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Abstract 

The Internet of Things (IoT) is transforming society by integrating physical devices, 

sensors, and data. However, this also introduces cybersecurity vulnerabilities. 

Intelligent materials and big data analytics are integral emerging technologies within 

the IoT landscape and bring unique security risks. This extensive research article 

comprehensively analyzes the cybersecurity challenges associated with intelligent 

materials and big data in the IoT ecosystem. It explores the limitations of innovative 

materials in terms of computational resources, communication protocols, firmware 

updates, supply chain integrity, and susceptibility to physical tampering that could 

lead to privacy, safety, and operational security issues. Furthermore, it examines the 

data-related risks of breaches, manipulation, unreliable analytics, and tracing data 

provenance. Next, it provides an in-depth overview of existing and potential 

cybersecurity solutions tailored for intelligent materials and big data, including 

blockchain, differential privacy, secure enclaves, and intrusion detection systems. A 

detailed risk management framework is proposed for building secure, intelligent, 

material-enabled, data-driven IoT systems. Best practices are suggested across the 

lifecycle, including threat modeling, system architecture, product design, data 

governance, access control, monitoring, incident response, and recovery strategies. 

Recent case studies of real-world attacks are analyzed to highlight salient lessons. 

In summary, this article aims to provide a comprehensive reference for engineering, 

business, and policy stakeholders on navigating the pressing cybersecurity 

challenges in this domain, stimulating further research, and guiding the development 

of robust IoT ecosystems. 
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Introduction  

The Internet of Things (IoT) paradigm transforms complex physical systems through 

ubiquitous connectivity, converting them into data-rich environments. Gartner 

forecasts there will be over 25 billion IoT devices by 2021 (Staal, 2022). The 

proliferation of interconnected sensors, devices, and objects is poised to transform 

nearly every industry, from transportation to healthcare to agriculture and beyond 

(Wu et al., 2014), (Lampropoulos et al., 2019). This fusion of the physical and digital 

worlds holds immense potential to enhance efficiency, sustainability, automation, 

and quality of life. However, the complexity and hyperconnectivity inherent in IoT 

ecosystems also introduce a vast attack surface for cybersecurity threats that must 

be tackled proactively.  

 

Intelligent materials and big data analytics are two integral technologies within the 

IoT landscape, with significant potential across applications and novel cybersecurity 

implications (Dey et al., 2018). Innovative materials are engineered materials that 

incorporate dynamic and adaptive properties controlled by external stimuli. They 

directly integrate capabilities like sensing, actuation, computation, communication, 

and energy harvesting within the material substrate. This expands the capabilities of 

the physical environment to enable context awareness, self-adaptation, and 

intelligent automation. Innovative materials may encompass various substrates, 

including piezoelectric, conductive polymers, hydrogels, shape-memory alloys, 

electroactive polymers, and magnetorheological fluids (Liang, 2015). When 

integrated with microelectronics, these multifunctional materials can serve as the 

foundational components underpinning cyber-physical systems and enable 

advanced IoT applications across domains like robotics, infrastructure monitoring, 

flexible electronics, medical devices, and transportation. However, their augmented 

capabilities also introduce new cybersecurity challenges that must be tackled as their 

adoption expands. 
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Source: IDC IoT DataSphere report 

On the other hand, big data analytics refers to using advanced statistical and machine 

learning techniques to derive actionable insights from massive, heterogeneous, 

multi-modal, and rapidly generated datasets. The deluge of data from networked 

sensors, devices, systems, and social platforms constitutes big data characterized by 

high volume, velocity, and variety. Big data analytics unlocks the value of this vast 

data corpus through techniques like predictive modeling, pattern identification, 

optimization, and other forms of automated decision support. This enables new 

forms of data-driven intelligence generation to enhance productivity, sustainability, 

and user experiences across IoT applications. However, significant data ecosystems 

also strain cybersecurity paradigms designed mainly for relatively small-scale 

structured data in constrained computing environments. As IoT proliferation 

accelerates the generation of increasingly diverse, interconnected, and unstructured 

data at an unprecedented scale, the cyber risks amplified by extensive data 

integration must be tackled (Djenna et al., 2021). 

 

While innovative materials and big data analytics expand the functionality and 

intelligence of IoT systems, enabling promising new applications, they also 

introduce complex and amplifying cybersecurity challenges. Innovative materials 

expand the purview of cybersecurity from purely software-based systems to the 
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physical realm. Constraints like limited onboard processing capability, vulnerable 

wireless protocols, lack of standards, physical accessibility, and poor update 

mechanisms make securing innovative material systems using conventional methods 

challenging (Samaila et al., 2018). Meanwhile, the volume, variety, and velocity of 

heterogeneous data generated in IoT environments strain traditional cybersecurity 

and data protection paradigms designed for relatively static and structured data 

formats. Risks are amplified by the complex interconnectedness of systems and the 

exponential growth of data. As these emerging technologies get embedded into 

critical infrastructures like power grids, transport networks, and healthcare systems, 

substantial damage can arise from potential cyber exploits if cybersecurity is not 

ingrained proactively into their design and deployment. 

 
Source: ENISA Threat Landscape Report 

Therefore, cybersecurity must be prioritized as adopting innovative materials, and 

big data analytics accelerates across the rapidly growing IoT landscape. Traditional 

security controls require adaptation to address the unique risks arising from the blend 

of physical systems, embedded devices, local networks, control processes, cloud 

platforms, and diverse data feeds that constitute modern IoT ecosystems. Simply 

extending current IT security practices is inadequate. Instead, innovative security 

solutions that embrace the constraints of intelligent materials and big data scales 

must be developed and implemented holistically across technologies, processes, 

personnel, and stakeholders. This necessitates continued research and standards 

evolution. It also requires instilling cybersecurity as a priority across organizational 
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cultures. Multi-layered defense spanning existing and emerging practices tailored 

for the unique attack surfaces of IoT environments will be needed. With proactive 

risk management, maximizing benefits while minimizing adverse tradeoffs as 

intelligent materials and big data permeate critical systems and infrastructure 

through the IoT revolution is possible (Yang et al., 2017). However, neglecting the 

novel cybersecurity considerations introduced by these integral technologies could 

lead to substantial threats. Technical and non-technical stakeholders across private 

and public sectors should build collaborative security frameworks to support the 

secure and sustainable development of intelligent material-enabled and data-rich IoT 

ecosystems. 

This research article comprehensively analyzes the cybersecurity issues associated 

with adopting innovative materials and big data analytics within IoT environments. 

The contributions are three-fold: 

1) Explore the unique cybersecurity vulnerabilities arising from the limitations and 

risks inherent in innovative materials and significant data ecosystems.  

2) Provide a detailed overview of existing and emerging security solutions tailored 

to address these challenges. 

3) Propose a risk-based framework to engineer robust, resilient IoT systems 

leveraging innovative materials and big data. 

 

The article is structured as follows: Section 2 provides background details on 

intelligent materials and big data applications within the IoT context. Sections 3 and 

4 investigate the cybersecurity challenges introduced by intelligent materials and big 

data. Section 5 surveys existing and potential security solutions, while section 6 

suggests a detailed risk management framework. Section 7 highlights real-world 

case studies, and section 8 provides concluding remarks. The aim is to raise 

awareness of this emerging domain among stakeholders, guide technology evolution 

securely, and motivate further research efforts. 

 

Background 

This section presents an overview of intelligent materials and big data analytics 

within the IoT landscape to establish the technological context for cybersecurity 

discussions in subsequent sections. 
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Internet of Things and Cyber-Physical Systems: The Internet of Things (IoT) refers 

to networks of interconnected, sensor-equipped physical objects that can collect, 

exchange, and act upon data, usually with minimal human intervention. IoT 

ecosystems integrate the physical and digital worlds seamlessly through intelligent, 

networked devices and automation technologies (Xu et al., 2018). This drives many 

applications, such as smart homes, intelligent transportation, precision agriculture, 

digital health, and smart cities.  

Relatedly, cyber-physical systems (CPS) enable tight conjoining and coordination 

between computational and physical assets for enhanced monitoring, control, and 

autonomy. CPS underlies many critical infrastructures, including energy grids, water 

distribution, transportation networks, and industrial control systems. Integrating IoT 

and CPS creates a deluge of data and intelligence that can transform system 

efficiency, reliability, safety, and sustainability. However, the complexity, 

interconnectivity, and automation of these converged environments also expand the 

cyber-attack surface. Myriad new vulnerabilities could be exploited for theft, fraud, 

disruption, and physical damage. Therefore, cybersecurity is imperative in 

engineering robust IoT and CPS platforms. 

FIGURE 1: UNSAL, USTUN, HUSSAIN, & ONEN, 2021 (Unsal et al., 2021) 

Innovative Materials: Smart materials are engineered materials that incorporate 

adaptive properties, enabling them to sense, process, and respond to environmental 

stimuli. They can exhibit actuation, defined as the ability to change shape or move 
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in a controlled manner in response to external inputs. Also, they manifest sensing 

capabilities by transforming physical signals such as mechanical pressure, 

temperature, or magnetic fields into digital signals. Intelligent materials may also 

possess communication, computation, energy harvesting, and self-healing 

capabilities. 

Various materials can be engineered to impart the aforementioned intelligent 

capabilities, including piezoelectrics, shape memory alloys, magnetorheological 

fluids, electroactive polymers, and hydrogels (Liang et al., 2018). When integrated 

with electronics, microprocessors, and wireless connectivity, such materials can be 

the foundational components underpinning cyber-physical systems and enabling 

advanced IoT applications. For instance, shape memory alloys are actuators in 

biomedical devices, space applications, and robotics (Sanchez et al., 2005). 

Piezoelectric materials can harvest vibration energy from equipment and 

infrastructure for self-powered IoT nodes. Conductive polymers enable artificial 

skin, electronic textiles, and stretchable biosensors. Hydrogel-based soft sensors can 

monitor heart rate, hydration, and ultraviolet exposure. Intelligent materials are also 

extensively used for structural health monitoring critical equipment and 

infrastructure through embedded sensing. 

 

Big Data and IoT: The Internet of Things creates massive volumes of diverse data 

from connected sensors, devices, and systems. IDC estimates that the global IoT 

data sphere will reach 79.4 zettabytes (ZB) by 2025, growing from 18.3 ZB in 2019. 

IoT data generation is accelerated by decreasing sensor and connectivity costs 

alongside growing computational capabilities at the edge layer. Big data analytics 

refers to advanced statistical, mathematical, and machine learning techniques that 

derive actionable insights from massive, heterogeneous, and rapidly generated 

datasets. Big data strategies are essential to transform raw IoT data into meaningful 

information for predictive modeling, optimization, decision automation, and other 

forms of intelligence generation (Hajjaji et al., 2021). 

Some popular techniques include machine learning, data mining, graph analytics, 

neural networks, natural language processing, signal processing, simulation, and 

visualization. Distributed stream processing platforms like Apache Spark enable 

real-time analysis of high-velocity data streams. Cloud platforms provide vast 
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storage and computational power for IoT data analytics. Emerging tools like 

TensorFlow, MATLAB, and SAS simplify development and deployment. 

 

Key application areas that leverage big data analytics on IoT data include predictive 

maintenance, autonomous vehicles, healthcare informatics, supply chain visibility, 

intelligent grid management, and public safety. However, as examined in section 4, 

big data environments also pose novel cybersecurity challenges. 

 

Cybersecurity Challenges with Smart Materials 

 

Innovative materials expand the purview of cybersecurity from purely software 

systems to the physical realm. This section highlights the unique cybersecurity 

challenges of adopting innovative materials in IoT and CPS contexts. These include 

risks stemming from: 

 

Limited Computational Capabilities: Many innovative materials have severely 

constrained computational power and memory due to nano/micro-scale electronics 

and power source limitations. This restricts the use of traditional cybersecurity 

controls like encryption, access control, and key management on the materials 

themselves. Additionally, limited processing capacity makes the devices susceptible 

to denial-of-service attacks by flooding computational resources (Liang et al., 2019). 

Lightweight cryptography is still an open research challenge for intelligent material 

systems and IoT devices. In the interim, hybrid techniques are emerging, e.g., 

offloading heavy computations to the cloud while applying basic encryption on the 

device. However, split security mechanisms can also introduce vulnerabilities at the 

system level. 

Source:CVEDetails.com 
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Source:CVEDetails.com 

Vulnerable Wireless Protocols: Smart materials frequently rely on wireless 

protocols like Bluetooth Low Energy (BLE), ZigBee, 6LoWPAN, and RFID for 

connectivity, which have well-known security weaknesses. BLE vulnerabilities 

include key leakage during pairing, insecure data transmission, privacy threats from 

address tracking, and man-in-the-middle attacks. ZigBee does not mandate 

encryption, authentication, or integrity measures, exposing deployments to 

eavesdropping, jamming, and packet injection. RFID tags can be cloned or tracked 

without consent. Such issues enable cyber and physical attacks ranging from 

disabling assets to industrial espionage. Standardization efforts like the Internet 

Protocol for Smart Objects (IPSO) Alliance and Datagram Transport Layer Security 

(DTLS) implementations offer incremental improvements. However, lightweight, 

end-to-end, secure communication mechanisms tailored for intelligent materials are 

still needed to provide confidentiality, integrity, authenticity, and availability 

assurances.   

 

Table 1. Intelligent Material Threats and Vulnerabilities: 

Threat/Vulnerability Description 

Example 

Application 

Mitigation 

Strategies 

Hardware Tampering 

Physical 

manipulation of 

intelligent 

materials to alter 

data or 

functionality 

Self-healing 

polymers in 

medical 

implants 

Tamper-proof 

seals, 

encryption, 

hardware 

authentication 

Software Exploits 

Bugs or 

vulnerabilities in 

the software 

controlling 

innovative 

materials 

Shape-shifting 

robots 

Secure coding 

practices, 

regular 

updates, allow 

listing of 

trusted 

operations 
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Data Infiltration 

Unauthorized 

access to sensitive 

data collected by 

intelligent 

materials 

Biometric 

sensors in 

bright clothing 

Secure 

communication 

protocols, data 

anonymization, 

intrusion 

detection 

systems 

Sensor Deception 

Manipulating 

sensor readings to 

provide false 

information 

Environmental 

monitoring 

systems with 

intelligent 

materials 

Redundant 

sensors, data 

validation 

algorithms, 

blockchain-

based data 

provenance 

Denial-of-Service 

Attacks 

Overwhelming 

innovative 

materials with 

requests to disrupt 

their operation 

Smart 

infrastructure 

with self-

repairing 

concrete 

Rate limiting, 

distributed 

denial-of-

service 

prevention, 

resource 

management 

protocols 
 

 

Lack of Physical Hardening: Many innovative materials have minimal physical 

hardening owing to design constraints and cost considerations in large-scale 

deployments. They may be susceptible to physical tampering, power analysis 

attacks, fault injection, and side-channel attacks that exploit computational artifacts 

like timing, power consumption, or electromagnetic emissions. This enables 

attackers to extract sensitive data like cryptographic keys or manipulate the 

material's behavior. Physically Unclonable Functions (PUFs) are a promising 

solution to safeguard device identities and keys. PUFs generate outputs from 
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complex physical characteristics unique to each material device. However, error 

correction mechanisms and environmental noise mitigation in PUF designs are still 

ongoing research areas. 

 

Challenges in Firmware Updates: Smart material systems' decentralized and 

specialized nature hamper security patching and firmware updates. Vendors may not 

prioritize updates for legacy systems. Weak update protocols are prone to tampering, 

enabling the execution of unauthenticated code. Diversity in proprietary vendor 

solutions also hinders standardized, secure update mechanisms. This threatens 

innovative material security lifecycle management as new vulnerabilities emerge. A 

promising direction is using blockchain technology to provide integrity, non-

repudiation, and authentication for over-the-air updates. Blockchain-based solutions 

that integrate access control, validation, and firmware encryption show potential to 

address security lifecycle issues. 

 

Supply Chain Concerns: Smart materials must pass through complex global supply 

chains across their sourcing, fabrication, integration, distribution, and operational 

lifecycle. This exposes the materials to risks of counterfeiting, tampering, and 

insertion of backdoors at multiple points. Documenting and securing provenance is 

necessary but challenging for raw materials. Blockchain solutions promise to track 

supply chain integrity from device creation through deployment and maintenance. 

 

Privacy Risks from Material-based Sensing: Novel sensing capabilities raise new 

privacy concerns, for instance, if innovative materials are embedded in wearable 

medical devices, vehicles, and home environments. Dynamic material properties 

like conductivity, permittivity, or fluorescence can reveal activity patterns and 

behaviors. The material composition itself can serve as a fingerprint for tracker 

identification. While data anonymization is helpful, it is challenging to deidentify 

diverse sensory streams from intelligent environments fully. Data access controls 

and dynamic consent models tailored for innovative materials require further 

research. 
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Table 2. Big Data Security Risks for Smart Materials: 

Big Data Risk Description 

Example 

Scenario 

Mitigation 

Strategies 

Privacy 

Concerns 

Personal data 

collected by 

intelligent 

materials being 

misused or sold 

Smart home 

devices 

monitoring user 

activity 

Robust data 

anonymization, 

user consent 

protocols, 

transparent data 

policies 

Algorithmic 

Bias 

Machine learning 

algorithms used 

with innovative 

materials 

perpetuate unfair 

discrimination. 

Facial recognition 

systems in public 

spaces 

Diverse training 

data, bias 

detection and 

mitigation 

techniques, 

human oversight 

of algorithms 

Data Breaches 

Unauthorized 

access to large 

datasets of smart 

material data 

Medical sensors 

transmitting 

patient 

information 

Secure data 

storage, access 

control 

mechanisms, 

encryption in 

transit and at rest 

Data 

Manipulation 

Tampering with 

big data used to 

control intelligent 

materials 

Predictive 

maintenance 

systems for 

critical 

infrastructure 

Data provenance 

tracking, anomaly 

detection, tamper-

proof logging 

mechanisms 

Supply Chain 

Vulnerabilities 

Security 

weaknesses in the 

manufacturing 

Counterfeit or 

compromised 

components 

Secure 

manufacturing 

practices, 
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and distribution of 

intelligent 

materials 

infiltrating the 

supply chain 

component 

authentication, 

blockchain-based 

tracking systems 
 

 

Cybersecurity Challenges with Big Data  

 

The massive volume of heterogeneous data generated in IoT and CPS contexts 

strains traditional cybersecurity paradigms designed for relatively static and 

structured datasets. This section highlights critical cyber risks emerging from 

significant data adoption, including:  

 

Data Integrity and Quality Challenges: The volume and velocity of IoT data 

ingestion make it challenging to apply rigorous validation, cleansing, and 

preprocessing. Sensor failures or adversarial data injection can corrupt analytics. 

Statistical techniques like AI-based anomaly detection assist in identifying 

suspicious data points. Blockchain also promises to validate data inputs using 

decentralized consensus mechanisms (Zhang & Ghorbani, 2021).  

 

Protecting Data Privacy: Granular access controls are necessary to restrict 

unauthorized data access, especially personal information. This is challenging with 

varied data types, sources, and flows. Differential privacy techniques help share 

useful aggregated analytics while protecting individual identities. Federated learning 

avoids raw data collection at centralized servers. Stream encryption and secure 

multiparty computation offer additional options. 

 

Establishing Data Provenance: With complex data supply chains, establishing 

origins and ownership becomes critically essential but is problematic when inputs 

span diverse sensors, devices, platforms, networks, and databases. Blockchain 

emerges as a helpful construct owing to its immutable ledger properties, enabling 

reliable audit trails across fragmented data landscapes.   
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Achieving Anonymization: Anonymizing unstructured data like images, audio, and 

free text is challenging using conventional record redaction approaches. Adversarial 

techniques for deanonymization are growing in sophistication. Emerging solutions 

include adding controllable noise and adopting a privacy-by-design philosophy. 

Context also matters - data innocuous individually can expose patterns when 

aggregated. 

 

Attribution in Interconnected Systems: With complex cyber-physical-social 

interconnections, isolating the root causes for adverse events can be arduous but is 

essential for accountability. Forensic analysis combining physical audits, software 

logs, and networked system telemetry is needed for robust attribution. Dedicated 

hardware security modules and hardware-anchored integrity techniques also assist 

by rooting trust in the device layer. 

 

Enabling Data Sharing While Securing: Pooling data from diverse sources 

provides a fuller picture but requires resolving tensions between openness for 

analytical insights versus secrecy for competitive advantage and customer trust. 

Technical controls like differential privacy, data watermarking, and partial/summary 

data release provide a usable middle ground. Legal contracts and data marketplace 

mechanisms also facilitate controlled data sharing. 

 

Real-time Analytics on Encrypted Data: Processing encrypted data using traditional 

methods would require repeated decryption/encryption cycles that introduce latency, 

especially with significant data volumes. Emerging solutions include homomorphic 

encryption that enables computations on encrypted data and secure multiparty 

computation that facilitates collaborative analytics. 

Considering these heightened risks, the following section surveys tailored 

cybersecurity solutions for intelligent materials and big data. 

 

 

Emerging Cybersecurity Solutions 

 

Given the novel vulnerabilities discussed in the previous sections, traditional 

enterprise security controls require adaptation for brilliant material and big data 
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environments. Ongoing research efforts have yielded emerging solutions tailored for 

these IoT contexts, surveyed below. 

 

Lightweight Cryptography: Symmetric key algorithms like Simon and Speck and 

asymmetric schemes like NTRU and REDSEC enable basic encryption, integrity 

checks, and authentication with minimal computing overhead. Lightweight block 

ciphers, stream ciphers, and hash functions optimized for hardware efficiency show 

promise. Cryptographic co-processors and hardware security modules assist by 

isolating sensitive operations. 

Table 3. Comparison of Security Solutions for Smart Materials and Big Data: 

Solution Advantages Disadvantages Suitable for 

Encryption 

Protects data 

confidentiality 

and integrity 

It can be 

computationally 

expensive, requires 

key management 

Sensitive data 

transmission, 

storage 

Authentication 

Verifies identity 

of devices and 

users 

Can be vulnerable 

to replay attacks, 

phishing 

Access control, 

secure 

communication 

Intrusion 

Detection 

Systems 

Monitors for 

suspicious 

activity in 

intelligent 

materials and big 

data 

Can generate false 

positives, require 

skilled operators 

Network 

security, 

anomaly 

detection 

Secure Coding 

Practices 

Reduces software 

vulnerabilities in 

intelligent 

materials 

It takes time and 

expertise to 

implement 

effectively 

All software 

running on 

innovative 

materials 

Blockchain 

Provides tamper-

proof record-

keeping and 

It can be complex 

and energy-

intensive, with 

Supply chain 

tracking, data 

provenance 
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secure data 

sharing 

limited network 

scalability 
 

Physical Layer Security: Instead of traditional cryptography, techniques enhance 

resilience by exploiting wireless channel characteristics like noise, interference, and 

domain-specific propagation effects. Solutions include frequency hopping, antenna 

polarization, and artificial noise injection to achieve confidentiality and 

authentication. 

 

Blockchain: Blockchain establishes decentralized trust mechanisms to address 

vulnerabilities in supply chain integrity, data provenance, access control, and 

firmware update processes. It provides tamper-evident logs and establishes data 

lineage across fragmented IoT ecosystems. Smart contracts automate multiparty 

interactions. Efforts on pruning stale blockchain data are improving storage and 

performance overheads.  

 

Differential Privacy: This technique enables deriving aggregate-level insights from 

a dataset while minimizing the risks of recovering details on individual data entries 

through intentional noise infusion. Differentially private algorithms apply to 

statistical queries, machine learning, and data mining - enabling useful analytics on 

sensitive IoT data while preserving privacy. 

 

Secure Multiparty Computation: SMC protocols allow mutually distrusting parties 

to collaboratively perform computations on private data inputs without revealing 

their data to each other. This preserves confidentiality while enabling collective 

analytics on sensitively complementing datasets from multiple innovative materials 

and IoT systems. 

 

Federated Learning: In this approach, machine learning models are trained 

collaboratively across decentralized datasets. Raw data stays distributed on user 

devices rather than collected centrally. Model updates are shared instead of private 

data. This aids privacy protection and reduces communication overheads.  

 

Intrusion Detection Systems: ML-enhanced IDS solutions customized for IoT and 

intelligent material contexts assist in detecting anomalies and threats by analyzing 
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device behavior, network traffic, control processes, and data flows. Edge analytics 

avoids the overheads of cloud-centric monitoring. Solutions integrate rule-based 

methods and artificial intelligence. 

 

Hardware-based Security: Dedicated security modules and chips provide hardened 

environments isolated from the rest of the system. They safeguard critical functions 

like secure boot, authentication, cryptographic operations, and key storage. 

Physically Unclonable Functions (PUFs) generate hardware-intrinsic fingerprints 

for device identity and authentication. Using tamper-resistant packaging, coatings, 

and microchip obfuscation deters physical attacks. 

 

Attestation: Remote attestation enables verifying an IoT device's firmware integrity 

and legitimacy before provisioning sensitive data or tasks. This prevents run-time 

attacks via unauthorized code execution. A trustworthy reference baseline helps 

remotely detect cases of compromised firmware.   

 

System Architecture: Emerging architectures like software-defined networking, fog 

computing, and mesh networks address the performance, trust, and reliability 

requirements of IoT and CPS environments. Gateways and cloud orchestration assist 

in managing and securing massive numbers of heterogeneous endpoints. 

Microservices aid in the quick isolation of compromised systems.     

 

Risk Management Framework for Secure IoT Systems 

 

Given the blend of emerging solutions and persistent research gaps, a comprehensive 

risk management approach is necessary for secure system design, development, and 

operation. This section proposes a robust IoT cybersecurity framework 

encompassing innovative materials and big data environments. 

 

Threat Modeling: Threat modeling entails systematically evaluating adversaries, 

assets, security objectives, vulnerabilities, and mitigations to define security 

requirements and controls. IoT and CPS threat models must address expanded 

scopes covering users, intelligent devices, communication networks, cloud 



 
 

International Journal of Information and Cybersecurity 

99 | P a g e  

platforms, and cyber-physical processes: diverse use cases, deployment contexts, 

and risk appetite guide application-specific threat models. 

 

Vulnerability Assessments: Regular vulnerability assessments through penetration 

testing, fuzzing, static analysis, and dynamic analysis are imperative. Network-level, 

platform-level, and device-level vulnerabilities must be tracked as IoT ecosystems 

expand and evolve across their lifecycles (Popescu et al., 2021). Prioritizing 

remediation based on criticality and exposure metrics is advised. 

 

Incident Response: IR strategies tailored for IoT environments are crucial to 

consistently detect, characterize, contain, eradicate, and recover from adverse cyber 

events across bridged IT/OT systems. This requires integrated coordination across 

stakeholders, managed services, and forensic procedures specific to IoT/CPS 

architectures.  

4. Regulatory Frameworks for Securing Smart Materials and Big Data: 

Regulatory 

Framework Focus 

Example 

Standards Challenges 

GDPR (EU) 

Privacy of personal 

data collected by 

intelligent materials 

Data 

anonymization, 

user consent, 

transparent data 

practices 

Cross-border 

data transfer, 

enforcement 

complexity 

NIST 

Cybersecurity 

Framework 

(US) 

Risk management 

framework for 

critical 

infrastructure 

Identify, protect, 

detect, respond, 

recover 

Adaptability to 

diverse, 

innovative 

material 

applications 

ISO 27001: 

Information 

Security 

Management 

System 

The general 

framework for 

managing 

information security 

risks 

Risk assessment, 

incident response, 

access control 

Applicability 

to specific 

technical 

challenges of 
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innovative 

materials 

ITU X.1053: 

Security 

Guidelines for 

IoT 

Recommendations 

for securing IoT 

devices and systems 

Device 

authentication, 

secure 

communication, 

software updates 

Lack of global 

adoption, 

enforcement 

limitations 

BSI IT-

Grundschutz 

German information 

security baseline 

protection 

Set of security 

measures for 

different IT 

systems 

Adaptability to 

the rapid 

evolution of 

intelligent 

material 

technologies 
 

Secure Architecture: A robust architecture incorporates segmentation, zoning, 

gateways, edge intelligence, and layered defense spanning devices, networks, and 

cloud tiers. Microservices aid containment upon compromise. They have proven 

open standards aid interoperability, upgradability, and maintenance. Designs must 

balance performance, cost, and trust requirements. 

 

Identity and Access Management: Scalable identity and credential management 

mechanisms customized for massive IoT device populations enable asset inventory, 

automated onboarding/offboarding, and access lifecycle governance: fine-grained 

authorization policies and standards like XACML SAML aid access control. IoT 

demands decentralized and federated identity models vs. centralized approaches. 

 

Data Security: IoT data protection requires ciudad custodianship applying 

encryption, tokenization, access controls, and data integrity measures end-to-end—

privacy-enhancing techniques like aggregation, anonymization, and selective data 

exposure assist where applicable. Backup and disaster recovery provisions are 

necessary for IoT analytics pipelines and data repositories. 
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Monitoring and Analytics: Security monitoring spans networks, endpoints, data 

flows, and processes to track baselines and detect anomalies. Investments in tools 

must be complemented by defined logging, alerting, and aggregation mechanisms. 

Edge analytics and AI improve monitoring efficacy and efficiency for IoT. 

 

Physical Security: Physical hardening measures like custom enclosures, coatings, 

tamper-evident seals, and adhesion help deter unauthorized access to sensitive IoT 

assets. Device identification schemes using digital watermarking assist in thwarting 

counterfeits. Production facilities and shipping channels require vetting and 

procedural controls. 

 

Supply Chain Security: A rigorous vendor selection process is advised, covering 

technical capabilities, quality certifications, security posture, transparency, and 

financial stability. Contracts codify security requirements, liability, sustainment, and 

escrow mechanisms. Blockchain enables component traceability from raw materials 

onwards. 

Table 5. Emerging Research Areas in Smart Material and Big Data Cybersecurity: 

Research Area Potential Benefits Challenges 

Homomorphic 

Encryption 

Securely processing data 

without decryption 

Performance overhead, 

limited algorithm support 

Trustworthy AI 

Developing secure and 

unbiased AI algorithms for 

intelligent materials 

Explainability, fairness, 

robustness to adversarial 

attacks 

Secure Multiparty 

Computation 

Collaborative data 

analysis without revealing 

raw data 

Communication 

complexity trusted third-

party setup 

Physical 

Unclonable 

Functions 

Unique fingerprint 

identification for 

intelligent materials 

Hardware 

implementation 

challenges, scalability 



 
 

International Journal of Information and Cybersecurity 

102 | P a g e  

Secure Hardware 

Enclaves 

Dedicated secure zones for 

sensitive operations on 

intelligent materials 

Limited resources, 

platform dependence 
 

 

Case Studies of IoT Cyber Attacks 

 

Several real-world cybersecurity incidents have highlighted the dangers of lax 

protections in IoT environments. This section briefly analyzes select case studies to 

extract lessons for security practitioners. 

 

Stuxnet: The Stuxnet worm that first targeted Iran's uranium enrichment 

infrastructure in 2010 remains among the most notorious cyber-physical attacks. It 

exploited vulnerabilities in SCADA systems and PLCs to cause substantial damage 

to centrifuges by tampering with their operations. Stuxnet highlighted the risks of 

disconnected IT security and OT operations and demonstrated state-level threats to 

critical infrastructure. 

 
Source: ENISA Threat Landscape Report 

TRISIS Malware: This 2016 malware impacted safety instrumented systems (SIS) 

at an oil and gas facility, enabling potential shutdowns or explosions. It showed that 

even security-critical emergency systems lack adequate protection from 
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sophisticated threats: the attack vector involved third-party vendor accounts and 

commodity Windows vulnerabilities. 

 

Ukraine Power Grid Hack: In the first confirmed cyber assault on electricity 

infrastructure, over 225,000 customers lost power for several hours in Ukraine in 

2015. Malware wiped out systems and disrupted the distribution SCADA network. 

The attack involved reconnaissance, infiltration of networks, and coordination 

across IT and OT domains. 

 

Mirai Botnet: This rapidly spreading IoT botnet peaked at over 600,000 

compromised devices in 2016, launching massive, distributed denial of service 

attacks. Mirai preyed on easy-to-guess device passwords, insecure firmware, and 

poor default configurations. It exemplified vulnerabilities arising from many IoT 

systems' fragmented and lightweight nature.   

 

These incidents, among numerous others, demonstrate that as connectivity and data 

generation expand in CPS and IoT systems, so do the risks of cyber threats exploiting 

weak links to trigger outsized physical impacts. Holistic vigilance is imperative. 

 

Conclusion 

 

This extensive research article comprehensively examined the emerging 

cybersecurity challenges associated with adopting innovative materials and big data 

technologies within IoT and CPS environments.  

First, it established the technological context around innovative materials and big 

data analytics in the IoT landscape. The background discussion touched upon the 

transformative potential of IoT across industries, along with the roles of innovative 

materials and big data in enabling this intelligent connectivity revolution. However, 

the complexity and hyperconnectivity inherent in converged IoT ecosystems also 

massively expand the cyber-attack surface. This sets the stage for the rest of the 

analysis. 

 

Next, the article delved into identifying vulnerabilities from limitations and risks 

specific to intelligent materials and big data. For innovative materials, challenges 
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stem from constrained capabilities, lack of standards, firmware update issues, supply 

chain concerns, and physical accessibility (Cai et al., 2016). Their augmented 

capabilities also introduce new privacy considerations that must be tackled as 

material-based sensing spreads. Meanwhile, big data environments strain security 

paradigms due to factors like the variety, velocity, and interconnectivity of modern 

data. Risks include data integrity issues, inadequate anonymization, provenance 

ambiguities, and the need for real-time encrypted processing.  

 

The article provided a detailed technical analysis of emerging cybersecurity 

solutions tailored to IoT environments to address these risks. The survey spanned 

lightweight cryptography, physical layer security, blockchain, differential privacy, 

secure multiparty computation, federated learning, specialized intrusion detection 

systems, hardware security modules, remote attestation, fog computing, and 

decentralized orchestration. Furthermore, the article proposed a comprehensive risk 

management framework for engineering secure, innovative, material-enabled, data-

driven systems across their lifecycle. The framework provided prescriptive guidance 

across threat modeling, robust architecture, access control, data security, and 

privacy, monitoring, supply chain measures, incident response, and physical 

hardening. Recommendations covered organizational processes and technical 

controls relevant to IoT cyber risk mitigation (Muniswamaiah & Agerwala, 2019).  

Real-world case studies of cyber-physical attacks like Stuxnet, Ukraine power grid 

hacks, and Mirai botnets supplemented the discussion. These case studies 

highlighted the dangerous vulnerabilities introduced as cyber and physical systems 

intertwine, providing lessons for security practitioners. 

 

This extensive research aimed to provide a structured reference for diverse 

stakeholders on the complex cybersecurity challenges associated with adopting 

emerging innovative materials and big data technologies in the rapidly evolving IoT 

ecosystem. It is hoped that the comprehensive analysis and recommendations 

compiled within this article will help guide the coherent evolution of IoT-enabled 

systems in a secure direction by stimulating further research and thoughtful 

discourse.  

 

Several vital takeaways emerge from this study: 
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1. The attack surface is exponentially increased in converged IT/OT environments, 

necessitating cybersecurity as a priority rather than an afterthought. Security must 

evolve from protecting only information assets to safeguarding physical systems and 

processes. 

2. Traditional security controls require adaptation to address the new vulnerabilities 

introduced by technologies like smart materials and big data. Innovative solutions 

embracing the constraints of IoT environments are needed rather than simply 

extending current practices. 

3. A holistic technical and organizational approach is necessary, spanning 

architecture, network security, endpoint protection, identity and access management, 

data security, monitoring, threat modeling, and physical hardening. 

4. Investments in specialized lightweight cryptography, blockchain applications, 

privacy-enhancing techniques, fog computing, hardware security modules, and 

access controls tailored for IoT environments can help build resilience. 

5. Cybersecurity must be ingrained early when integrating emerging technologies 

like intelligent materials and big data into mission-critical systems rather than left 

as an afterthought. This necessitates secure engineering processes. 

6. Cross-functional teams encompassing both OT and IT domains are crucial, given 

the amalgamated cyber-physical nature of IoT and CPS platforms. Siloes must be 

broken down. 

7. Proactive organizational processes around risk management, vulnerability 

assessments, and incident response can help institutionalize cybersecurity amidst 

rapidly evolving technologies and threats. 

 

This research aimed to compile a structured reference encompassing an extensive 

analysis of cybersecurity considerations associated with adopting emerging but 

potentially high-risk technologies like innovative materials and big data in the 

rapidly evolving IoT ecosystem. The integration of such novel technologies into 

mission-critical infrastructure like power grids, factories, and hospitals must be 

accompanied by commensurate advances in cybersecurity. Hopefully, the 

comprehensive coverage within this article stimulates further discourse and 

continued progress toward securing our intelligent hyperconnected environments 

against amplifying threats. The promising benefits of technologies like innovative 
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materials and big data analytics must be harnessed securely and sustainably by 

proactively co-evolving cybersecurity alongside rapid technological innovation. 

Collective vigilance, coordinated action, and cross-disciplinary partnerships across 

public and private domains will be essential to realize the positives while minimizing 

the negatives as our physical and digital worlds blend through the IoT revolution. 
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