CLOSED-LOOP SYSTEM DESCRIPTION

Detailed Process Description for an Industry 5.0 Circular Economy Flowchart

Executive Summary

The linear “take-make-dispose” model of traditional manufacturing inherently drives material
and economic waste, treating finite resources and energy as expendable assets. This
inefficiency is fundamentally incompatible with Industry 5.0; In an era defined by resource
scarcity, industrial lines can no longer afford to discard functional components; industries
should transcend purely human-centric goals and embed sustainability and resilience into
their core architecture to retain material value indefinitely.

Consequently, this report presents the technical architecture to transition an automated
assembly and disassembly system into an operational Industry 5.0 Circular Economy
closed-loop system. By integrating automated hybrid assembly with quality validation and
dynamic inventory matching. The proposed system instantiates a closed-loop cyber-physical
framework. The objective of this document is to present the operational sequence that enables
the real-time tracking, processing, and seamless reintegration of recovered components
(housings, sensors, and actuators) into primary production lines, thereby maximizing resource

efficiency and enhancing manufacturing resilience.
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Step 1: Return & Automated Ingestion
The closed-loop process begins at the Return block. Used products are received and ingested
into the technical facility. Upon reception, their initial status is logged into the manufacturing

network.
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Step 2: Non-Destructive Robotic Disassembly

The product moves directly into the Disassembly block. Rather than utilizing destructive
shredding, the line deploys an automated system configured for non-destructive component
separation. The system safely separates the product into its core building blocks: housings,

sensors, and actuators.
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Step 3: Sensor-Driven Component Testing
Once isolated, every part enters the Component testing station. This block executes physical
and electronic diagnostic routines to evaluate the real-time functionality and physical state of

each component.
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+

Step 4: Decision Engine (Health Score Assessment)

The data collected during testing is sent to the Decision (based on the health score of the
component). The system evaluates the component's state to determine its structural and
operational integrity. Based on this assessment, parts are automatically filtered into one of

three parallel lifecycle pathways: Reuse, Refurbish, or Recycle.
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"The system calculates a composite numerical score (Hl_) for each part, balancing its

measured performance against its accumulated operating cycles and historical age. Based on



strict threshold boundaries where o > [3, the engine automatically segregates components into

three distinct operational pathways:

Reuse Pathway (Hl, > a): Consists of high-quality parts requiring little to no
processing.
Refurbish Pathway (B < H S a): Designated for functional parts exhibiting minor

wear or calibration drift.

Recycle Pathway (Hl, < B): Reserved for parts with profound fatigue or structural

damage.

In this framework, a and [3 act as system configuration parameters that establish the

operational boundaries for quality sorting. Specifically, a represents the high-quality reuse

threshold, above which components require no intervention, while 3 denotes the critical

degradation threshold, below which parts are no longer economically or structurally viable

for recovery.

To illustrate this algorithmic classification, consider a scenario where these boundaries are

calibrated at o= 85 and 3 = 50 on a 100-point scale:

Sensor A (H = 90): Since 90 > 85, the score exceeds the high-quality threshold. The

component satisfies the Reuse Pathway criteria, indicating an optimal condition with
negligible wear.

Actuator B (Hl,= 70): Since (50 < 70 < 85): the score falls between both

thresholds. The component is routed to the Refurbish Pathway, meaning it remains
functional but requires minor servicing, such as cleaning or recalibration.

Housing C (Hl_= 35): Since (35 < 50): The score drops below the critical

degradation limit. The component is automatically sent to the Recycle Pathway due to

profound fatigue, necessitating raw material reclamation.



Circular Lifecycle Pathway Analysis

Pathway A: The Direct Reuse Stream
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Reuse (Zero-low additional processing): This pathway is exclusive for premium components

that require minimal to no functional alterations.

1.

Assign Quality Status & Certification Tag: The part is officially certified and issued a
quality tracking tag, verifying its readiness for production.

Store in Reuse Inventory: The certified component is placed into a designated reuse
buffer storage cell.

Match with New Product Requirements: When a new customer order enters the
production schedule, the system pairs the requirements with the available inventory.
Send to Assembly Line & Integrate into New Product: The system retrieves the
reused part, sends it down the assembly line, and integrates it into the new product
architecture.

Update Component Lifecycle Data: Before exiting the loop, the system writes the new
production event and lifecycle metrics back to the central database, permanently

maintaining the component's history.



Pathway B: The Refurbishment Stream
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Refurbish: This pathway captures components that exhibit minor performance drift or surface

wear but retain core functional utility.

1. Send to Refurbishment Station: The physical or logical routing of the designated asset
from the primary sorting line to the dedicated reprocessing cell.

2. Disassemble: The execution of selective, non-destructive disassembly to access
internal sub-assemblies without compromising structural integrity.

3. Repair/Replace sub-parts: The targeted extraction of worn, damaged, or consumable
internal elements and the subsequent installation of certified replacements.

4. Cleaning/Calibration/Software Reset: A multi-tiered restoration phase comprising
industrial decontamination, mechanical or sensor recalibration, and a
microcode/software reset to clear historical operational logs.

5. Re-Test Component: A rigorous diagnostic gateway where the fully reassembled asset
undergoes quality validation testing to verify it conforms to original factory

specifications.
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- If YES: It moves to Certify as Reusable, receives its quality certification tag, and
enters the inventory buffer for production matching.

- If NO: If the component cannot be restored to standard tolerances, the system triggers
the Send to Recycling safeguard link, automatically ejecting the part into the

recycling stream to protect final product quality.

Pathway C: The Material Recycling Stream

Recycle: This pathway is reserved for components that fail initial diagnostics or fail to pass
the secondary refurbishment quality gate.
1. Classify as Non-recoverable component: The system executes a database update to

permanently flag the asset as unfit for structural re-assembly or electrical integration.



2. Material Identification (metal, plastic, electronics): Integrated sensors scan the
decommissioned part to categorize its base materials into specific streams (metals,
plastics, or electronics).

3. Material Separation Process: The component undergoes a mechanical disassembly or
shredding phase to cleanly isolate and segregate the previously identified material
types.

4. Send to Recycling stream: The physically separated material fractions are
systematically routed into dedicated recycling channels.

5. Raw material Recovery: The specialized processing of sorted waste to extract
high-purity secondary raw materials, minimizing material degradation.

6. Send to Supplier/Production Input: The recovered base elements are shipped back to
primary material suppliers or internal production inputs, closing the macro-loop of the

circular economy by substituting the extraction of virgin resources.

3. Dynamic Supply Matching & Hybrid Assembly
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The bottom section of the flowchart describes the integration of recovered and brand-new
materials to satisfy live product demand:
e Demand Intake: A custom customer request enters the line via the Demand from New

Product Order block.



e Database Query: The line immediately scans its physical storage buffers at the Check

Available Reused Components? stage.

Availability Decision (Available?):

- If YES: The line triggers Use reused component, pulling a certified-reused part out of
the buffer inventory.
- If NO: The line triggers Use new components, drawing a brand-new part from

primary supplier stocks.

Hybrid Assembly: Both supply options converge at the final Hybrid Assembly (new +
reused) station. The automated line integrates these components into a single, unified product
assembly sequence, guaranteeing a high-performance product personalized to the customer's

exact needs.

Conclusion
The technical closed-loop system analyzed in this report demonstrates that transitioning from
traditional linear manufacturing to an operational Industry 5.0 circular closed-loop system is
not only conceptually viable but operationally essential. By substituting conventional
destructive disposal with a cyber-physical framework (driven by robotic non-destructive
disassembly, health scoring, and dynamic supply matching), this technical flowchart proves
that value retention can be achieved at the component level. Housings, sensors, and actuators
are no longer treated as expendable waste, but as continuous assets that reinforce
manufacturing resilience and resource efficiency against global scarcity.

Implementing this closed-loop system leaves no room for doubt: the future of Industry
5.0 hinges on a profound paradigm shift. From an industrial perspective, this technical
demonstrator uncovers two critical imperatives that companies must adopt to remain
competitive and sustainable:

- The Imperative of Component-Level Identification: For true circularity to function
autonomously, future factories must master real-time component tracking and
diagnostic validation. Knowing the exact historical age, operating cycles, and
degradation status of an isolated part is the only way to safeguard primary production
standards. Without advanced sensor-driven testing and algorithmic sorting (such

as the alpha and beta threshold boundaries explained above), the safe,



automated reintegration of post-use assets into high-performance streams
becomes impossible.

- A Shift Toward Design for Disassembly: Beyond processing the products of today,
the long-term success of sustainable manufacturing demands a fundamental shift in
how products are engineered from their inception. Industrial companies must
transcend standard design practices and focus on creating components explicitly

tailored for easy recovery within the recycling and refurbishment streams.

Transitioning toward modular design, standardized fasting methods, and accessible internal
architectures will significantly reduce robotic disassembly times, minimize material
degradation, and optimize the overall yield of the circular loop. Ultimately, this document
serves as a scalable blueprint for the next generation of cyber-physical systems. It proves that
embedding environmental sustainability and systemic resilience into the core architecture of
automation does not compromise industrial throughput; rather, it secures the future of

manufacturing in a resource-finite world.
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