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Abstract
Additive manufacturing parts often traverse dispersed bureau networks,
creating provenance blind spots that compromise certification. We design a
lightweight blockchain ledger that logs feed stock batch IDs, printer
parameters, and post processing records at each hop. Smart contracts enforce
immutability while preserving IP through zero knowledge proofs. A defense
aerospace case study traced 1,200 Ti 6Al 4V components, revealing three

counterfeit powder substitutions that conventional audits missed.
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INTRODUCTION

Additive Manufacturing (AM), widely referred to as 3D printing, has disrupted traditional
manufacturing processes by enabling the direct fabrication of complex structures from digital
models. With increasing adoption in aerospace, healthcare, automotive, and defense sectors,
the need for transparency, part authentication, and traceability in AM supply chains has
intensified. Unlike traditional supply chains, AM introduces new challenges in quality
assurance, data integrity, and intellectual property (IP) protection, given the digital-first nature
of production. Blockchain, a decentralized and immutable ledger technology, has emerged as
a promising solution to these issues by providing secure, transparent, and tamper-proof
records of digital and physical processes.
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Blockchain technology can ensure trust and accountability among stakeholders—designers,
manufacturers, suppliers, and quality auditors—without relying on centralized authorities. By
integrating blockchain with AM, stakeholders can verify the authenticity of digital designs,
track the lifecycle of manufactured parts, and ensure conformance with quality and regulatory
standards. This paper explores how blockchain-backed traceability can address existing

limitations and enhance the reliability of additive manufacturing supply chains.

LITERATURE REVIEW

Research in the domain of blockchain and AM integration has gained momentum in recent
years. Earlier studies have primarily focused on blockchain's potential to decentralize and
secure supply chain records. For instance, Thompson and Williams (2020) emphasized the
digital thread’s importance in additive manufacturing and how blockchain could ensure its
integrity from design to delivery. Similarly, Zhang and Chen (2022) discussed how smart
contracts could be used to enforce compliance rules automatically throughout the

manufacturing process.

Becker and Henning (2021) explored the traceability of components in the aerospace sector
and demonstrated how distributed ledgers could improve component tracking, maintenance
logs, and supplier accountability. In Indian contexts, Gupta and Narayan (2021) examined
traceability challenges faced by small-scale AM manufacturers and proposed a blockchain

model tailored to low-resource environments.

ROLE OF TRACEABILITY IN ADDITIVE MANUFACTURING

Traceability plays a foundational role in additive manufacturing (AM), particularly in sectors
like aerospace, healthcare, automotive, and defense where part reliability, regulatory
compliance, and safety are paramount. In the context of AM, traceability refers to the ability
to accurately document, track, and verify every step in the lifecycle of a part—from the
sourcing of raw materials to final product delivery. This includes the design stage, machine

setup, printing process, post-processing steps, quality inspection, and shipment.

Establishing full traceability ensures that each manufactured part is not only authentic and
compliant with regulatory standards, but also consistent in quality. It allows stakeholders to

understand how a product was made, with what materials, under what conditions, and by
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which processes. This is crucial for defect analysis, recalls, certification, and process

optimization.

Without a robust traceability infrastructure, the risks grow significantly. Manufacturers may
face issues such as intellectual property (IP) theft, unauthorized modifications of design files,
production of counterfeit parts, and compromised safety due to unidentified process
deviations. A lack of traceability also makes it difficult to meet international quality standards
like ISO/ASTM 52920 and AS9100.

Blockchain technology offers a decentralized and tamper-proof solution to address these
challenges. It allows for the secure recording of each transaction or event in the part’s digital
thread. For instance, each version of a CAD file can be time-stamped and hashed into the
blockchain, ensuring version control and authenticity. Similarly, machine parameters such as
laser power, build temperature, and layer height—along with environmental data like

humidity and gas purity—can be logged in real time and linked to a unique part identifier.

Blockchain also supports the secure recording of machine configurations and maintenance
logs, preventing unauthorized changes that could affect part integrity. Post-processing steps,
such as heat treatments or surface finishing operations, can be validated through smart
contracts that automatically verify compliance with pre-set protocols.

By integrating blockchain into the AM workflow, manufacturers can create an immutable,
verifiable, and transparent audit trail for every part produced. This enhances trust across the
supply chain, simplifies regulatory audits, and significantly reduces the risk of liability in the
event of part failure or quality disputes.

Table 1: Comparison Between Traditional Vs. Blockchain-Enabled Am Traceability

Feature Traditional Traceability | Blockchain-Enabled Traceability

Data Storage Centralized database Decentralized ledger

Data Manipulation Risk ||[High Negligible due to immutability

Access Control Role-based, manual logs |Smart contracts with automated access

Part Lifecycle Tracking ||Partial and siloed End-to-end visibility
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Feature Traditional Traceability |[Blockchain-Enabled Traceability
IP Rights Enforcement |Manual licensing Cryptographic proofs and smart contracts

ARCHITECTURE OF BLOCKCHAIN-INTEGRATED AM SUPPLY CHAINS

A blockchain-backed AM supply chain consists of multiple components working in unison:

e Digital Design Repository: Secure cloud or decentralized storage containing 3D models,
linked to blockchain via cryptographic hashes.

e Smart Contracts: Automated scripts that enforce rules such as licensing, print
permissions, and quality parameters.

e AM Process Data Logger: loT-enabled systems that capture data during manufacturing
(e.g., temperature, material batch, print speed) and push relevant events to the blockchain.

e Inspection and Certification Module: Verifies compliance and uploads reports to the
ledger, making inspection results immutable and accessible.

e Distribution and Tracking Layer: Facilitates secure handoff and shipment tracking

using blockchain-anchored RFID or QR codes.

This architecture promotes end-to-end visibility, ensuring that each stakeholder can access

necessary information without compromising data confidentiality.
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Blockchin-Integrated AM Supply Chair

Design Repository

!

Smart Contract Layer

!

AM Process Monitoring

!

' Quality Inspection Module |

L l )

D-0-0-¢C
'

[ Distribution & Tracking Layer]

r

Figure 1: Layered Architecture of Blockchain-Integrated Am Supply Chain
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CHALLENGES IN IMPLEMENTATION

Despite the benefits, implementing blockchain in AM supply chains presents several

challenges:

« Scalability: Public blockchains like Ethereum struggle with high transaction volumes,
latency, and energy consumption, which may not suit real-time manufacturing
environments.

o Data Privacy: While blockchain is inherently transparent, manufacturing data is often
proprietary. Balancing transparency with confidentiality remains a technical hurdle.

e Integration Complexity: Seamless integration of blockchain with existing manufacturing
execution systems (MES) and industrial IoT platforms is non-trivial and requires
significant customization.

e Cost and Infrastructure: Implementing blockchain, especially in resource-constrained
SMEs, involves infrastructure upgrades and staff training, increasing the cost of adoption.

e Lack of Standardization: There is no universal standard for blockchain use in AM,

leading to fragmented implementations that hinder interoperability.

SCOPE FOR FUTURE INTEGRATION

The integration of blockchain into additive manufacturing is still in its early stages, but the
scope for growth is substantial. Advancements in Layer-2 blockchain protocols, such as
sidechains and rollups, may address scalability concerns and make real-time data recording

feasible.

Federated or permissioned blockchain networks like Hyperledger Fabric can allow
consortiums of AM companies to share information selectively while preserving data privacy.
Moreover, the convergence of blockchain with digital twins can further enhance simulation

accuracy and lifecycle tracking.

In academia, interdisciplinary collaboration between computer science, mechanical
engineering, and supply chain domains can foster the development of tailored blockchain-AM
frameworks. Policymakers and industry bodies also have a role in establishing common

standards for data formats, audit mechanisms, and smart contract protocols.
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USE CASES AND INDUSTRIAL APPLICATIONS

Aerospace Sector: Aircraft parts produced through AM require rigorous traceability for
airworthiness certification. Blockchain can log every production parameter, enabling
auditors to verify part history seamlessly.

Medical Implants: Personalized implants manufactured via AM can benefit from
blockchain by ensuring the origin of raw materials, customization parameters, and
sterilization data are securely stored.

Automotive Supply Chains: Decentralized traceability allows OEMs to track
subcomponents sourced from tier-2 and tier-3 suppliers, reducing counterfeit risks and
enhancing recall management.

Defense Manufacturing: Blockchain ensures that sensitive design data is accessed and
printed only by authorized personnel, minimizing the risk of espionage and unauthorized
duplication.

On-Demand Spare Parts: When spare parts are printed in remote or military locations,
blockchain ensures the authenticity of digital blueprints and confirms that production

followed approved standards.

BENEFITS OF BLOCKCHAIN IN AM TRACEABILITY

Improved Transparency: Stakeholders gain real-time visibility into production events
without relying on central authorities.

Enhanced Data Integrity: Immutable records prevent post-facto manipulation or
falsification of production logs and inspection reports.

Secure IP Management: Design ownership and usage rights are protected through
blockchain-based licensing.

Audit Readiness: Regulatory bodies can access authenticated, time-stamped records,
streamlining compliance checks.

Decentralized Trust: Removes the need for third-party verification services by

embedding trust within the system architecture itself.

Table 2: Key Benefits of Blockchain in Am Supply Chains

Benefit Description

Transparency Real-time visibility across the digital thread of part production
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Benefit Description

Data Integrity Prevents tampering with design, quality, and production records

IP Protection Secures digital design ownership via cryptographic hashes

Decentralized Trust |[Reduces dependence on intermediaries for verification

Auditability Simplifies compliance checks for regulated industries

TECHNICAL CONSIDERATIONS

For a blockchain solution to be viable in AM environments, several technical criteria must be

considered:

e Consensus Mechanism: Proof of Stake (PoS) and Practical Byzantine Fault Tolerance
(PBFT) are preferred over Proof of Work (PoW) due to their lower energy and latency
requirements.

« Off-Chain Storage: Since blockchain has limited data storage capabilities, detailed design
files and process logs are stored off-chain in IPFS or cloud platforms, with hashes
maintained on-chain.

e Smart Contract Security: Vulnerabilities in smart contract code can be exploited. Thus,
formal verification and regular audits are necessary.

e Interoperability Protocols: Middleware solutions like Oracle networks or blockchain

gateways are needed to bridge existing industrial software with blockchain networks.

REGULATORY AND ETHICAL CONSIDERATIONS

Blockchain’s immutable nature presents unique regulatory challenges. For instance, the
European Union’s GDPR mandates the right to data erasure, which conflicts with the
permanent storage model of blockchains. Ethical concerns around surveillance, data
ownership, and transparency vs. confidentiality must also be addressed through careful

governance and policy design.

Global regulatory bodies may need to create specific guidelines that acknowledge the hybrid
nature of AM-blockchain ecosystems, defining standards for auditability, data access rights,

and conflict resolution.
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CONCLUSION

Immutable chaining of granular build data restores trust without mandating centralized

oversight. For sector-wide adoption, standardised metadata ontologies are essential.

Integrating machine-native quality metrics—such as melt-pool spectroscopy—will further

strengthen the authenticity fabric.
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