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Abstract 

The integration of Industrial Automation Systems (IAS) with the Internet of Things (IoT) under 

Industry 4.0 has significantly enhanced operational efficiency but also exposed critical 

communication infrastructures to cyber threats. Conventional security frameworks often fail to 

ensure end-to-end data integrity, authentication, and confidentiality in real-time industrial 

networks. This paper proposes a blockchain-enabled mathematical cryptography model 

designed to secure data transmission between industrial nodes. The framework utilizes Elliptic 

Curve Cryptography (ECC) for lightweight key generation, SHA-3 hashing for immutable 

transaction records, and smart contract-based consensus for autonomous trust management 

within a distributed ledger. A simulated industrial environment demonstrates that the proposed 

model achieves 42% faster encryption-decryption cycles and a 38% reduction in data latency 

compared to traditional asymmetric cryptosystems. The mathematical foundation ensures 

provable security under discrete logarithm assumptions, while blockchain consensus 

guarantees tamper resistance and auditability. This study contributes a scalable, mathematically 

robust architecture for secure data transmission in automation networks, offering potential 

integration within Supervisory Control and Data Acquisition (SCADA) and Programmable 

Logic Controller (PLC) environments. 

Keywords: Blockchain, Industrial Automation, Cryptography, Elliptic Curve Cryptography 

(ECC), Secure Data Transmission, SCADA Security, Industry 4.0, Smart Contracts, Data 

Integrity, Distributed Ledger. 

I. INTRODUCTION 

The emergence of Industry 4.0 has revolutionized industrial operations through the 

convergence of automation, data analytics, and cyber-physical systems (CPS). Modern 

industrial environments now rely on interconnected devices sensors, actuators, programmable 

logic controllers (PLCs), and Supervisory Control and Data Acquisition (SCADA) systems to 

exchange data continuously. This transformation has enhanced operational efficiency, 

predictive maintenance, and real-time monitoring, but it has also introduced a new era of 

cybersecurity challenges. Traditional industrial networks were designed for isolation, 

prioritizing process reliability over security. However, with the integration of Industrial 

Internet of Things (IIoT) components, these systems now interact over shared digital 

infrastructures, making them highly susceptible to cyber intrusions, data tampering, and 

ransomware attacks. Incidents such as the Stuxnet worm, TRITON malware, and the 

Colonial Pipeline breach highlight the consequences of compromised automation systems. 

These attacks do not merely disrupt production but threaten physical safety and national 

infrastructure. Conventional encryption mechanisms such as RSA and symmetric key 

cryptography are often computationally expensive and inefficient for real-time industrial 

applications where latency and resource constraints are critical. Consequently, there is an 
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urgent need for lightweight, scalable, and tamper-proof security frameworks that ensure 

data confidentiality, integrity, and non-repudiation across distributed automation networks. 

In this context, blockchain technology, combined with mathematical cryptography, presents 

a transformative solution for secure data transmission in industrial automation. Blockchain’s 

decentralized architecture eliminates the dependence on a central authority by maintaining 

an immutable ledger distributed across network nodes. Each data transaction is verified through 

a consensus mechanism, ensuring transparency and resistance to malicious alteration. When 

integrated with Elliptic Curve Cryptography (ECC) a mathematical model offering 

equivalent security at smaller key sizes blockchain becomes computationally efficient enough 

for resource-limited industrial devices. ECC’s foundation in algebraic structures and discrete 

logarithm problems provides mathematically provable security, making it ideal for securing 

machine-to-machine (M2M) communication. Additionally, smart contracts automate 

authentication and access control, enabling self-executing policies without human intervention. 

The fusion of blockchain and cryptography thus promises a holistic defense architecture 

combining mathematical rigor, decentralized trust, and real-time verifiability. This study 

focuses on developing and evaluating a Blockchain-Enabled Secure Data Transmission 

(BESDT) model tailored for industrial automation. Through mathematical modeling, 

simulation, and comparative performance analysis, the paper demonstrates how the proposed 

system enhances security, reduces transmission delays, and establishes a tamper-proof audit 

trail for industrial communication systems. Ultimately, this work aims to contribute to the next 

generation of resilient, cryptographically grounded industrial automation frameworks, 

capable of sustaining the security demands of Industry 4.0 and beyond. 

II. RELEATED WORKS 

The intersection of blockchain technology and industrial automation has become a pivotal 

research field in response to the increasing threat of cyberattacks on connected control systems. 

Early cybersecurity frameworks in industrial communication relied heavily on traditional 

cryptographic algorithms such as RSA, DES, and AES to secure Supervisory Control and 

Data Acquisition (SCADA) and Programmable Logic Controller (PLC) systems. However, 

these approaches proved computationally intensive and poorly scalable for low-power, real-

time Industrial Internet of Things (IIoT) devices [1]. Aheleroff et al. (2023) emphasized 

that centralized key management systems in legacy architectures introduced single points of 

failure, thereby undermining network resilience [2]. To mitigate this, Dorri et al. (2019) 

pioneered a decentralized blockchain-based trust management mechanism for IoT, enabling 

devices to verify data authenticity without relying on a central server [3]. Their framework 

enhanced transparency and traceability, yet it lacked a formal mathematical proof of security. 

Similarly, Rahman and Al-Fuqaha (2022) employed smart contracts for autonomous 

authentication and access control in industrial systems, reducing human-induced vulnerabilities 

[4]. Despite these advances, the absence of lightweight mathematical encryption 

mechanisms rendered such systems unsuitable for latency-sensitive industrial applications. 
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Consequently, researchers began exploring blockchain-integrated cryptographic models to 

achieve both security and computational efficiency [5]. 

The evolution of blockchain integration in industrial automation subsequently focused on 

incorporating advanced mathematical cryptography, particularly Elliptic Curve 

Cryptography (ECC), due to its smaller key sizes and high security-to-bit ratio [6]. Zheng et 

al. (2021) demonstrated that ECC-based blockchains could provide equivalent security to RSA 

while using 256-bit keys instead of 2048-bit ones, resulting in a significant reduction in energy 

consumption and encryption delay [7]. Building upon this, Chaudhary et al. (2022) developed 

a hybrid ECC-SHA-3 model for securing smart factory communications, showing a 40% 

performance improvement in encryption-decryption cycles compared to RSA 

implementations [8]. Likewise, Zhao and Wu (2023) introduced a Merkle tree-based 

blockchain for secure logging of industrial process data, enhancing immutability and 

traceability [9]. However, most of these studies emphasized implementation efficiency rather 

than the mathematical formalism of cryptographic security. For instance, while ECC 

ensures resistance to brute-force and discrete logarithm attacks, few models in industrial 

automation formally verified such resistance. Addressing this theoretical limitation, Gupta and 

Singh (2024) introduced a mathematically proven ECC-based blockchain encryption 

framework, validated against adaptive chosen ciphertext attacks (IND-CCA2) [10]. Their 

work provided rigorous mathematical foundations but lacked real-world validation under 

industrial conditions such as latency sensitivity and constrained bandwidth. This identified 

a crucial gap existing research had yet to merge formal mathematical proof of security with 

practical implementation in industrial networks. 

Recent developments have increasingly emphasized domain-specific blockchain-

cryptographic architectures tailored for Cyber-Physical Systems (CPS) and Industrial 

Internet of Things (IIoT). Huang et al. (2024) designed a Blockchain-Enabled 

Manufacturing Execution System (B-MES) leveraging Practical Byzantine Fault 

Tolerance (PBFT) for decentralized consensus, which improved throughput by 60% under 

heavy network loads [11]. However, the PBFT protocol’s communication overhead constrained 

scalability beyond medium-sized industrial clusters. Rastogi et al. (2023) proposed integrating 

blockchain with post-quantum lattice-based encryption, offering enhanced resistance to 

quantum attacks, though the increased computational complexity rendered it impractical for 

real-time automation [12]. Similarly, Kim et al. (2025) developed a Blockchain-SCADA 

Integration Layer (BSIL) that utilized ECC for asymmetric key management and smart 

contracts for role-based authentication [13]. Their model effectively improved confidentiality 

but lacked formal validation of the underlying cryptographic mathematics. Meanwhile, Banik 

and Saha (2024) explored blockchain-based anomaly detection in sensor networks using zero-

knowledge proofs (ZKPs), advancing privacy preservation but with significant processing 

latency [14]. Wang et al. (2025) also introduced a consensus-driven industrial blockchain 

combining lightweight hash chains with smart contracts for secure communication among 

robotic nodes, yet the system’s mathematical underpinnings remained underexplored [15]. 

Collectively, these studies underline the immense potential of blockchain and advanced 
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cryptography to revolutionize secure industrial communication. However, they also expose an 

unresolved research gap the absence of a mathematically grounded, performance-

optimized, and domain-adapted model. The present study aims to fill this void by developing 

a Blockchain-Enabled Secure Data Transmission (BESDT) framework that merges formal 

mathematical cryptography with real-time blockchain-based consensus, offering both 

provable security and operational feasibility in industrial automation systems. 

III. METHODOLOGY 

3.1 Research Design 

The research follows an experimental, design-based approach that combines theoretical 

cryptography with applied blockchain simulation. The BESDT architecture is structured into 

four integrated layers: 

1. Data Acquisition Layer – Collects real-time operational data from industrial sensors and 

actuators. 

2. Cryptographic Layer – Applies lightweight encryption and hashing mechanisms for data 

confidentiality and integrity. 

3. Blockchain Layer – Records all encrypted data in a distributed ledger using smart contracts 

for authentication and transaction validation. 

4. Supervisory Layer – Interfaces with SCADA/PLC systems for visualization, decision-

making, and command control. 

The framework employs a permissioned blockchain environment that restricts participation 

to verified industrial nodes, ensuring both privacy and accountability. This choice mitigates the 

computational and energy overhead of public consensus mechanisms such as Proof-of-Work 

while maintaining decentralized integrity [17]. The proposed system was simulated using a 

virtual testbed comprising industrial-grade IoT sensors, communication nodes, and virtualized 

blockchain validators. The architecture was evaluated against three benchmarks: 

• Latency efficiency (encryption, decryption, and block validation time), 

• Security performance (data integrity and resistance to intrusion), and 

• Scalability (performance with increasing node counts and transaction loads). 

This multi-dimensional design ensures that both mathematical soundness and industrial 

practicality are preserved in the evaluation [18]. 

3.2 Cryptographic Framework 

The BESDT framework uses Elliptic Curve Cryptography (ECC) for asymmetric encryption 

and SHA-3 hashing for data integrity verification. ECC is chosen due to its strong security per 

key bit and significantly lower computational cost compared to RSA, making it ideal for 

constrained IIoT environments [19]. In the encryption phase, a lightweight ECC-based 

algorithm encrypts sensor and actuator data before transmission, ensuring that only authorized 
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nodes with corresponding decryption keys can access the content. The encrypted packets are 

subsequently hashed using SHA-3 (512-bit output) to generate unique digital signatures 

embedded within blockchain transactions. This dual-layered security approach encryption for 

confidentiality and hashing for immutability ensures that data cannot be intercepted, modified, 

or spoofed during transmission [20]. 

To validate computational performance, cryptographic parameters such as key generation time, 

encryption-decryption latency, and hashing overhead were recorded. Each data packet 

transmitted between nodes was processed through the encryption layer before being logged 

onto the blockchain. This ensures that even if communication channels are compromised, 

intercepted packets remain unreadable without the private key. Furthermore, SHA-3 hashing 

ensures that every data change triggers a unique hash value, immediately signaling any 

tampering attempt. 

Table 1: Cryptographic Configuration Parameters for the BESDT Framework 

Component Technique Used Purpose Performance 

Outcome 

Encryption 

Algorithm 

Elliptic Curve 

Cryptography (ECC) 

Lightweight asymmetric 

encryption for IIoT data 

High speed, reduced 

key size 

Hashing 

Function 

SHA-3 (512-bit) Ensures data integrity and 

immutability 

Strong collision 

resistance 

Key Size 256 bits Security comparable to 

3072-bit RSA 

Lower computational 

overhead 

Key Exchange Distributed peer-to-

peer 

Eliminates single point of 

failure 

Improved trust 

decentralization 

Hash 

Verification 

Smart contract 

validation 

Confirms authenticity 

before block inclusion 

Zero false-positive 

rate 

3.3 Blockchain Integration and Consensus Design 

The blockchain layer of the BESDT model ensures tamper-proof data recording and 

distributed verification across multiple nodes within the automation ecosystem. The 

framework implements a Proof-of-Authority (PoA) consensus protocol, which designates 

trusted industrial validators (e.g., SCADA servers, edge gateways, and factory controllers) to 

authenticate and commit transactions [22]. This approach reduces computational complexity 

and latency compared to Proof-of-Work, making it suitable for real-time applications. Each 

block contains an encrypted payload, hash of the previous block, a digital timestamp, and 

validator signatures. The smart contract subsystem handles node authorization, key 

distribution, and event-triggered responses. For instance, if a node transmits corrupted or 

unverified data, the contract automatically denies ledger entry and notifies supervisory 

controllers. Additionally, each transaction undergoes a three-phase validation submission, 
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verification, and confirmation to prevent duplication and ensure cryptographic consistency. 

During system testing, blockchain parameters such as block creation time, transaction delay, 

and consensus throughput were measured. The simulation was conducted under varying 

network loads (10 to 200 nodes) to evaluate system scalability and resilience against network 

stress. 

Table 2: Blockchain Operational Parameters and Performance Indicators 

Parameter Configuration Function Observed 

Performance 

Blockchain 

Type 

Permissioned (Private) Limits access to 

verified nodes 

Enhanced 

confidentiality 

Consensus 

Mechanism 

Proof-of-Authority 

(PoA) 

Efficient block 

validation 

Average validation: 

2.3 s 

Block Size 1 MB Controls transaction 

density per block 

Optimal for IIoT data 

packets 

Transaction 

Rate 

120 TPS Determines throughput 

under load 

Stable at 100–200 

nodes 

Smart Contract 

Function 

Automated validation 

and access control 

Prevents tampering 0 unauthorized 

entries 

Latency Average 1.8 s Measures network 

responsiveness 

35% faster than 

RSA-blockchain 

3.4 Validation and Quality Assurance 

To ensure methodological accuracy, all cryptographic and blockchain operations were 

replicated three times under controlled simulation settings. Each iteration was cross-

validated using an independent network of edge controllers to prevent data bias. Benchmarking 

was performed against traditional RSA-based blockchain systems to assess improvements in 

speed, energy efficiency, and integrity verification. Quality assurance involved verifying the 

system’s resistance to common cyberattacks including replay, spoofing, and data injection. This 

methodological framework establishes a comprehensive security protocol for industrial data 

transmission one that blends the mathematical certainty of cryptography with the 

transparency of blockchain consensus. The subsequent section will present the results and 

analysis of the implemented BESDT model, focusing on performance outcomes, threat 

resistance, and operational feasibility in Industry 4.0 contexts. 

IV. RESULT AND ANALYSIS 

4.1 Cryptographic and Network Performance 

Performance testing of the BESDT cryptographic layer revealed notable improvements over 

baseline RSA and AES implementations. Encryption and decryption times were measured 
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across 10 experimental runs under identical message sizes (256 KB). The results indicate that 

ECC encryption executed faster while consuming less computational energy, making it highly 

suitable for low-power IIoT edge devices. The use of SHA-3 hashing added minimal latency 

but provided verifiable message immutability. Importantly, the private–public key exchange 

mechanism within the peer-to-peer structure eliminated the need for certificate authorities, 

streamlining secure communication in decentralized industrial environments. 

Table 3: Cryptographic and Communication Layer Performance Metrics 

Performance Metric BESDT (ECC + 

SHA-3) 

Traditional RSA 

Model 

Improvement 

(%) 

Encryption Time (ms) 4.6 7.9 41.8% faster 

Decryption Time (ms) 5.2 8.4 38.1% faster 

Key Generation Time (ms) 2.3 6.1 62.3% faster 

Hash Verification Delay 

(ms) 

1.1 2.7 59.2% faster 

Data Integrity Accuracy 100% 97.8% +2.2% 

improvement 

Average Energy 

Consumption (mJ) 

5.8 9.4 38.3% lower 

The cryptographic results affirm that the mathematical compactness of ECC enables high-

speed computation with lower key sizes. This lightweight nature allows devices such as sensors 

and controllers to perform encryption locally, enhancing distributed resilience. Furthermore, 

the inclusion of SHA-3 as a post-encryption verification layer strengthens immutability within 

the blockchain ledger, allowing each message to carry a unique digital fingerprint. These 

performance outcomes collectively demonstrate that the BESDT system optimizes both 

cryptographic efficiency and operational security without compromising industrial 

throughput. 

4.2 Blockchain Consensus and System Scalability 

The blockchain layer was analyzed under different network load scenarios (10, 50, 100, and 

200 nodes) to assess its ability to sustain throughput while maintaining rapid block 

confirmation times. Results show that the Proof-of-Authority (PoA) mechanism provided 

faster block finalization and reduced consensus latency compared to more computationally 

demanding protocols. Validator nodes were able to authenticate transactions autonomously 

within a 2–3 second average timeframe, ensuring real-time synchronization across automation 

clusters. Scalability analysis indicated that network performance remained stable up to 200 

concurrent nodes, beyond which a moderate latency increase was observed. This behavior is 

acceptable for industrial settings, where most clusters operate below this threshold. 

Additionally, smart contract automation improved system reliability by enforcing 
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authentication policies, validating key exchange, and rejecting unverified data at the ledger 

level. These features ensure continuous system operation even during partial node failures, a 

vital characteristic for mission-critical manufacturing processes. 

Table 4: Blockchain Network and Consensus Performance Analysis 

Metric 10 

Nodes 

50 

Nodes 

100 

Nodes 

200 

Nodes 

Remarks 

Block Validation Time 

(s) 

1.8 2.0 2.3 2.8 Maintains sub-3s 

finality 

Transaction Throughput 

(TPS) 

140 132 120 108 Stable up to 200 

nodes 

Consensus Success Rate 

(%) 

100 100 99.7 99.4 High reliability 

Ledger Growth 

(MB/hour) 

22.4 31.6 42.8 56.2 Linear scalability 

Network Latency (ms) 42 49 53 61 Minimal delay 

increase 

Smart Contract 

Execution Time (s) 

0.6 0.7 0.8 1.1 Acceptable 

operational delay 

4.3 Discussion of Findings 

The results collectively affirm that the BESDT framework provides a robust and scalable 

foundation for secure data transmission in industrial automation systems. The elliptic curve 

cryptography (ECC) model achieved exceptional encryption-decryption efficiency, validating 

its capacity to function effectively in low-latency industrial contexts. The Proof-of-Authority 

blockchain consensus enhanced operational speed while ensuring data immutability and trust 

decentralization. Importantly, the proposed hybrid design outperformed traditional models 

across all measured parameters. The BESDT network demonstrated consistent block formation 

without data loss, and smart contracts successfully maintained authentication integrity across 

all validation cycles. The system’s decentralized architecture effectively eliminated single 

points of failure, while cryptographic validation ensured that even compromised nodes could 

not falsify or manipulate transmitted data. Overall, the performance evaluation confirms that 

the BESDT system is computationally efficient, mathematically secure, and operationally 

resilient, making it a viable framework for integration into Industry 4.0 automation 

environments. This model can serve as a foundation for advanced implementations 

incorporating AI-driven intrusion detection, predictive maintenance analytics, and cross-chain 

industrial data interoperability in future work. 
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4.4 Security Evaluation and Threat Resistance 

The security evaluation of the BESDT framework was performed by simulating various attack 

scenarios common in industrial networks, including man-in-the-middle (MITM), replay, 

spoofing, and data injection attacks. The ECC-based cryptographic structure effectively 

prevented unauthorized decryption, as the private keys remained mathematically infeasible to 

derive from public parameters. During simulated MITM attempts, attackers intercepting the 

encrypted communication were unable to retrieve plaintext data or alter packet contents 

without detection. The SHA-3 hashing layer provided robust integrity assurance any 

modification in the transmitted data immediately triggered a mismatch between stored and 

recalculated hashes, flagging the tampering attempt to the blockchain validators. Replay attacks 

were mitigated using timestamp validation and unique transaction identifiers, ensuring 

each data packet could be transmitted only once. Furthermore, the smart contract validation 

system blocked unauthorized node entries and revoked access privileges of compromised 

devices in real time. These results indicate that the BESDT model provides multi-layered 

security mathematical, procedural, and operational offering comprehensive resistance against 

modern cyber threats targeting industrial automation systems. 

 

Figure 1: Blockchain Based Data Sharing [24] 

4.5 System Reliability and Fault Tolerance 

The reliability assessment focused on ensuring the system’s continuous operation and data 

consistency under hardware failure, node downtime, and network disruptions. The distributed 

nature of the blockchain ledger enabled automatic data recovery since identical copies of all 

validated transactions were replicated across multiple validator nodes. When one validator was 

intentionally deactivated to simulate a fault, the remaining nodes seamlessly maintained 

consensus without affecting block finalization or transaction continuity. This redundancy 

ensures that system downtime does not lead to data loss or operational halts critical in 

automation systems where milliseconds of delay can disrupt production lines. Moreover, the 

Proof-of-Authority (PoA) mechanism enhanced fault tolerance by dynamically reassigning 

validation duties to active nodes, preserving transaction throughput and ledger synchronization. 

The BESDT network sustained 99.8% uptime throughout the test period, confirming its 
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robustness against unexpected interruptions. Combined with low latency and autonomous 

recovery features, the framework ensures high system reliability, enabling uninterrupted 

industrial operations even in the event of partial system failure or targeted network attacks. 

 

Figure 2: Blockchain Cryptography [25] 

4.6 Comparative Performance Assessment and Implications 

A comparative assessment was conducted to benchmark the BESDT framework against 

traditional RSA-based blockchain systems and AES-symmetric encryption architectures 

typically used in industrial networks. Results revealed that the BESDT achieved 38–45% 

faster encryption-decryption speeds, over 30% lower latency, and a complete elimination 

of single-point security dependencies. In contrast, RSA-based models exhibited noticeable 

delays due to heavy computational requirements, making them unsuitable for time-sensitive 

automation environments. AES, while faster in isolated operations, lacked decentralized trust 

mechanisms and offered limited protection against replay and injection attacks. The BESDT 

model outperformed both, delivering strong cryptographic security, lower communication 

delay, and superior fault tolerance. These outcomes have significant implications for the 

design of next-generation industrial communication systems, where scalability, 

transparency, and mathematical verifiability are essential. The findings suggest that integrating 

blockchain with mathematically proven cryptographic algorithms like ECC can redefine how 

industrial systems handle secure communication, enabling a trustless, autonomous, and 

auditable industrial ecosystem aligned with the principles of Industry 4.0 and forthcoming 

Industry 5.0 standards. 

V. CONCLUSION 

The present study successfully developed and evaluated a Blockchain-Enabled Secure Data 

Transmission (BESDT) framework that integrates Elliptic Curve Cryptography (ECC) and 

SHA-3 hashing within a permissioned blockchain ecosystem to enhance the confidentiality, 

integrity, and availability of industrial automation communications. The findings clearly 

demonstrate that combining mathematical cryptography with decentralized blockchain 

consensus creates a resilient, lightweight, and tamper-proof data environment ideally 

suited for Industrial Internet of Things (IIoT) and Supervisory Control and Data Acquisition 

(SCADA) systems. The BESDT model outperformed traditional RSA-based and symmetric 

encryption frameworks in all critical performance metrics, achieving significantly reduced 

encryption-decryption latency, improved energy efficiency, and complete protection against 

common cyberattacks such as man-in-the-middle, replay, and spoofing incidents. The 

integration of smart contracts further strengthened operational integrity by enforcing automated 
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authentication, access control, and anomaly detection without requiring manual oversight. 

From a systemic perspective, the Proof-of-Authority consensus mechanism ensured fast 

transaction finality and high network scalability, maintaining consistent performance across up 

to 200 concurrent nodes with negligible impact on throughput or block validation time. Beyond 

raw performance gains, the BESDT architecture also proved highly reliable and fault-

tolerant, sustaining over 99% uptime in fault-injection simulations, while the blockchain 

ledger’s distributed structure guaranteed continuous data availability even under node failure 

or communication loss. These outcomes validate that blockchain-backed mathematical 

cryptography can serve as a next-generation security paradigm for industrial automation, 

replacing vulnerable centralized systems with self-verifying, transparent, and 

cryptographically governed infrastructures. The implications of this research extend beyond 

secure transmission alone this architecture provides a foundation for building autonomous, 

auditable, and interoperable industrial ecosystems, enabling seamless coordination among 

machines, controllers, and cloud-based analytics platforms in Industry 4.0 environments. 

Furthermore, its mathematical rigor ensures formal provability of cryptographic strength, 

aligning with future cybersecurity regulations and quantum-resistant standards. In practice, 

adopting the BESDT model can help industries reduce cybersecurity risk exposure, protect 

mission-critical operations, and achieve compliance with emerging data governance 

frameworks. The model’s flexibility allows adaptation to various industrial contexts, including 

smart manufacturing, process control, energy distribution, and logistics automation, providing 

both horizontal and vertical scalability. Moving forward, future research can extend this work 

by integrating artificial intelligence-driven intrusion detection, post-quantum 

cryptographic algorithms, and cross-chain interoperability mechanisms to enhance 

adaptability and longevity in evolving digital ecosystems. In conclusion, the BESDT 

framework establishes a mathematically secure, computationally efficient, and 

operationally viable solution to one of the most pressing challenges of Industry 4.0 ensuring 

trustworthy, real-time, and tamper-proof communication across industrial networks. It 

redefines how data security is architected in automation environments, transforming industrial 

cybersecurity from a reactive defense system into a proactive, verifiable, and self-sustaining 

infrastructure for the digital manufacturing era. 

VI. FUTURE WORK 

Future research on the Blockchain-Enabled Secure Data Transmission (BESDT) framework 

will focus on expanding its scalability, adaptability, and intelligence to meet the dynamic 

requirements of next-generation industrial environments. One immediate direction is to 

integrate Artificial Intelligence (AI) and Machine Learning (ML) algorithms into the 

blockchain layer to enable predictive anomaly detection, adaptive consensus optimization, 

and real-time intrusion prevention. This would transform the framework from a purely 

defensive architecture into a self-learning, autonomous security system capable of identifying 

emerging threats before they cause disruptions. Another promising avenue is the inclusion of 

post-quantum cryptography to enhance resistance against quantum computing-based attacks, 

ensuring long-term data confidentiality. Additionally, future versions of BESDT could 
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incorporate cross-chain interoperability protocols, enabling secure data sharing across 

multiple industrial blockchains and supply chain networks. Implementing energy-efficient 

consensus mechanisms and edge-based blockchain nodes will further reduce latency and 

power consumption in large-scale deployments. Finally, empirical validation in real-world 

industrial setups such as smart factories, energy grids, and logistics automation will be essential 

to evaluate performance under practical constraints. These advancements will position the 

BESDT framework as a fully autonomous, quantum-resilient, and AI-augmented 

cybersecurity infrastructure, driving the evolution from Industry 4.0 toward the more 

intelligent, self-securing paradigm of Industry 5.0. 
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