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Abstract

This report outlines the identification and assessment of advanced sensor systems—specifically LIBS,
HSI, and 3D imaging—for integration into a modular scrap analysis system. Based on LSA GmbH pre-
project expertise and laboratory trials, the selected technologies demonstrate clear potential for real-time
multi-modal scrap characterisation. Additionally, the mechanical structure, data architecture, and CAD
design of the sensor unit are described to ensure a solid foundation for future integration.

1 Introduction

The MEDALS project aims to significantly improve the identification and separation of valuable and
undesired elements in metal scrap to increase recycling efficiency. A core aspect of this effort is the
integration of advanced sensor technologies for precise, real-time characterisation of mixed metal waste
streams. This deliverable outlines the initial findings related to the selection and testing of suitable
sensors for this purpose, with a focus on LIBS, HSI and 3D object recognition.

2 Methodology

To identify suitable sensor systems, LSA followed a multi-phase methodology:

e Conducting a technology landscape review for relevant spectroscopic and imaging systems

e Evaluating sensors in controlled lab environments for scrap-specific challenges

e Building a testbed for combined sensor evaluation, including 3D localisation and mechanical
alignment

e Defining selection criteria based on technical and operational feasibility in scrap yard
environments

Throughout the process, the focus was on modularity, robustness, and data interoperability.
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2.1 Evaluated Sensor Technologies

Three core sensor types were evaluated:
1. LIBS (Laser-Induced Breakdown Spectroscopy):

Provides rapid and contactless elemental analysis. Suitable for detecting tramp elements like
Cu, Cr, Ni, Mn and Sn directly on scrap surfaces.

2. HSI (Hyperspectral Imaging):

Allows spectral imaging across broad wavelength ranges. Enables classification of coatings,
paints, and organics that cannot be resolved with LIBS.

3. 3D Object Detection:

Used for geometric profiling of scrap pieces, enabling sorting logic based on shape, volume and
surface characteristics. It also supports the precise positioning of analysis points for LIBS and
HSIL

The combination of these three sensors provides both chemical and physical insights crucial for
advanced scrap sorting.
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3 Potential measuring points

3.1 Truck portal

To minimise installation costs and ensure seamless integration, the proposed LIBS system can be
mounted directly atop the existing radioactivity control unit. This approach leverages existing
infrastructure and requires minimal additional resources. Furthermore, the structural integrity
of the current setup has been assessed and deemed sufficiently robust to withstand potential
impacts from heavy-duty transport vehicles, including trucks operating on-site.

However, a significant logistical constraint arises from the internal transport of materials arriving by
vessel. These materials are transferred to the shredder via Terberg trucks, bypassing the standard
weighing unit due to capacity limitations. The integration of an additional stop at the weighing
station is not feasible, as it would impose unacceptable delays within the current material flow.

To address this challenge, an effective solution involves the installation of a

supplementary measurement portal positioned immediately upstream of the inspection area. This
portal would allow for LIBS-based material characterisation without interfering with established
throughput processes. Depending on the origin of the material, the portal would be placed in the
appropriate position along the logistics chain:

e For truck-delivered material: Weighing — Inspection area

e For vessel-delivered material: Pier — Inspection area
This bifurcated approach ensures high-throughput analysis while maintaining compatibility with both
delivery routes, enabling real-time, in-line elemental analysis without compromising logistical
efficiency.
For improved clarity and illustration, Figure 1 shows the current physical installation of the portal
structure, while Figure 2 presents a corresponding CAD rendering of the proposed LIBS integration.

o S

Figure 1: Truck portal. Figure 2: Truck portal CAD.
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3.2 Inspection Area

In addition to chemical characterisation via LIBS an advanced inspection system in this area
should also provide support to operational staff by assisting in the qualitative assessment of
incoming materials. This includes evaluating factors such as contamination, moisture,
residuals, and other physical impurities. A system capable of delivering automated or semi-
automated quality proposals would significantly enhance the decision-making process during
material acceptance and sorting.

Due to fluctuating conditions in the scrap market, the volume and composition of incoming materials
vary on a daily basis. As a result, trucks do not always unload at fixed positions, and the inspection
system must therefore be designed with a high degree of flexibility or mobility to accommodate
dynamic unloading patterns.

On average, between 800 and 1,000 tonnes of material arrive at the site each day. The early morning
hours are particularly critical, with multiple trucks awaiting unloading. In such a time-sensitive
environment, rapid and reliable material identification is essential to avoid bottlenecks and delays in
downstream processing.

Currently, handheld XRF analysers are employed by operators to validate the composition of alloyed
and non-ferrous scrap. However, the data collected is not stored or integrated into higher-level quality
control or process optimisation systems. Expanding this approach into a digital, connected solution
could represent a promising pathway.

Alternatively, a fixed sensor infrastructure overseeing the entire inspection area — irrespective of the
exact unloading point — could be implemented. Such a concept is explored within the SMART-
Recycling-UP initiative (smartrecycling-projekt.de), which envisions intelligent and decentralised
sensor networks for the automated monitoring and classification of scrap material streams.

Figure 3 shows the current unloading area, including the use of a handheld XRF spectrometer for on-
site inspection.

Figure 4 visualises identified scrap fractions using bounding boxes as part of a smart image-based
evaluation approach.

Figure 3: Inspection Area. Figure 4: Smart recycling approach.
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3.3 Excavating Area

The integration of camera systems on excavators is a well-established practice in industrial
environments and presents a viable option for enhancing scrap handling operations. As demonstrated
by ZEMBROD, the application of Al-assisted camera technology on material handling machines
enables the automation of object recognition and targeted transport from location A to B.

A similar system could be adapted to support excavator operators by providing real-time analytical
feedback based on onboard sensors or connected LIBS/XRF units. This would allow the operator to
visually assess material types and compositions while receiving augmented information regarding
alloy type, contamination levels, or other relevant quality indicators.

Most machines in operation are company-owned, making structural or sensor-specific modifications
feasible. Only a limited number of excavators are leased and would therefore require individual
agreements for hardware adjustments.

Power supply for the sensors and processing units can be reliably provided by the excavator itself,
eliminating the need for additional infrastructure.

Figure 5 shows the designated excavator area at the inspection site, where material is regularly
handled and transferred.

Figure 6 provides a close-up view of the excavator arm during an active gripping operation,
illustrating a potential position for sensor or camera installation.

& ¥ A L Y

Figure 5:Excavating Area. Figure 6: Excavator arm during gripping operation.
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3.4 Intermediate pivoting conveyor

Compared to the unloading area, the material on the conveyor belt is generally more homogeneous in
terms of size and shape and is distributed more evenly across the belt surface. These conditions provide
a favourable environment for sensor-based characterisation using systems mounted above the
conveyor.

A sensor portal positioned above the conveyor belt can be implemented with relatively low technical
effort. This setup allows continuous, in-line material analysis during transport and opens the
possibility of integrating real-time quality assessment into the production flow.

By incorporating a pivoting conveyor mechanism, it becomes feasible to divert material based on
measured quality data. This would allow the system to react dynamically to variations in material
composition, enabling basic sorting functions. However, a significant challenge remains: the rejection
or diversion of material must occur batchwise. Without dedicated post-processing or additional fine-
sorting stages, the utility of such a system remains limited in terms of overall sorting precision and
material recovery efficiency.

Figure 7 shows a top-down view of the pivoting conveyor installed after the inspection section.
Figure 8 presents a CAD rendering of the pivoting mechanism used for material redirection based on
sensor feedback.

Figure 7: Intermediate pivoting conveyor. Figure 8: Intermediate pivoting conveyor CAD.

Funded by the
European Union




Doc: 20250527 MEDALS D31 moer

Date: 28 May 2025

@%M EDALS Page: 10 of 22
% Deliverable: D3.1
Dissem.Level: PU

3.5 Infeed conveyor

A sensor setup similar to that described for the pivoting conveyor (see previous section) could also be
implemented at the infeed conveyor to the shredder. However, in contrast to the pivoting system, no
direct material intervention is possible at this stage. Instead, the system would act purely as a
monitoring unit, delivering real-time data to inform downstream processing.

The collected material information could be relayed to the shredder operator, enabling process
optimisation through machine setting adjustments based on material type. Examples include:
Automotive scrap, e-scrap, or electric motors — typically rich in composite materials — would benefit
from a finer shredding configuration, facilitating the liberation of ferrous and copper components.
Construction and demolition scrap, generally lower in composites, could be processed with coarser
shredding settings to increase overall throughput and energy efficiency.

This approach offers a practical way to incorporate sensor intelligence into operational decision-
making, enhancing both process adaptability and material recovery rates.

Figure 9 shows the infeed conveyor to the shredder, the proposed position for sensor installation to
enable pre-processing material analysis.
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3.6 Potential additional sorting after shredding

Manual sorting (handpicking) remains a widely used practice in scrap processing, yet its effectiveness
is highly dependent on the experience and skill of the personnel involved. Especially under high
throughput conditions and with small or fast-moving material fractions, manual identification and
separation become increasingly difficult and error prone. These constraints underline the need for
automated sorting technologies as a more reliable and scalable solution.

Human operators are primarily limited to visual characteristics when identifying and picking
materials. As a result, manual sorting is typically restricted to easily recognisable items such as
meatballs, cables, non-metallics, and other visually distinct components. However, the separation of
different alloy types or chemically similar metals cannot be achieved visually and requires advanced
sensor-based techniques.

After undergoing shredding, sifting, and magnetic separation, the material is ideally conditioned for
high-precision sensor-based sorting. At this stage, the particle size and distribution are well-suited for
technologies such as LIBS, XRF (X-ray Fluorescence), or NIR (Near-Infrared) systems, which
enable alloy-specific classification at industrial speeds.

It should be noted that retrofitting such sensor-based sorting systems to existing machinery is generally
not feasible, due to structural, spatial, and integration constraints. Therefore, new machine designs
must account for the inclusion of sensor units from the outset.

Figure 10 shows the final sorting conveyor (with handpicking station), which represents the last stage
before sensor-based or manual downstream separation and is a potential interface for future
automation.

Figure 10:Handpicking area.
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3.7 Final pivoting conveyor

Contrary to previous assumptions, it is indeed possible to integrate sensor systems into existing
machinery. A practical example is the use of a conveyor equipped with an overhead camera system.
This configuration enables the operator to assess the material composition and initiate corrective
actions via a pivoting conveyor, if needed.

Such a system represents a semi-automated approach: the sensor provides data or visual feedback,
while the decision-making and intervention remain operator driven. This hybrid method improves
process transparency and responsiveness without requiring fully autonomous systems.

However, for fully automated sensor-controlled sorting interventions, significant technical demands
must be met. The conveyor system must operate with high precision and speed, as the material
throughput is substantial. In this application, the belt runs at approximately 1 m/s, processing up to
120 tonnes of material per hour. To ensure effective sorting under these conditions, the timing and
coordination between sensor detection and mechanical actuation must be highly synchronised.
Figure 11 shows the final pivoting conveyor, equipped with a camera system, representing a viable
interface for both manual and sensor-supported material separation.

Figure 11: Final pivoting conveyor.
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3.8 Summary of Selected Measurement Locations

After a thorough evaluation of all considered sensor deployment locations within the Theo Steil
recycling operations, two measuring points have been identified as particularly suitable for
implementation within the MEDALS framework: the Inspection Area and the Handpicking Area.
These two locations offer the greatest potential for enhancing the overall recycling process, both in
terms of material characterisation and real-time sorting optimisation.

1. Inspection Area

The Inspection Area serves as the initial interface for incoming materials and plays a critical role
in material acceptance, classification, and quality assessment. Due to its central positioning within
the logistics chain—regardless of whether material arrives via truck or vessel—it offers a high-
traffic, high-visibility opportunity for early-stage material characterisation.

The deployment of advanced sensor technology in this area enables:

e Real-time assessment of contamination, coatings, and alloy composition.

e  Support for operational staff through semi-automated decision aids.

e Integration of digitised quality data into upstream sorting logic and downstream process
control.

e Continuous digital data acquisition for process documentation and quality reporting.

Given the highly variable nature of the incoming material and the current manual inspection
protocols (e.g. handheld XRF), upgrading this station with fixed or mobile multi-sensor systems would
provide a significant leap in both process transparency and data availability, ultimately improving
process efficiency and material value retention from the outset.

2. Handpicking Area

The Handpicking Area constitutes the final human interface prior to downstream mechanical or
sensor-based sorting. While currently dependent on the experience of staff, this station faces
inherent limitations under high throughput conditions—especially when visually distinguishing
between chemically similar scrap types.

Installing advanced sensors at this stage would provide:

o Immediate feedback on material composition (e.g. alloy types, contamination).
e A digital quality layer to support or verify manual sorting efforts.
e A transitional step towards future full automation in downstream processing.

As shredded and magnetically pre-separated material reaches this point, it is ideally conditioned for
sensor-based classification. Integrating LIBS and/or HSI here supports informed decision-making and
allows the gradual replacement or supplementation of manual processes without immediate overhaul
of existing infrastructure.

Regarding lab trials with representative material samples this sensor position is very welcome. Theo
Steil will prepare three different samples including composites, impurities and alloys after shredding
and pre-separation:
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e E40 shredded scrap enriched with meatballs (CuFe composites) & other impurities
e E40 shredded scrap enriched with high alloy material (e.g. chrome)
e E40 shredded scrap (standard mixture)

3.9 Conclusion

The combination of the Inspection Area and the Handpicking Area delivers a powerful strategic
advantage for the Theo Steil recycling process. While the former facilitates informed decision-making
at the point of material intake, the latter ensures quality verification and sorting accuracy immediately
before material enters its final separation phase. Deploying sensors at both locations maximises
operational insight, improves sorting reliability, and enhances overall material recovery—making
them the most valuable points for sensor integration in the current system architecture.
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4 Sensor Fusion Tests

Sensor fusion was tested in a lab setup developed by LSA, where LIBS and HSI were co-aligned on a
rail-based scanning platform. Each sample was scanned by both systems sequentially, and the resulting
datasets were merged using timestamp synchronization. The CAD design for the optical module for the
sensor fusion can be seen in the following Figure 12.

Figure 12: Optical module for sensor fiision test.

Fusion Benefits:

¢ Enhanced material classification confidence through complementary data
o Differentiation between metal types with identical geometries but different surface treatments
e Reduction of false positives in sorting decisions

The above obtained results validate the fusion approach and provide a basis for model training within WP4.
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5 Mechanical Setup and System Design
5.1 Structural Design

The system is built upon a modular aluminium frame (40x40mm profile system) allowing flexible sensor
positioning and scalability for future extensions. Mounting rails and adjustable fixtures enable precise
alignment of optical components and sensors.

5.2 CAD Development

All mechanical and optical subsystems were modelled using Autodesk Inventor, including:

e Mechanical adaption for LIBS and HSI

e Optical fibre routing channels

e Dust protection and ventilation modules

e Integration interfaces for robot guidance and conveyor tracking

A complete 3D model was generated to visualise space constraints, sensor fields of view, and integration
points with existing sorting lines, which can be seen in Figure 13

Figure 13: Test setup layout in CAD.

5.3 Housing and Environmental Considerations

To ensure protection under harsh industrial conditions (dust, vibration), key components are enclosed
in [P54-rated protective casings with optional cooling and overpressure ventilation. The system design
accommodates future integration of additional sensing modalities.
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5.4 Test Setup

Based on the 3D design and all previous considerations a real setup has been established at the LSA

facilities.
The following figures show the real setup on site.

Figure 15: Real test setup, back view from conveyor.
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Figure 17: Real setup, front view from conveyor.
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6 Data Handling and System Architecture
6.1 Data Acquisition Flow

Each sensor module (LIBS, HSI, 3D) has a dedicated acquisition unit connected to a central processing
server via Gigabit Ethernet. Data streams are time-synchronised using a shared NTP-based clock and
stored in a structured format (HDF5 + CSV metadata).

6.2 Pre-processing Pipeline
Raw data from each sensor is subjected to:

- Spectral noise filtering (LIBS)
- Background correction (HSI)

- Geometric transformation and segmentation (3D camera)

6.3 Integration and Fusion Strategy

All pre-processed sensor data is merged via a middleware layer (ROS2-based) to enable event-based
triggering and contextual feature association. The resulting fused dataset serves as input for AI models
developed in WP4.

6.4 Interface to potential Sorting System

The system provides real-time decision signals (via Profinet/OPC-UA) for downstream robotic actuators
or diverter mechanisms. Communication protocols ensure robust handshake and cycle feedback
for closed-loop control, see Figure 18.

User Input

Air ejection
Classificator

Robots

Class sequence: 3; 8, 1
-— Certainty: 0,98; 0,95; 0,9

Figure 18: Integration in sorting system.
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Evaluation Criteria and Selection Rationale

Elemental sensitivity (e.g. ppm-level detection for Cu, Sn)
Spatial resolution and speed

Robustness under industrial conditions

Data output format and compatibility with fusion layers
Scalability and integration potential with sorting hardware

LIBS was selected as the primary element-specific sensor. HSI adds value through surface-level

differentiation. 3D vision complements these by providing contextual spatial awareness.
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8 Conclusions

Based on extensive laboratory testing, system integration trials, and in-depth analysis of potential
measuring points within the recycling operations at Theo Steil, the combination of Laser-Induced
Breakdown Spectroscopy (LIBS) and 3D object recognition has emerged as the most promising sensor
configuration for real-time, high-impact material analysis.

LIBS provides rapid, element-specific data essential for identifying critical alloy constituents and
undesired tramp elements such as Cu, Sn, or Ni, which directly influence downstream process efficiency
and material quality. This spectroscopic method enables precise differentiation between visually similar
scrap components, particularly in complex mixed-metal environments.

When combined with 3D object recognition, the LIBS system gains spatial awareness, allowing for
targeted analysis of individual scrap pieces. The 3D system enables:

e Accurate localisation of objects on moving conveyors or in bulk material.
e Geometric profiling to identify and prioritise analysis targets.
e Integration with sorting logic based on both shape and composition.

This fusion of chemical and geometric data significantly enhances sorting precision, improves yield,
and reduces reliance on manual inspection or empirical decision-making.

While Hyperspectral Imaging (HSI) has demonstrated additional value—particularly in the
classification of coatings, paints, and organic contaminants—its integration into the current sensor suite
has been deferred. The primary reasons are:

e High initial investment in both hardware and processing infrastructure.
e Increased system complexity and alignment requirements.
e Extended calibration and testing timeframes.

Nevertheless, HSI remains an important technological reserve for future enhancement, offering
complementary surface-level insight that could further improve classification depth and sorting
efficiency when budgetary and temporal conditions allow.

In conclusion, the LIBS + 3D sensor fusion setup offers the most robust and scalable solution for
immediate deployment within the MEDALS project scope. It addresses key industrial needs with high
technical maturity and offers clear potential for integration into real-world scrap processing
environments.
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9 Outlook

Looking ahead, the next phase of the MEDALS project will focus on the implementation and validation
of a fully integrated LIBS + 3D object recognition prototype, based on the findings of this deliverable.
The sensor system will be mounted and tested in a controlled industrial environment that mirrors the
operational dynamics at Theo Steil’s facility.

Key development milestones include:

o Finalisation of the sensor mounting frame and environmental enclosures.
e Real-time data synchronisation and event-triggered acquisition pipelines.
e Testing of sorting logic based on fused LIBS-3D data streams.

Following successful prototype validation, the system will be transitioned to an on-site pilot deployment.
This will allow the project consortium to gather performance data under realistic throughput conditions
and evaluate the impact on material flow, sorting accuracy, and processing efficiency.

Parallel to this, preparatory work will begin for the future incorporation of HSI, including:

e Selection and evaluation of suitable hyperspectral cameras and optics.

e Integration planning for additional processing units and calibration routines.

o Identification of use cases where surface analysis offers measurable benefit (e.g. coated scrap,
painted alloys, or organics).

Through this staged approach, the project ensures a technically grounded yet cost- and time-efficient
roadmap. The prioritisation of LIBS and 3D vision ensures rapid ROI and industrial relevance, while
maintaining flexibility for future sensor enhancement.

Ultimately, this strategy positions the MEDALS sensor platform as a modular and future-proof solution
for intelligent scrap analysis—capable of adapting to evolving industrial needs and supporting the
broader goals of material recovery, quality assurance, and sustainable process optimisation.
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