
product-cutting operation and subsequently removing segments affected by parasites. Even though one
portion was not graded correctly, an optimization of the system would improve the performance,
ensuring all portions are graded accurately.

Table 1 Results from FleXicut test.

Nr. Fillets Not cut Correct grading
14 3 10/11

When one or more “nematodes” intersected a cutting path, like the examples in Figure 8, a) and d), all
infected portions were rejected to the predefined reject gate number 3 (Figure 6).

The potential of using the FleXicut system to remove nematode infected fillets was investigated. The
nematodes were simulated with bones, as the X-ray system in the FleXicut cannot detect nematodes
but can detect bones with high accuracy. The fillets are processed and portioned according to a
predefined cutting pattern, where the “nematode” infected portions were rejected through a specific
grading gate. The results indicate that the system can quite be capable of meeting the industrial
requirements.
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a) Single bone on 2™ loin and mid  b) Single bone on 2" |oin.
portion.

d) Multiple bones on 1t and 2@ ) Single bone on 1% loin portion. ~ f) Multiple bones on 1% loin
loin portions. section.

Figure 8 Different "nematode” locations and cutting patterns.

Even though the test can be considered a success, there are some improvements and validations for
further developments:

o Adjust the cutting pattern if there are any nematodes in the fillets,

o This is a challenge since each portion can have strict product specifications to meet the end
consumer’s demand, especially when considering the limited time for re-calculation of cutting
patterns during processing.

e Grading gate optimization.

The reliability of the grading system requires further validations under industrial conditions, where each
route should be optimized considering the routes different portions take.

6.2 Outcomes of Robotic Nematode Removal Using the Developed Cutting
Tool

Development of the robotic arm-based nematode removal solution was assessed through a thorough
round of testing (8 days trial; system set-up and several trials/adjustments) performed at Nofima,
Tromsg, at the end of October 2025. The possibility of removing nematodes from cod fillets using a
cutting tool attached to a robotic arm was investigated. For the PoC, the tests focused on the ability to
remove red lentils that were artificially placed on the fillets, rather than actual nematodes, for the purpose
of convenience in testing a large number of samples and possible positions. Red lentils have an average
diameter size of 4 mm, which is similar in size to the industry requirement to remove nematodes larger
than 3 mm. We expect that the test results should generalize well from the case of red lentils to actual
nematodes, though nematodes will be more firmly embedded in the muscle and place a higher demand
on the cutting performance of the removal tool.

The PoC that a robotic arm manipulating a cutting tool can remove a nematode detected by the Maritech
Eye™ in motion on a conveyor belt has been successfully demonstrated as shown in Figure 9. The
design of the nematode removal tool also allows for some adjustment of the spring stiffness when the
tool impacts the fillet, which allows for some level of control in the depth of the cut, in combination with
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the duration of the drilling/cutting operation. When this is performed optimally, there is a good indication
that it might be possible to remove nematodes from all fillet areas (loin, belly, and tail). When cutting
into the loin area, it is important that the muscle is not excessively damaged, but the tool appears to
have a good capability in this regard that could be further developed and refined according to industry
requirements regarding loin quality. In this respect it is also of high importance that the operation of the
tool should not distort the physical outline of the fillet, as this will interrupt the additional processing of
the fillet.

e
o

(c) The lentil to be removed. (d) The lentil was successfully rembved.

Figure 9 The system successfully removed a lentil from the fillet at belt speed of 12 cm/s

On the other hand, while we have observed some promising results demonstrating integration of
lentil/nematode detection by the Maritech Eye™ and automated removal by the robotic arm, the system
still faces considerable challenges in reliability. As shown in Figure 10 during the rounds of testing, a
red lentil was successfully removed in 6 of 44 attempts.

Results from trial 1

Successful
6 No tracking error
» Tracking error < 20 mm
Tracking error > 20 mm
2 Tracking failure

Figure 10 Results of the first round of lentil removal testing
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The majority of failed attempts (21/44) were due to tracking problems, i.e., the robotic arm not being
moved to the correct target location on the fillet. Figure 10 illustrates various error situations encountered
during the testing round, including both tracking errors (Figure 11 a, b, and h) and issues arising from
incorrect removal of the nematode despite accurate tracking (Figure 11 6¢-g).

(a) Offset less than 20 mm. (b) Offset more than 20 mm.

(c) The lentil was pushed aside.

Wi araties!

g

(f) The lentil was attached on the drill.

(g) The drill jammed in the fillet. (h) The robotic arm failed tracking.

Figure 11 Examples of error situations observed during testing

The system parameters were then adjusted in an attempt to improve reliability. The tracking error was
reduced in the following round as shown in Figure 12, where the tracking errors in the 30 tests were all
reduced to below 20 mm.

17



Figure 12 Histogram of tracking errors of the robotic arm in the second round of testing

However, overall performance has not improved significantly due to limited time. It is also worth noting
that these tests were performed at a conveyor belt speed of ~12 cm/s, which is considerably slower than
typical industrial conveyor belt speeds of ~40 cm/s. This underscores the scope of the remaining
challenge in improving the reliability of the robot arm automated nematode removal system.

Most efforts during the trials focused on removing a single nematode and improving the reliability of this
process. Due to the challenges associated with single-nematode removal, removing two or more
nematodes was not experimentally tested. The primary limitation is the UR3 robot arm’s workspace.
Removing a single nematode with the UR3 takes approximately 3-4 seconds; for a fillet moving at 12
cm/s, the robot arm must operate near the edges of its workspace (approximately 35-40 cm). While
removal of multiple nematodes is challenging for the URS3, this limitation can be addressed using a
robotic arm with a larger workspace, such as the UR10, with the caveat that a larger footprint on the
conveyor belt must also be reserved for the nematode removal. An even faster robot (e.g., a delta robot)
could also be used; however, it would need to be mounted appropriately above the conveyor belt (ABB
Robotics, 2026). Nevertheless, the concept of tracking and interacting with two nematodes using a UR3
was demonstrated at NMBU using images of a cod fillet printed on paper and a reduced conveyor
velocity of approximately 7 cm/s.

6.3 Summary Comparison of the Two Approaches

The two technological approaches investigated in this project address different aspects of the nematode
removal challenge and therefore have the potential to complement one another in future industrial
workflows. Each system brings strengths that match operational needs, and each still has limitations
that restrict its use in a full-scale production environment today. By considering both solutions in relation
to their current maturity, performance, and integration requirements, it becomes clearer how they might
evolve for automated nematode handling in whitefish processing.

The robotic system, which combines hyperspectral detection from the Maritech Eye™ with a robotic arm
and a cutting—extraction tool, has demonstrated that automatic removal of individual nematodes is
technically possible. In the PoC trials, lentils used as nematode proxies could be successfully removed
from moving fillets, confirming that the concept works in principle. At the same time, the overall reliability
remained low, with only 6 successful removals out of 44 attempts during the first test round, mainly due
to tracking and alignment errors between the detection stage and the robot’s interaction with the fillet.
Although adjustments improved the distribution of tracking errors, this did not translate into a substantial
increase in successful removals, and all tests were conducted at conveyor speeds far below the
industrial requirement of at least 40 cm/s. The approach also creates a small hole in the fillet, and
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inaccuracies in tracking occasionally resulted in off target cuts. These factors indicate that the robotic
solution is still at an early development stage, requiring substantial improvements in spatial accuracy,
calibration procedures, tool behaviour, and reliable highspeed tracking before industrial implementation
can be considered.

The water-jet solution based on the FleXicut platform represents a mature and production ready
technology. In tests conducted at industrial line speed (approximately 42 cm/s), the system successfully
routed 10 of 11 infected loin portions when simulated nematodes were introduced as loose bones (since
these were detectable with the integrated X-ray imaging system). Although three of fourteen fillets were
not cut due to customer specific pattern constraints, the test confirmed that the logistics of routing
infected portions is reliable and fits naturally within existing operations. The system does not remove
individual nematodes but instead redirects entire infected portions for alternative handling. This
inevitably reduces the value of the affected portion but preserves the integrity of the remaining fillet and
aligns well with current industrial throughput requirements. The key remaining development task is to
integrate positional information from the Maritech Eye™, given that the FleXicut's X-ray system cannot
detect nematodes directly. This step of integration should be achievable through focused engineering
work on data transfer and real-time decision logic.

Considering current performance and readiness levels, the FleXicut based method is the more suitable
short-term option for industrial use, as it already meets throughput requirements and demonstrates
consistent routing behaviour under realistic conditions. The robotic method offers a promising long-term
alternative for targeted, value preserving removal, particularly for fillets containing only one or a small
number of nematodes, but only once accuracy, tracking stability, and high-speed operation have been
significantly improved. The two technologies therefore represent complementary approaches: the
FleXicut system naturally aligns with cases involving multiple nematodes or portions where downgrading
is acceptable, while the robotic system is conceptually better suited for precision removal of individual
nematodes. A future production line combining both approaches could deliver the most efficient and
value-optimized outcome, provided that the economics of such an integrated system support the
investment.

6.4 The economic benefits of implementing new technology for nematode
removal in cod fillets

This project has carried out a profitability assessment of implementing technology for automatic
detection and removal of parasites in commercial operations. The analysis was conducted across
multiple scenarios, accounting for different assumptions regarding production volume, the extent of
existing equipment, and the degree to which potential gains in the production process and market can
be realized. The analysis covered three potential production volumes of either 1500, 2500, or 3500 tons
per year, and three levels of payoff (“high”, “middle”, “low”) in terms of savings on labour, yield
improvement and reduced number of complaints. Two levels of investment were included, ether “full” or
“partial”, giving a total of 3 x 3 x 2 = 18 analysed scenarios. In the NPV calculation we assumed a
discount rate of 5 %, were testing showed that conservative adjustments of the rate had limited impact
on the results (and even less on the conclusions).

For labour cost savings, data on costs pr kilo in fillet production were combined with production data on
the prevalence of nematodes and other quality reducing factors in fillets. This gave us an estimate of
savings pr kilo when adjusting for fillets without problems or with only nematodes. Assuming a
production volume of 2500 tons, we estimated an expected reduction in labour costs of magnitude 5 —
8 %, equalling a NPV of 10-19 million NOK over a 10-year period.

For fillet yield improvements, we estimated gross margins pr kilo from present raw material prices and
market prices, as well as observed average yields from industry-provided data. From this base, we
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measured the effect of a range of potential yield improvements. Assuming a production volume of 2500
tons and fixed prices, we found a potential gross margin improvement of 10 — 29 %, or 0.6-1.8
percentage points within the tested scenarios.

For reduced customer complaints, we compared collected data on complaint costs pr kilo to empirical
data on expected improvement in nematode detection rates when shifting from manual to automatic
detection (Syed et al., 2024). Again, for an assumed production volume of 2500 tons, we estimate
accumulated savings over a 10-year period to fall in the range of 0.4 — 1.2 million NOK.

The results of the scenario analysis are summarized in Table 2. We find that most scenarios give a
positive net present value of the investment, with a NPV of 79.8 million in the best-case scenario (with
production of 3500 tons and limited investment needs) and a NPV of 4.5 million in the worst-case (with
production of 1500 tons, low benefit payoff and full investment needed).

Table 2 Summarized results of the NPV-analysis.

Yearly production volume (tons)

Investment 2500
Full Low -4,5 4,6 13,7
Middle 7,2 241 40,9
High 18,7 43,2 67,8
Partial Low 7,6 16,7 25,8
Middle 19,2 36,1 52,9
High 30,7 55,3 79,8

Overall, the findings indicate that the proposed technology for automatic parasite removal is likely to be
a profitable long-term investment under most scenarios, although the outcome is to some extent
contingent on achieving a sufficient scale of production. Economies of scale also becomes more
important in case of lower realization of the technology’s potential benefits.

The most influential single factor in the analysis is the effect on fillet yield, where even modest assumed
improvements in raw-material utilization can generate substantial increases in revenue over time. The
second most important factor is the reduction in labour costs when a large share of the raw material no
longer requires manual handling. However, the relative importance of these factors varies depending
on the scenario under consideration.
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7 Key findings and concluding remarks

The key findings of this project can be broadly summarised in the following points:

¢ Interms of performance, the water-jet solution is currently the closest to being suitable for industrial
application in nematode removal. However, it has certain limitations, such as the inability to remove
individual nematodes. Furthermore, additional work is required to ensure seamless integration with
the Maritech Eye™ system.

e The nematode removal tool based on a hole-saw with motor developed for mounting on the robotic
arm has proven to function satisfactorily.

¢ Nematode removal using a robotic solution is currently remote from industrial implementation. The
main challenges are related to tracking accuracy, conveyor belt speed and the space requirements
when fitting to existing production lines.

7.1 Concluding remarks

The water-jet solution applied in this project is capable of removing fillet sections containing nematodes
at industrial line speeds, and it reliably removes the targeted areas. However, it cannot remove individual
nematodes, and integration with the Maritech Eye™ system — necessary for full functionality — remains
unresolved.

In contrast, the robotic solution is far from meeting industrial requirements. Its main limitation is
insufficient operating speed: tests were only conducted at conveyor speeds up to 12.5 cm/s, well below
the industry minimum of 40 cm/s. Achieving the required speed would demand a larger or faster robot
and more advanced image-based tracking, and multiple robots may be needed for complex cases.

Both approaches require further development before industrial deployment. The robotic system needs
improvements in speed, accuracy, precision, and hygienic design. For the water-jet system, the key
challenges are individual-level removal and integration with the Maritech Eye™. Individual nematode
removal may be deprioritized if the industry considers section-level removal sufficient for downstream
trimming or alternative processing.

Although the testing was not conducted in an industrial setting, the conditions were realistic and provided
a sound basis for drawing conclusions. In addition, the results of the economic analysis indicate that
automatic nematode removal technology could represent a profitable long-term investment in many of
the scenarios considered. Based on the results achieved, it can be concluded that automated nematode
removal has the potential to become a viable solution. However, further effort is required to fully realize
this objective.

7.2 Sustainability

This project supports the ongoing development of scalable, automated quality control systems that have
the potential to reduce dependence on manual labour and increase product yield in filleting operations,
thereby lowering operational costs and enhancing resource efficiency. Progress has been made toward
more efficient trimming of cod fillets, which can contribute to optimizing raw material utilization,
conserving energy and labour in production, and reducing food waste.
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8 Deliverables

February 15, 2024
July 18t, 2024
October 7%, 2024
December 22M, 2024
January 2", 2025

February 1%, 2025
August 1%, 2025
November 19, 2025
December 18%, 2025

December 23, 2025

February 2", 2026
February 20", 2026
February 25", 2026
March 5™, 2026

March 20t, 2026
October 20, 2026

Kick-off meeting

System criteria from an industrial point of view
Minutes — Reference group meeting

Popular science article published on Nofima’s website

Forskere og teknologibedrifter jobber sammen for a fjerne kveis fra
hvitfisk, Forskere og teknologibedrifter jobber sammen for a fierne kveis
fra hvitfisk | Fiskeribladet

Minutes — Reference group meeting

Minutes — Meeting with the reference group and project partners
Proof of Concept test for the robotic solution

Memo — Economic Analysis of the Industry Impact of Implementing
Developed Solutions for Automated Nematode Removal

A report detailing the prevalence of nematodes, their spatial distribution
in the fillet, and the relationship between nematode presence and
additional quality defects, including blood residues and the black
peritoneal membrane

Proof of Concept test for the water-jet solution
A video illustrating the potential functionality of the proposed solutions
Summary report on the evaluation and comparison of the two approaches

Minutes from the final meeting with the project and reference groups,
including a review of the draft final report

Administrative and Scientific Final Report

Scientific contribution published in a respected academic journal or
presentation at a leading conference
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https://www.fiskeribladet.no/debatt/forskere-og-teknologibedrifter-jobber-sammen-for-a-fjerne-kveis-fra-hvitfisk/2-1-1759559
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