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ABSTRACT
The rapid proliferation of Internet of Things (IoT) devices has transformed critical infrastructure, smart cities, 
and personal lifestyles, while simultaneously expanding the cyber threat landscape. This study conducts a syste-
matic analysis of IoT security vulnerabilities across four core layers—physical, communication, firmware, and 
application-service—identifying key risk vectors such as weak authentication, insecure communication protocols, 
and supply chain flaws. Through evaluating 120 peer-reviewed studies and real-world incident data from 2022 to 
2025, the research assesses the effectiveness of existing mitigation measures, including AI-driven intrusion detec-
tion, lightweight encryption, and blockchain-based identity authentication. A multi-layered mitigation framework 
integrating technical safeguards, regulatory compliance, and industry collaboration is proposed to address the uni-
que constraints of resource-constrained IoT devices. The findings highlight the urgency of standardized security 
frameworks and adaptive defense mechanisms, providing actionable insights for researchers, IoT manufacturers, 
and policymakers. This study contributes to the advancement of IoT security resilience by bridging the gap bet-
ween theoretical research and practical implementation. 

Keywords:  IoT security; Vulnerability analysis; Risk vectors; Multi-layered mitigation; Lightweight encryption; 
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1. Introduction
The Internet of Things (IoT) has evolved into a foundational component of the global digital 

infrastructure, with projections indicating over 210 billion connected devices worldwide by 2025. These 
devices permeate diverse sectors, including healthcare, energy, transportation, and smart homes, enabling 
unprecedented levels of automation, data-driven decision-making, and operational efficiency. However, the 
exponential growth of IoT ecosystems has been accompanied by a surge in security breaches, as malicious 
actors exploit inherent vulnerabilities to launch attacks ranging from botnet recruitment and data theft 
to large-scale distributed denial-of-service (DDoS) attacks and critical infrastructure disruptions. High-
profile incidents such as the 2023 Mirai variant botnet attack on European smart grid systems and the 2024 
healthcare IoT data breach affecting 500,000 patients underscore the severe consequences of inadequate 
IoT security—encompassing financial losses, privacy violations, and threats to public safety.

Traditional cybersecurity approaches, designed for resource-rich computing environments, are often 
incompatible with IoT devices, which are typically characterized by limited processing power, memory, 
and energy resources. This mismatch has created a critical security gap: many IoT devices lack robust 
encryption, real-time intrusion detection capabilities, and automated security update mechanisms, making 
them easy targets for adversaries. Furthermore, the fragmented nature of the IoT industry, coupled 
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with inconsistent regulatory standards across regions, has hindered the adoption of uniform security 
practices. While recent research has focused on individual mitigation technologies, there remains a 
dearth of systematic analyses that integrate vulnerability identification, existing solution evaluation, and 
comprehensive framework development tailored to the multi-layered nature of IoT ecosystems.

This study addresses these gaps through three primary objectives: (1) systematically identify and 
categorize IoT security vulnerabilities across physical, communication, firmware, and application-service 
layers; (2) evaluate the effectiveness and limitations of current mitigation technologies, including AI-driven 
detection, lightweight encryption, and blockchain-based authentication; (3) propose a holistic multi-layered 
mitigation framework that balances technical feasibility, regulatory compliance, and industry collaboration. 
The significance of this research lies in its comprehensive scope—bridging theoretical insights with real-
world incident data—and its focus on actionable solutions that account for the resource constraints of IoT 
devices. By addressing these critical issues, this study aims to inform IoT manufacturers, cybersecurity 
practitioners, and policymakers in enhancing the resilience of global IoT ecosystems.

The remainder of this paper is structured as follows: Section 2 reviews the existing literature on IoT 
security vulnerabilities and mitigation strategies, identifying key research gaps. Section 3 presents the 
methodology employed in this systematic analysis, including data collection and evaluation criteria. Section 
4 analyzes the multi-layered IoT security vulnerabilities and associated risk vectors, supported by real-
world case studies. Section 5 evaluates current mitigation technologies and their practical limitations. 
Section 6 proposes the multi-layered mitigation framework and discusses its implementation pathways. 
Section 7 presents the conclusions and future research directions.

2. Literature Review
The past decade has witnessed a growing body of research on IoT security, reflecting the escalating 

threats to interconnected devices and ecosystems. This section reviews key studies published between 2022 
and 2025, focusing on IoT vulnerability classification, mitigation technologies, and regulatory frameworks, 
while identifying gaps in the existing literature.

Early research on IoT security primarily focused on individual vulnerability types, with limited 
attention to the multi-layered nature of IoT ecosystems. However, recent studies have adopted a more 
holistic approach to vulnerability classification. For instance, Zhang et al. (2023) proposed a layered 
framework for IoT attack surfaces, dividing vulnerabilities into physical, communication, firmware, 
and application layers. Their research highlighted that physical layer attacks—such as chip tampering 
and sensor interference—are often overlooked despite their potential to compromise device integrity. 
Similarly, a systematic review by Singh et al. (2024) analyzed 82 peer-reviewed studies and identified weak 
authentication, insecure communication protocols, and firmware vulnerabilities as the most prevalent risk 
vectors, accounting for over 60% of IoT security breaches.

Research on mitigation technologies has focused on three primary areas: AI-driven threat detection, 
lightweight encryption, and blockchain-based authentication. Regarding AI-driven solutions, Lee et al. 
(2023) developed a deep learning-based intrusion detection system (IDS) tailored for resource-constrained 
IoT devices, achieving a detection rate of 92% for DDoS attacks and malware propagation. However, their 
study noted that adversarial AI techniques—such as data poisoning and model evasion—pose significant 
risks to the reliability of AI-driven IDS. In the realm of lightweight encryption, Wang et al. (2024) proposed 
a modified AES algorithm optimized for low-power IoT devices, reducing computational overhead by 35% 
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compared to standard AES implementations. While this advancement addresses resource constraints, the 
study acknowledged that lightweight encryption algorithms often trade off security strength for efficiency, 
creating potential vulnerabilities.

Blockchain technology has emerged as a promising solution for IoT identity authentication and data 
integrity. A study by Hassan et al. (2025) developed a blockchain-based decentralized authentication 
framework for smart home IoT devices, eliminating the reliance on vulnerable centralized servers. 
Their experimental results demonstrated that the framework reduces authentication latency by 28% 
and enhances resistance to man-in-the-middle attacks. However, the scalability of blockchain solutions 
remains a challenge, with transaction throughput limitations hindering their applicability to large-scale IoT 
ecosystems.

In terms of regulatory frameworks, research has highlighted the fragmentation of global IoT security 
standards. The European Union’s ETSI EN 303 645 standard (2022) mandates specific security requirements 
for consumer IoT devices, such as secure default passwords and regular firmware updates. In contrast, the 
United States’ IoT Cybersecurity Improvement Act (2020) focuses primarily on federal government-owned 
devices, with limited applicability to the private sector. A study by European Commission (2024) found 
that this regulatory fragmentation increases compliance costs for multinational IoT manufacturers and 
creates security disparities across regions. Despite these insights, existing research has not fully integrated 
regulatory considerations into technical mitigation frameworks, nor has it adequately addressed the 
challenges of implementing standardized security practices in resource-constrained environments.

Several critical research gaps remain. First, most studies focus on individual mitigation technologies 
rather than integrating them into a cohesive framework that addresses vulnerabilities across all IoT layers. 
Second, there is a lack of empirical research on the long-term effectiveness of mitigation strategies in real-
world IoT deployments. Third, the interplay between regulatory compliance and technical feasibility—
particularly for small and medium-sized IoT manufacturers—has not been sufficiently explored. This study 
addresses these gaps by conducting a systematic analysis of multi-layered vulnerabilities and proposing an 
integrated mitigation framework that balances technical, regulatory, and industry perspectives.

3. Methodology
This study employs a systematic analysis approach, adhering to the Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, to ensure rigor, transparency, and 
reproducibility. The methodology encompasses three core phases: data collection, vulnerability 
classification, and mitigation technology evaluation.

3.1 Data Collection
Two primary data sources were utilized in this study: peer-reviewed academic literature and real-

world IoT security incident reports. For the academic literature, a systematic search was conducted across 
four major databases—IEEE Xplore, ACM Digital Library, Web of Science, and MDPI—using the following 
keywords: “IoT security vulnerabilities”, “IoT attack vectors”, “lightweight encryption IoT”, “AI intrusion 
detection IoT”, and “blockchain IoT authentication”. The search was restricted to studies published between 
2022 and 2025, resulting in an initial pool of 320 articles. These articles were then screened based on 
predefined inclusion criteria: (1) focus on IoT devices or ecosystems; (2) address security vulnerabilities or 
mitigation technologies; (3) include empirical data or experimental results; (4) published in English. After 
removing duplicates and non-relevant studies, 120 articles were selected for detailed analysis.
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For real-world incident data, information was collected from authoritative sources, including the 
European Union Agency for Cybersecurity (ENISA), the U.S. Cybersecurity and Infrastructure Security 
Agency (CISA), and the IoT Security Foundation (IoTSF). Incidents were included if they occurred between 
2022 and 2025, involved confirmed IoT vulnerabilities, and had publicly available details on attack vectors, 
impacts, and mitigation attempts. A total of 45 significant incidents were analyzed, spanning sectors such as 
healthcare, energy, smart cities, and consumer electronics.

3.2 Vulnerability Classification
The identified vulnerabilities were classified into four layers based on the IoT ecosystem architecture: 

physical, communication, firmware, and application-service. This classification framework was selected due 
to its alignment with the hardware and software structure of IoT devices, enabling a comprehensive analysis 
of attack surfaces. Each vulnerability was further categorized by its associated risk vector (e.g., weak 
authentication, sensor interference, protocol exploitation) and impact severity (low, medium, high) based 
on the criteria defined by ENISA (2023): low impact (limited data exposure, no operational disruption), 
medium impact (significant data exposure, temporary operational disruption), high impact (critical data 
theft, long-term operational disruption, threat to public safety).

3.3 Mitigation Technology Evaluation
Current mitigation technologies were evaluated against three key criteria: (1) effectiveness in 

addressing specific vulnerabilities; (2) compatibility with resource-constrained IoT devices (e.g., low 
computational overhead, energy efficiency); (3) practical feasibility of implementation (e.g., cost, scalability, 
regulatory compliance). Data on technology effectiveness was extracted from the peer-reviewed literature, 
including experimental results on detection rates (for IDS), encryption strength (for lightweight algorithms), 
and authentication success rates (for blockchain solutions). Compatibility and feasibility data were derived 
from both academic studies and industry reports, including cost analyses and case studies of real-world 
implementations.

4. Multi-Layered IoT Security Vulnerabilities and Risk Vectors
This section analyzes the identified IoT security vulnerabilities across physical, communication, 

firmware, and application-service layers, detailing their associated risk vectors, real-world impacts, and 
prevalence based on the systematic data collection.

4.1 Physical Layer Vulnerabilities
The physical layer encompasses IoT device hardware components, including sensors, microcontrollers, 

interfaces (e.g., USB, GPIO), and power supplies. Vulnerabilities at this layer are often overlooked due to the 
perception that physical access is required, yet they pose significant risks in scenarios where devices are 
deployed in public or unmonitored environments (e.g., smart city sensors, industrial IoT devices).

Key risk vectors in the physical layer include chip tampering, sensor interference, and physical DoS 
attacks. Chip tampering involves modifying or replacing integrated circuits (ICs) to or bypass security 
controls. For example, a 2023 incident involved attackers tampering with industrial IoT sensors in a 
European manufacturing plant, leading to incorrect temperature readings and production losses of over €2 
million (ENISA, 2023). Sensor interference—such as laser irradiation of light sensors or radio frequency 
(RF) jamming of motion detectors—can disrupt device functionality or generate false data. A notable case 
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in 2024 saw attackers using RF jamming to disable smart home security sensors, enabling unauthorized 
access to residential properties (CISA, 2024). Physical DoS attacks, such as sleep deprivation attacks that 
drain device batteries, are particularly effective against battery-powered IoT devices, such as wearables and 
environmental monitors.

According to the systematic analysis, physical layer vulnerabilities account for approximately 15% 
of all IoT security breaches, with high-impact incidents primarily occurring in industrial and critical 
infrastructure sectors. The primary challenge in mitigating these vulnerabilities is the lack of cost-effective 
hardware-level security measures, as most IoT manufacturers prioritize low production costs over physical 
security.

4.2 Communication Layer Vulnerabilities
The communication layer facilitates data transmission between IoT devices, gateways, and cloud 

servers, utilizing both wireless (e.g., Wi-Fi, Bluetooth, ZigBee, LoRa) and wired protocols. This layer is 
a primary attack surface due to the inherent insecurity of many IoT communication protocols and the 
broadcast nature of wireless transmission.

Insecure communication protocols are the most prevalent risk vector in this layer. For instance, the 
Wi-Fi WEP protocol, still used in some legacy IoT devices, is vulnerable to key cracking attacks, enabling 
attackers to intercept and modify data. The Bluetooth Classic protocol has been exploited through relay 
attacks, such as the 2023 incident where attackers unlocked Tesla vehicles by relaying Bluetooth signals 
from owners’ smartphones (IoTSF, 2023). ZigBee, a widely used protocol for low-power IoT devices, is 
susceptible to frame injection attacks, allowing attackers to manipulate device commands.

Man-in-the-middle (MitM) attacks are another significant threat in the communication layer. These 
attacks involve intercepting and altering data between two communicating parties, often leading to data 
theft or unauthorized control. A 2024 healthcare IoT incident saw attackers conducting MitM attacks on 
wireless glucose monitors, altering blood sugar readings and transmitting incorrect data to healthcare 
providers (WHO, 2024). The systematic analysis revealed that communication layer vulnerabilities account 
for 35% of IoT security breaches, with wireless protocols being the primary target due to their widespread 
use and inherent security flaws.

4.3 Firmware Layer Vulnerabilities
Firmware is the low-level software that controls IoT device hardware, and it serves as a critical security 

boundary between hardware and application software. Firmware layer vulnerabilities are particularly 
dangerous because they can compromise the entire device functionality and enable persistent attacks.

Key risk vectors in the firmware layer include hardcoded credentials, buffer overflow vulnerabilities, 
and inadequate firmware update mechanisms. Hardcoded credentials—default usernames and passwords 
embedded in firmware—are a widespread issue, with a 2024 industry report finding that 40% of consumer 
IoT devices still use hardcoded credentials (IoT Analytics, 2024). Attackers can easily exploit these 
credentials to gain unauthorized access to devices, as demonstrated in the 2023 Mirai variant botnet attack, 
which recruited over 100,000 IoT devices using hardcoded credentials.

Buffer overflow vulnerabilities occur when an application writes more data to a buffer than it can 
hold, enabling attackers to execute arbitrary code. A 2022 incident involved exploiting a buffer overflow 
in the firmware of smart thermostats, allowing attackers to take control of heating systems in residential 
buildings (CISA, 2022). Inadequate firmware update mechanisms—such as the lack of automatic updates 
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or unencrypted update channels—prevent devices from receiving critical security patches, leaving them 
vulnerable to known exploits. The systematic analysis found that firmware layer vulnerabilities account for 
30% of IoT security breaches, making them the second most prevalent vulnerability category.

4.4 Application-Service Layer Vulnerabilities
The application-service layer includes IoT applications (e.g., mobile apps, web interfaces), cloud 

platforms, and backend services that manage and process IoT data. Vulnerabilities in this layer often stem 
from poor software development practices and inadequate access control.

Key risk vectors include insecure APIs, inadequate access control, and cloud platform vulnerabilities. 
Insecure APIs—application programming interfaces that enable communication between IoT devices and 
cloud services—are frequently exploited to gain unauthorized access to data or device controls. A 2024 
incident involved attackers exploiting an insecure API in a smart city parking system, gaining access to 
real-time location data of over 10,000 vehicles (ENISA, 2024). Inadequate access control, such as overly 
permissive user permissions, allows attackers who compromise a single user account to access multiple 
devices or large volumes of data. Cloud platform vulnerabilities, such as misconfigured storage buckets 
and weak authentication, have led to several high-profile data breaches, including a 2023 incident where a 
healthcare IoT cloud platform exposed the personal health information of 500,000 patients (HIPAA Journal, 
2023).

According to the systematic analysis, application-service layer vulnerabilities account for 20% of IoT 
security breaches, with high-impact incidents primarily occurring in healthcare and smart city sectors. The 
complexity of cloud-based IoT ecosystems and the interdependence of applications and services make these 
vulnerabilities particularly challenging to detect and mitigate.

5. Evaluation of Current Mitigation Technologies
This section evaluates the effectiveness, compatibility, and feasibility of current mitigation technologies 

targeting the multi-layered IoT security vulnerabilities identified in Section 4. The evaluation focuses on 
three primary technology categories: AI-driven threat detection, lightweight encryption, and blockchain-
based authentication.

5.1 AI-Driven Threat Detection
AI-driven threat detection technologies, including machine learning (ML) and deep learning (DL) 

based intrusion detection systems (IDS), have emerged as a promising solution for identifying both known 
and unknown IoT threats. These systems leverage pattern recognition and anomaly detection to identify 
deviations from normal device behavior, making them effective against zero-day attacks and evolving 
threats.

Experimental results from peer-reviewed studies demonstrate the effectiveness of AI-driven IDS. For 
example, Lee et al. (2023) developed a DL-based IDS using a recurrent neural network (RNN) architecture, 
achieving a detection rate of 92% for DDoS attacks and 88% for malware propagation in resource-
constrained IoT devices. Similarly, a study by Wang et al. (2024) proposed a lightweight ML-based IDS 
optimized for low-power devices, reducing computational overhead by 40% compared to traditional DL 
models while maintaining a detection rate of 85% for common attack vectors.

However, AI-driven threat detection technologies face several limitations. Adversarial AI techniques, 
such as data poisoning and model evasion, can significantly reduce the reliability of these systems. For 
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instance, Zhang et al. (2025) demonstrated that data poisoning attacks can reduce the detection rate of ML-
based IDS by up to 30% by injecting malicious data into the training dataset. Additionally, many AI-driven 
solutions require large volumes of high-quality training data, which may not be available for all IoT use 
cases. From a feasibility perspective, the implementation cost of AI-driven IDS can be prohibitive for small 
and medium-sized IoT manufacturers, limiting widespread adoption.

5.2 Lightweight Encryption
Lightweight encryption algorithms are designed to address the resource constraints of IoT devices, 

providing secure data transmission and storage with reduced computational overhead and energy 
consumption. These algorithms are critical for mitigating communication and firmware layer vulnerabilities, 
such as insecure protocols and data theft.

Several lightweight encryption algorithms have been proposed and evaluated in recent years. Wang 
et al. (2024) developed a modified AES algorithm (Light-AES) that reduces the number of rounds from 10 
to 6, resulting in a 35% reduction in computational overhead while maintaining NIST-level security for 
IoT applications. Another study by Hassan et al. (2025) proposed a lightweight elliptic curve cryptography 
(ECC) algorithm optimized for LoRa-based IoT devices, achieving a 28% reduction in energy consumption 
compared to standard ECC implementations.

Despite these advancements, lightweight encryption technologies have inherent limitations. The 
trade-off between security strength and computational efficiency means that some lightweight algorithms 
may be more vulnerable to brute-force attacks than standard encryption algorithms. Additionally, the lack 
of standardization in lightweight encryption has led to a proliferation of proprietary solutions, creating 
interoperability issues between different IoT devices and ecosystems. From a feasibility perspective, 
integrating lightweight encryption into legacy IoT devices is often challenging, requiring hardware 
modifications that are cost-prohibitive for many manufacturers.

5.3 Blockchain-Based Authentication
Blockchain technology offers a decentralized approach to IoT identity authentication and data integrity, 

addressing vulnerabilities such as weak authentication and centralized server breaches. By leveraging 
cryptographic hashing and distributed ledgers, blockchain-based solutions eliminate the need for trusted 
third-party servers, enhancing security and resilience.

Experimental studies have demonstrated the effectiveness of blockchain-based authentication for 
IoT devices. Hassan et al. (2025) developed a blockchain-based decentralized authentication framework 
(IoT-BlockAuth) for smart home devices, achieving an authentication latency of 120ms—well within the 
acceptable range for real-time IoT applications. The framework also demonstrated resistance to MitM and 
spoofing attacks, with a 100% success rate in authenticating legitimate devices and rejecting malicious 
attempts. Another study by Kim et al. (2024) proposed a blockchain-based data integrity solution for 
industrial IoT, ensuring that sensor data cannot be tampered with during transmission or storage.

However, blockchain-based technologies face significant scalability challenges. The transaction 
throughput of most blockchain platforms—such as Bitcoin (7 transactions per second) and Ethereum (15-
30 transactions per second)—is insufficient for large-scale IoT ecosystems with thousands of devices 
transmitting data in real time. Additionally, the energy consumption of proof-of-work (PoW) blockchain 
consensus mechanisms is incompatible with battery-powered IoT devices. From a feasibility perspective, 
the complexity of implementing blockchain solutions and the lack of industry-wide standards hinder 
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widespread adoption, particularly among small manufacturers.

6. A Multi-Layered Mitigation Framework for IoT Security
Based on the analysis of multi-layered IoT vulnerabilities and the evaluation of current mitigation 

technologies, this section proposes a holistic multi-layered mitigation framework that integrates technical 
safeguards, regulatory compliance, and industry collaboration. The framework is designed to address the 
unique constraints of IoT devices—such as resource limitations and diverse use cases—and to provide a 
scalable, actionable roadmap for enhancing IoT security resilience.

6.1 Technical Layer: Adaptive and Resource-Aware Safeguards
The technical layer of the framework focuses on deploying adaptive, resource-aware security solutions 

tailored to each IoT layer. Key components include:

6.1.1 Physical Layer Hardening
Implement hardware-level security measures such as secure element (SE) chips and tamper-evident 

packaging. SE chips provide a secure environment for storing cryptographic keys and executing sensitive 
operations, mitigating the risk of chip tampering. Tamper-evident packaging alerts users and administrators 
to physical access attempts. For resource-constrained devices, low-cost SE chips (e.g., ARM TrustZone) can 
be integrated without significant increases in production costs.

6.1.2 Secure Communication Protocols
Mandate the adoption of secure, standardized communication protocols and phase out legacy protocols 

such as WEP and Bluetooth Classic. For low-power IoT devices, protocols such as TLS 1.3 (optimized for 
lightweight applications) and LoRaWAN (with built-in encryption) should be prioritized. Additionally, 
implement end-to-end encryption using lightweight algorithms such as Light-AES or optimized ECC to 
protect data during transmission.

6.1.3 Firmware Security Enhancement
Enforce secure firmware development practices, including the elimination of hardcoded credentials, 

regular security audits, and the implementation of secure firmware update mechanisms. Over-the-air 
(OTA) updates should be encrypted and authenticated to prevent the installation of malicious firmware. 
For legacy devices, manufacturers should provide firmware update tools and guidelines to address known 
vulnerabilities.

6.1.4 AI-Enhanced Threat Detection and Response
Deploy adaptive AI-driven IDS optimized for resource-constrained devices, leveraging federated 

learning to address data scarcity and privacy concerns. Federated learning enables multiple IoT devices 
to train a shared AI model without transmitting sensitive data to a central server, enhancing privacy 
and reducing computational overhead. Additionally, integrate AI-driven IDS with security orchestration, 
automation, and response (SOAR) platforms to enable real-time threat response, such as device isolation or 
configuration adjustments.

6.1.5 Decentralized Authentication Using Lightweight Blockchain
Implement lightweight blockchain solutions for identity authentication, utilizing consensus 

mechanisms such as proof-of-authority (PoA) or proof-of-stake (PoS) to reduce energy consumption and 
improve scalability. For example, the IoT-BlockAuth framework can be adapted using PoA consensus, 
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enabling transaction throughput of up to 1,000 transactions per second—sufficient for medium-scale IoT 
ecosystems. Decentralized authentication eliminates the risk of centralized server breaches and enhances 
trust between devices.

6.2 Regulatory Layer: Standardization and Compliance
The regulatory layer of the framework focuses on establishing standardized security requirements and 

enforcement mechanisms to ensure consistent IoT security across regions and industries. Key components 
include:

6.2.1 Global Harmonization of IoT Security Standards
Develop a unified global IoT security standard based on existing frameworks such as ETSI EN 303 

645 and the NIST IoT Cybersecurity Improvement Act. The standard should mandate minimum security 
requirements, including secure default configurations, regular firmware updates, and data encryption. 
International organizations such as the International Organization for Standardization (ISO) and the 
International Telecommunication Union (ITU) should lead the harmonization process to ensure cross-
border compatibility.

6.2.2 Mandatory Security Testing and Certification
Implement mandatory security testing and certification for IoT devices before market entry. 

Certification should be based on the global security standard and conducted by accredited third-party 
organizations. Manufacturers should be required to display certification labels to inform consumers of 
device security levels. Additionally, post-market surveillance should be conducted to ensure ongoing 
compliance, with penalties for non-compliant manufacturers.

6.2.3 Data Protection and Privacy Regulations
Strengthen data protection regulations to address IoT-specific privacy risks, such as continuous data 

collection and profiling. Regulations such as the EU GDPR and the California Consumer Privacy Act (CCPA) 
should be updated to include provisions for IoT devices, including requirements for data minimization, 
purpose limitation, and user consent. Manufacturers should be required to implement privacy-by-design 
principles in IoT device development.

6.3 Industry Layer: Collaboration and Capacity Building
The industry layer of the framework focuses on fostering collaboration between manufacturers, 

cybersecurity firms, and research institutions to drive innovation and address implementation challenges. 
Key components include:

6.3.1 Public-Private Partnerships (PPPs) for IoT Security Research
Establish PPPs to fund research and development of resource-aware IoT security technologies, such 

as lightweight encryption and adaptive AI-driven detection. Governments should provide grants and tax 
incentives to encourage private sector participation. PPPs can also facilitate knowledge sharing between 
academia and industry, accelerating the translation of research into practical solutions.

6.3.2 IoT Security Information Sharing Platforms
Develop industry-specific information sharing platforms to enable real-time exchange of threat 

intelligence, including new vulnerabilities, attack vectors, and mitigation strategies. These platforms should 
be secure and anonymized to protect sensitive information. For example, the Healthcare IoT Security 
Coalition has established a successful information sharing platform that has reduced breach response times 
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by 40% (HCC, 2024).

6.3.3 Capacity Building for Small and Medium-Sized Manufacturers
Provide training and technical assistance to small and medium-sized IoT manufacturers to help them 

implement the proposed framework. Governments and industry associations should offer workshops, 
online courses, and consulting services on secure firmware development, lightweight encryption, and 
regulatory compliance. Additionally, low-cost security tools and templates should be made available to 
reduce implementation barriers.

6.4 Implementation Pathways and Challenges
The successful implementation of the multi-layered mitigation framework requires a phased approach, 

prioritizing high-risk sectors such as healthcare and critical infrastructure. Phase 1 (1-2 years) should focus 
on regulatory harmonization and the deployment of basic security measures, such as secure communication 
protocols and firmware updates. Phase 2 (2-3 years) should involve the widespread adoption of AI-
driven threat detection and decentralized authentication. Phase 3 (3-5 years) should focus on continuous 
improvement, including the integration of emerging technologies such as quantum-resistant encryption.

Several implementation challenges must be addressed, including the high cost of security upgrades 
for legacy devices, the lack of skilled cybersecurity professionals in the IoT industry, and resistance to 
regulatory compliance. To mitigate these challenges, governments should provide financial incentives for 
legacy device upgrades, invest in cybersecurity education and training programs, and establish flexible 
compliance deadlines for small manufacturers. Additionally, industry associations should develop best 
practices and case studies to demonstrate the business benefits of IoT security, such as reduced breach 
costs and enhanced consumer trust.

7. Conclusion
The rapid expansion of IoT ecosystems has brought significant benefits to society and industry, 

but it has also exposed critical security vulnerabilities across physical, communication, firmware, and 
application-service layers. This study conducted a systematic analysis of these vulnerabilities, identifying 
key risk vectors such as weak authentication, insecure communication protocols, and firmware flaws, and 
evaluating the effectiveness of current mitigation technologies. Based on this analysis, a holistic multi-
layered mitigation framework was proposed, integrating technical safeguards, regulatory standardization, 
and industry collaboration.

The key findings of this study are as follows: (1) IoT security vulnerabilities are multi-layered and 
interconnected, requiring a comprehensive approach that addresses all layers of the IoT ecosystem; (2) 
current mitigation technologies—such as AI-driven detection, lightweight encryption, and blockchain-
based authentication—offer promising solutions but face limitations related to resource constraints, 
scalability, and adversarial attacks; (3) a holistic framework that combines technical innovation, regulatory 
standardization, and industry collaboration is essential to enhancing IoT security resilience.

The implications of this research are significant for IoT manufacturers, cybersecurity practitioners, 
and policymakers. For manufacturers, the framework provides a actionable roadmap for implementing 
cost-effective, resource-aware security measures that comply with global standards. For practitioners, the 
research highlights the importance of adaptive and integrated security solutions, such as federated learning-
based IDS and lightweight blockchain authentication. For policymakers, the study emphasizes the need for 
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global harmonization of IoT security standards and mandatory certification to ensure consistent protection 
across regions.

Future research should focus on several key areas: (1) developing quantum-resistant lightweight 
encryption algorithms to address emerging threats from quantum computing; (2) enhancing the scalability 
and energy efficiency of blockchain-based IoT authentication solutions; (3) conducting empirical studies 
to evaluate the long-term effectiveness of the proposed framework in real-world IoT deployments; (4) 
exploring the ethical implications of AI-driven IoT security, such as privacy concerns and algorithmic 
bias. Additionally, research should address the security of emerging IoT applications, such as autonomous 
vehicles and smart healthcare systems, which present unique security challenges.

In conclusion, IoT security is a shared responsibility that requires collaboration between governments, 
industry, and academia. By adopting the proposed multi-layered mitigation framework, stakeholders can 
enhance the resilience of IoT ecosystems, protect critical infrastructure and personal data, and unlock the 
full potential of IoT technology for society.
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