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ABSTRACT: The rapid digitalization of manufacturing has increased cybersecurity risks, including Man-in-the-Middle 

(MITM) attacks and data breaches. This paper presents a cybersecurity framework integrating AES-256, RSA, and ECC 

encryption for secure M2M communication, an AI-based Intrusion Detection System (AI-IDS) leveraging SVM and 

Decision Trees for real-time threat detection, and blockchain for data integrity. 

 

Performance evaluations demonstrate AI-IDS achieving 97.1% accuracy with a 2.8% false positive rate, while blockchain 

security prevents 99.2% of unauthorized modifications. The combined AI-IDS and blockchain approach enhances MITM 

attack detection and mitigation to 98.7% and 97.9%, respectively. The model strengthens security while maintaining 

operational efficiency. Future work will focus on enhancing edge computing security and implementing post-quantum 

cryptography for next-generation resilience. 
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I. INTRODUCTION 

 

The emergence of Industry 4.0 has transformed manufacturing through smart automation, real-time data exchange, and 

cyber-physical systems (CPS). This shift has enhanced efficiency and adaptability but has also introduced significant 

cybersecurity risks. Traditionally, industrial networks were isolated, limiting exposure to cyber threats. However, the 

integration of cloud computing, the Internet of Things (IoT), and AI-driven automation has created a highly 

interconnected manufacturing ecosystem, necessitating robust cybersecurity measures. 

 

A major concern in modern manufacturing is the increasing threat of Man-in-the-Middle (MITM) attacks, where 

malicious actors intercept or manipulate data during transmission. These attacks compromise real-time communication 

between industrial devices, potentially leading to system failures, unauthorized data access, and production downtime. 

Furthermore, IoT-based manufacturing systems, which rely on sensor networks and cloud integration, are highly 

susceptible to cyber intrusions. To maintain operational security, enforcing strong data encryption and incorporating real-

time threat detection are essential. Addressing these challenges requires cybersecurity frameworks that integrate adaptive 

security mechanisms to mitigate emerging threats in automated manufacturing. 

 

Cybersecurity Challenges in Industry 4.0 and Agile Manufacturing 

The transition to Industry 4.0 has enhanced efficiency and flexibility but has also increased cybersecurity risks, exposing 

industrial systems to cyberattacks, unauthorized access, and data manipulation. 

1) Evolving Cybersecurity Threats in Industry 4.0 

 Man-in-the-Middle (MITM) Attacks: Unsecured communication channels can be intercepted, resulting in data 

tampering and command injection. 

 Data Breaches & Intellectual Property Theft: Attackers exploit vulnerabilities to access sensitive manufacturing 

blueprints and AI models. 

 Cloud & Edge Computing Vulnerabilities: Industrial control platforms, such as SCADA and IoT networks, are 

prone to DDoS attacks and unauthorized access. 
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 Advanced Persistent Threats (APTs): Cybercriminals employ sophisticated techniques to infiltrate industrial 

control systems (ICS) for long-term exploitation. 

 

2) Cybersecurity Challenges in Agile Manufacturing 

Agile manufacturing relies on flexible automation and real-time decision-making, making it highly dependent on 

interconnected CPS and IoT-driven smart factories. However, this connectivity increases exposure to cybersecurity 

threats, necessitating the following security measures: 

 Enforcing Strong Data Encryption to Mitigate MITM Attacks: Employing advanced encryption techniques, 

secure key exchange protocols, and multi-factor authentication to ensure secure communication between IoT 

devices and manufacturing control systems. 

 Incorporating Real-Time Data Analytics Through IoT for System Resilience: Implementing AI-powered 

anomaly detection and blockchain-secured data logging to identify and mitigate threats dynamically. 

 Designing an Adaptive Security Strategy for Evolving Threats: Utilizing machine learning-driven intrusion 

detection and automated incident response systems to counter emerging risks in automated manufacturing. 

The Need for a Holistic Cybersecurity Framework 

To secure agile manufacturing systems, a multi-layered cybersecurity approach must integrate: 

 Zero-Trust Architecture (ZTA): Continuous authentication and authorization of devices, users, and applications. 

 AI-Driven Cyber Threat Intelligence: Machine learning-based intrusion detection and real-time behavioral 

analytics. 

 Blockchain for Secure Data Transactions: Ensuring tamper-proof distributed ledgers for secure data exchange. 

 IoT Security Standards & Compliance: Adhering to regulatory frameworks such as IEC 62443 and NIST CSF 

for cyber resilience. 

 

II. OBJECTIVES AND SIGNIFICANCE OF THE STUDY 

 

This research aims to enhance cybersecurity maturity in agile manufacturing by developing advanced security solutions. 

The key objectives include: 

 Enforcing Strong Cybersecurity in Data Encryption to Mitigate Emerging MITM Attacks: Enhancing encryption 

methods, implementing secure key management, and reinforcing authentication protocols to ensure data 

integrity and confidentiality in manufacturing networks. 

 Incorporating Real-Time Data Analytics Through IoT for Resilience in Manufacturing Systems: Leveraging 

IoT-driven AI analytics to detect anomalies, prevent cyber intrusions, and maintain the reliability of smart 

manufacturing processes. 

 Designing an Adaptive Security Strategy That Evolves with Emerging Threats in Automated Manufacturing: 

Developing dynamic cybersecurity models that integrate real-time threat intelligence, machine learning-based 

intrusion detection, and automated incident response to proactively address evolving cyber threats. 

 

III. SCOPE AND CONTRIBUTION 

 

This study evaluates cybersecurity maturity in agile manufacturing, identifies vulnerabilities, and proposes strategic 

security enhancements to strengthen data integrity and system resilience. By adopting advanced encryption, IoT-driven 

analytics, and adaptive security models, this research provides cost-effective and scalable cybersecurity solutions for 

SMEs, ensuring robust protection against emerging cyber threats in automated manufacturing environments. 

 

IV. LITERATURE REVIEW 

 

Arnarson et al. [1] conducted a comprehensive analysis of cybersecurity in agile manufacturing environments. The study 

evaluated 18 demonstrators representing different digital manufacturing technologies, assessing their cybersecurity 

maturity using structured questionnaires. Findings emphasized the need for enhanced encryption, intrusion detection, and 

real-time threat mitigation to address increasing cyber risks in interconnected production systems. 

 

Adebayo et al. [2], explored the integration of security practices in agile software development, particularly within small 

and medium-sized enterprises (SMEs). The research highlighted common challenges, such as resource constraints and a 
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lack of cybersecurity expertise. The authors proposed a secure DevSecOps-based framework to embed security into agile 

development lifecycles. 

 

Chen et al. [3] examined the adoption of agile methodologies in developing cybersecurity solutions for IoT-driven and 

cloud-based manufacturing. Their study demonstrated how iterative agile approaches enhance real-time security 

responses, improving resilience against emerging cyber threats such as Man-in-the-Middle (MITM) attacks. 

 

Liu & Zhang et al. [4] proposed a secure lifecycle management framework for AI-driven cyber-physical manufacturing 

systems. The study addressed existing vulnerabilities in AI-based automation and predictive maintenance, emphasizing 

robust encryption protocols and AI-driven anomaly detection to prevent cyber threats. 

 

Wang et al. [5] investigated the integration of Time-Driven Activity-Based Costing (TDABC) with IoT sensors to 

improve cybersecurity in agile manufacturing. Their findings revealed that IoT-based real-time monitoring significantly 

enhances anomaly detection, mitigating risks associated with industrial espionage and data tampering. 

 

Patel et al. [6] analyzed the role of machine learning-based Intrusion Detection Systems (IDS) in identifying cyber 

threats in Industry 4.0 smart factories. The study demonstrated that AI-powered IDS can detect anomalies with high 

accuracy, effectively mitigating Advanced Persistent Threats (APTs) and unauthorized access attempts. 

 

Hernandez et al. [7] introduced quantitative security metrics to assess cloud-based microservices security within agile 

DevSecOps environments. The study emphasized the importance of real-time threat intelligence and continuous 

monitoring to enhance resilience in agile manufacturing. 

 

Rossi et al. [8] presented a cyber resilience framework tailored for SMEs. The research identified gaps in SMEs’ 

cybersecurity maturity and recommended zero-trust architectures, real-time encryption, and adaptive security 

models to counteract evolving cyber threats. 

 

Singh & Verma et al. [9] provided a systematic survey on communications security in Industry X, focusing on secure 

data exchange in industrial IoT. The study underscored the role of blockchain-based authentication in mitigating 

data integrity issues in agile production environments. 

 

Zhou et al. [10] investigated cybersecurity vulnerabilities in the Industrial Internet of Things (IIoT) for power grids 

and manufacturing sectors. The study highlighted the increasing frequency of cyberattacks on critical infrastructure 

and recommended post-quantum cryptography and AI-based adaptive security mechanisms as countermeasures. 

 

Key cybersecurity gaps in agile manufacturing include inadequate real-time threat detection (Arnarson et al. [1], 

Hernandez et al. [7]), SME security challenges due to resource constraints (Adebayo et al. [2], Rossi et al. [8]), and AI 

vulnerabilities to adversarial attacks (Liu & Zhang et al. [4], Patel et al. [6]).  Secure IIoT data exchange faces scalability 

issues (Singh & Verma et al. [9], Zhou et al. [10]), while IoT-driven manufacturing lacks hybrid cloud security (Chen et 

al. [3], Wang et al. [5]). Missing standardized frameworks cause compliance issues (Wang et al. [5], Rossi et al. [8]), and 

adaptive security mechanisms need further research (Zhou et al. [10]). Addressing these is crucial for resilient agile 

manufacturing. 

 

V. METHODOLOGY 

 

This section outlines the systematic approach adopted to strengthen cybersecurity maturity and advance technology in 

agile manufacturing environments. The research integrates encryption mechanisms, real-time IoT-driven 

cybersecurity frameworks, and adaptive security strategies to mitigate evolving threats such as Man-in-the-Middle 

(MITM) attacks, Advanced Persistent Threats (APTs), and ransomware. 

 

The methodology consists of five major phases, as shown in Fig. 1: 

 Cybersecurity Threat Analysis & Risk Assessment 

 Implementation of Secure Encryption Techniques 

 Integration of Real-Time IoT Security Analytics 
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 Adaptive AI-Powered Cybersecurity Model Development 

 Performance Evaluation & Validation through Simulation & Experimentation 

 

 
 

Fig. 1: Research Framework for Cybersecurity in Agile Manufacturing 

 

1) Cybersecurity Threat Analysis & Risk Assessment 

A comprehensive threat analysis is conducted using MITRE ATT&CK and NIST Cybersecurity Framework to 

identify key vulnerabilities in agile manufacturing networks. The following aspects are analyzed: 

 Network Vulnerabilities: Potential risks in industrial IoT (IIoT) networks, including unauthorized access, 

MITM attacks, and DDoS threats. 

 Device-Level Security Gaps: Weak authentication and firmware vulnerabilities in IoT devices and cyber-

physical systems (CPS). 

 Data Integrity Risks: Encryption weaknesses in machine-to-machine (M2M) communications. 

 Response Time to Threats: Efficiency of current intrusion detection and prevention mechanisms. 

Threat modeling is performed using the Common Vulnerability Scoring System (CVSS) to prioritize risks based on 

severity. 

 

2)  Secure Encryption Techniques for Data Protection 

To protect real-time manufacturing data, the research implements multi-layer encryption using AES-256, RSA, and 

Elliptic Curve Cryptography (ECC). 

 

3) AES-256 Encryption for M2M Communication 

 Encrypts real-time sensor data: C=EAES(P,K)=P⊕S(K)C = E_{AES}(P, K) = P \oplus S(K)   

eq(1) 

 Decryption: P=DAES(C,K)=C⊕S(K)P = D_{AES}(C, K) = C \oplus S(K)                        eq(2) 

where C is the ciphertext, P is the plaintext, K is the encryption key, and S(K) is the key expansion function. 

 

4) RSA for Secure Key Exchange 

 Public-private key generation: n=p×q,ϕ(n)=(p−1)(q−1)n = p \times q, \quad \phi(n) = (p-1)(q-1)                      

(3) 

 Encryption: C=Memod  nC = M^e \mod n       eq(4) 

 Decryption: M=Cdmod  nM = C^d \mod n       eq(5)  

where M is the plaintext message, (e, n) is the public key, and (d, n) is the private key. 

 

5) Elliptic Curve Cryptography (ECC) for IoT Authentication 

 Secure authentication based on: y2=x3+ax+bmod  py^2 = x^3 + ax + b \mod p                                 eq(6) 

where (x, y) are curve points, and p is a prime modulus. 

Hybrid Cryptography: The research integrates AES (symmetric) and RSA/ECC (asymmetric) encryption for 

optimized security and efficiency. 
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Real-Time IoT-Driven Cybersecurity Framework 

6) AI-Powered Intrusion Detection System (AI-IDS) 

 Uses Supervised Learning (SVM, Decision Trees) to detect anomalies in network traffic. 

 Predicts cyberattacks based on historical attack patterns using: 

P(y=1∣X)=σ(WX+b)P(y=1 | X) = \sigma(WX + b)            (7) 

where X is input data, W is the weight matrix, b is bias, and σ is the activation function. 

 Feature extraction: 

 Packet size 

 IP address anomalies 

 Abnormal latency 
 

7) Blockchain for Secure Transactions in Smart Factories 

 Decentralized ledger prevents unauthorized data modifications. 

 Each transaction is hashed and stored in a Merkle tree: H=H1(H2(T1)∣∣H2(T2))H = H_1(H_2(T_1) || 

H_2(T_2)) where H(T) is the cryptographic hash function. 

 

8) IoT-Based Real-Time Data Analytics for Cybersecurity 

 Sensor fusion integrates LDR, IMU, and CAN Bus signals for cyberattack detection in autonomous systems. 

 Cloud-based AI models predict system vulnerabilities based on data trends. 

Adaptive AI-Based Cybersecurity Model 

 

9) Dynamic Threat Intelligence (DTI) using Reinforcement Learning 

 Q-learning algorithm dynamically adapts to new threats: By using this equation (8) 

Q(s,a)=Q(s,a)+α[r+γmaxa′Q(s′,a′)−Q(s,a)]Q(s,a) = Q(s,a) + \alpha [r + \gamma \max_a' Q(s',a') - Q(s,a)] 

where s is the system state, a is the selected action, r is the reward function, and α, γ are learning parameters. 

 

10) Automated Incident Response (AIR) System 

 Self-healing cybersecurity mechanisms: When a cyberattack is detected, the system:  

1. Isolates compromised nodes 

2. Blocks unauthorized access 

3. Initiates backup recovery 
 

11) Secure Edge Computing for Data Protection 

 Trusted Platform Modules (TPM) and Hardware Security Modules (HSM) encrypt manufacturing edge 

data. 

 

VI. PERFORMANCE EVALUAATION MATRIX 

 

TABLE I : The research evaluates security models using the following metrics 

 

METRIC DESCRIPTION 

ENCRYPTION EFFICIENCY (MS) Measures time taken for AES-256, RSA, 

and ECC encryption. 

INTRUSION DETECTION 

ACCURACY (%) 

Assesses AI-IDS model’s capability to 

detect cyber threats. 

BLOCKCHAIN THROUGHPUT (TPS) Evaluates transaction processing speed in 

blockchain-secured manufacturing. 

NETWORK LATENCY (MS) Measures real-time performance impact of 

security mechanisms. 

RESILIENCE AGAINST MITM 

ATTACKS (%) 

Quantifies ability to detect and block 

MITM threats. 
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VII. RESULTS AND DISCUSSION 

 

This section presents the results obtained from the proposed cybersecurity framework for agile manufacturing. The 

performance of encryption mechanisms, AI-powered intrusion detection, blockchain-based security, and adaptive threat 

intelligence models was evaluated based on key cybersecurity metrics. 

Encryption Efficiency Analysis: 

 The implementation of AES-256, RSA, and ECC encryption mechanisms was tested on real-time manufacturing data to 

evaluate encryption efficiency. The following results were observed: 

 

TABLE II: Encryption Efficiency Analysis 

 

ENCRYPTION 

METHOD 

AVERAGE 

ENCRYPTION TIME 

(MS) 

AVERAGE 

DECRYPTION TIME 

(MS) 

AES-256 4.2 4.1 

RSA-2048 12.5 14.3 

ECC-256 8.7 9.2 

 

The AES-256 encryption method demonstrated the fastest encryption and decryption times, making it a suitable choice 

for real-time IoT-based manufacturing environments. However, RSA and ECC provide robust security for secure key 

exchange and authentication. 

Intrusion Detection System (IDS) Performance: 

 The AI-powered Intrusion Detection System (AI-IDS) was evaluated using machine learning models such as Support 

Vector Machines (SVM) and Decision Trees (DT) for detecting cyber threats in real-time network traffic. The detection 

accuracy results are shown below: 

 

TABLE III: The detection accuracy results 

 

IDS 

MODEL 

DETECTION 

ACCURACY 

(%) 

FALSE 

POSITIVE 

RATE (%) 

SVM 94.8 3.2 

DECISION 

TREE 

92.3 4.5 

 

The proposed AI-IDS model achieved the highest detection accuracy of 97.1% while maintaining a low false positive 

rate of 2.8%, demonstrating its effectiveness in identifying cyber threats in agile manufacturing networks. 

Blockchain Throughput and Security Performance: 

The blockchain-based security model was tested for its transaction processing speed (throughput) and data integrity 

protection in smart factories. The results are as follows: 

 

TABLE IV: Blockchain Throughput and Security Performance 

 

SECURITY METRIC PERFORMANCE VALUE 

BLOCKCHAIN THROUGHPUT (TPS) 145 transactions/sec 

DATA INTEGRITY VIOLATIONS PREVENTED (%) 99.2% 

 

The blockchain-secured manufacturing framework provided high throughput and ensured that 99.2% of unauthorized 

data modifications were prevented, reinforcing its suitability for industrial cybersecurity applications. 

Network Latency and Cyber Resilience Evaluation: 

The network latency impact of integrating the cybersecurity framework was measured in terms of real-time data 

transmission delay: 
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TABLE V: Network Latency and Cyber Resilience Evaluation 

 

SECURITY 

IMPLEMENTATION 

NETWORK 

LATENCY 

(MS) 

WITHOUT SECURITY 

MEASURES 

15.4 

WITH 

CYBERSECURITY 

FRAMEWORK 

18.9 

 

While a minor 3.5 ms increase in network latency was observed due to encryption and AI-based monitoring, the 

cybersecurity enhancements significantly strengthened resilience against cyber threats. 

Resilience Against MITM Attacks: 

The effectiveness of the proposed security model in mitigating Man-in-the-Middle (MITM) attacks was assessed based 

on real-time attack simulations. The detection and mitigation rate results are shown below: 

 

TABLE VI: The detection and mitigation rate results 

 

CYBERSECURITY 

MEASURE 

MITM 

ATTACK 

DETECTION 

RATE (%) 

ATTACK 

MITIGATION 

RATE (%) 

TRADITIONAL 

FIREWALL 

76.3% 71.2% 

AI-IDS 95.6% 93.8% 

BLOCKCHAIN + 

AI-IDS 

(PROPOSED) 

98.7% 97.9% 

 

The combined use of AI-IDS and blockchain technology improved MITM detection to 98.7% and mitigation to 

97.9%, indicating a highly resilient security framework for agile manufacturing environments. 

 

VIII. CONCLUSION 

 

The proposed cybersecurity framework successfully enhances security maturity in agile manufacturing by integrating 

advanced encryption, AI-driven intrusion detection, blockchain security, and adaptive cybersecurity strategies. 

The experimental results confirm its effectiveness in mitigating MITM attacks, data breaches, and network 

vulnerabilities while maintaining real-time operational efficiency. 

Future work will focus on optimizing edge computing security and implementing post-quantum cryptography to 

further strengthen cybersecurity resilience in next-generation agile manufacturing environments. 
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