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ABSTRACT 

Wireless Sensor Networks (WSNs) have emerged as a fundamental technology for a wide 

range of applications, including environmental monitoring, healthcare, military surveillance, 

industrial automation, smart agriculture, and Internet of Things (IoT)-based systems. Despite 

their widespread adoption, WSNs remain highly vulnerable to security threats due to their 

limited computational capabilities, constrained energy resources, restricted memory, and 

deployment in unattended or hostile environments. These limitations make conventional 

security mechanisms unsuitable, necessitating the development of lightweight and energy-

efficient security solutions. This review paper presents a comprehensive analysis of the major 

security challenges faced by WSNs, including physical node capture, denial-of-service (DoS), 

Sybil, sinkhole, wormhole, hello flood, blackhole, selective forwarding, replay, spoofing, and 

jamming attacks. The paper further discusses the fundamental security requirements of 

WSNs, such as confidentiality, integrity, authentication, availability, data freshness, secure 

localization, and access control. In addition, existing security mechanisms, including 

lightweight cryptographic techniques, key management schemes, secure routing protocols, 

trust management systems, and intrusion detection systems (IDS), are critically reviewed. 

The review concludes that achieving robust security in WSNs requires adaptive, lightweight, 

and intelligent security frameworks capable of balancing protection, computational 

complexity, and energy efficiency. The findings of this paper provide valuable insights for 

researchers and practitioners working toward the design of secure, scalable, and resilient 

wireless sensor networks. 
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1. INTRODUCTION 

Wireless Sensor Networks (WSNs) have emerged as one of the most significant technological 

advancements in modern wireless communication and distributed sensing systems. A WSN 

consists of a large number of small, low-cost, battery-powered sensor nodes that collaborate 

to monitor physical or environmental conditions such as temperature, humidity, pressure, 

vibration, sound, and motion. These sensor nodes collect data from the surrounding 

environment and transmit the information to a sink node or base station for processing and 

decision-making. Due to their flexibility, scalability, and low deployment cost, WSNs have 

found widespread applications in environmental monitoring, healthcare systems, military 

http://www.ijrt.org/


                               International Journal of Research and Technology (IJRT) 

 International Open-Access, Peer-Reviewed, Refereed, Online Journal  

ISSN (Print): 2321-7510 | ISSN (Online): 2321-7529 

| An ISO 9001:2015 Certified Journal | 

1736 
Volume 14 Issue 02 April - June 2026                   www.ijrt.org        

surveillance, industrial automation, precision agriculture, disaster management, structural 

health monitoring, and smart city infrastructure (Akyildiz et al., 2002; Yick et al., 2008). 

The rapid development of the Internet of Things (IoT) has further increased the importance of 

WSNs, as sensor networks serve as the fundamental data acquisition layer for many IoT 

applications. Millions of interconnected sensing devices continuously generate real-time 

information that supports intelligent decision-making across numerous domains. However, 

the widespread deployment of WSNs in open and often hostile environments exposes them to 

various security and privacy threats. Unlike conventional computer networks, WSNs operate 

under severe resource constraints, including limited battery power, restricted memory, low 

processing capability, and narrow communication bandwidth. These constraints make the 

implementation of traditional security mechanisms, such as computationally intensive 

encryption and authentication algorithms, impractical for many WSN applications (Perrig et 

al., 2004; Wang et al., 2006). 

Security has therefore become one of the most critical challenges affecting the reliability and 

sustainability of WSNs. Since sensor nodes are frequently deployed in unattended or 

inaccessible locations, they are highly susceptible to physical capture, node compromise, 

unauthorized access, and malicious attacks. Attackers can exploit vulnerabilities in network 

protocols to disrupt communication, manipulate sensor readings, steal confidential 

information, or completely disable network operations. Common attacks targeting WSNs 

include sinkhole attacks, wormhole attacks, Sybil attacks, blackhole attacks, hello flood 

attacks, selective forwarding, replay attacks, spoofing, jamming, and denial-of-service (DoS) 

attacks. These attacks threaten essential security objectives such as confidentiality, integrity, 

authentication, availability, and data freshness, thereby reducing the overall performance and 

trustworthiness of sensor networks (Karlof & Wagner, 2003; Wood & Stankovic, 2002). 

To mitigate these security challenges, researchers have proposed numerous lightweight and 

energy-efficient security mechanisms specifically designed for resource-constrained sensor 

networks. These mechanisms include lightweight cryptographic algorithms, secure key 

management schemes, authentication protocols, secure routing algorithms, trust management 

models, intrusion detection systems (IDS), reputation-based security frameworks, and cross-

layer security approaches. While these techniques significantly improve network resilience, 

they also introduce trade-offs between security, computational complexity, communication 

overhead, memory consumption, and energy efficiency. Consequently, achieving an optimal 

balance between security and network lifetime remains an important research challenge (Xiao 

et al., 2007; Butun et al., 2014). 

Recent technological advancements have introduced new opportunities for improving WSN 

security. Artificial intelligence (AI), machine learning (ML), deep learning, blockchain 

technology, software-defined networking (SDN), edge computing, and federated learning 

have demonstrated considerable potential in enhancing attack detection, secure data sharing, 

trust management, and adaptive network defense. AI-based intrusion detection systems can 

identify complex attack patterns with higher detection accuracy, while blockchain technology 

provides decentralized authentication and data integrity without relying on centralized 
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authorities. Similarly, SDN improves network programmability and enables dynamic security 

policy enforcement. Nevertheless, integrating these advanced technologies into resource-

constrained WSNs presents significant challenges related to computational cost, latency, 

energy consumption, scalability, and implementation complexity (Roman et al., 2013; Sicari 

et al., 2015; Alaba et al., 2017). 

Given the increasing adoption of WSNs in critical infrastructure and IoT ecosystems, a 

comprehensive understanding of existing security challenges and available countermeasures 

is essential for researchers and practitioners. Although numerous studies have investigated 

individual aspects of WSN security, a consolidated review that combines classical security 

mechanisms with recent developments in artificial intelligence, blockchain, edge computing, 

and software-defined networking provides valuable insights into current research trends and 

future opportunities. 

Therefore, this review paper presents a comprehensive analysis of security challenges in 

Wireless Sensor Networks. It discusses the architecture of WSNs, fundamental security 

requirements, layer-wise attacks, existing security mechanisms, and emerging technologies 

for network protection. Furthermore, the paper critically examines recent research 

contributions, identifies existing research gaps, and outlines future research directions for 

developing secure, scalable, and energy-efficient wireless sensor networks. The findings of 

this review are expected to assist researchers, engineers, and practitioners in designing next-

generation WSNs capable of addressing evolving cybersecurity threats while maintaining 

high performance and resource efficiency. 

2. WIRELESS SENSOR NETWORK ARCHITECTURE 

Wireless Sensor Networks (WSNs) are composed of numerous autonomous sensor nodes that 

are deployed over a specific geographical area to monitor physical or environmental 

conditions such as temperature, humidity, pressure, vibration, motion, and sound. These 

sensor nodes collaboratively collect, process, and transmit sensed data to a central node 

known as the sink or base station. The sink node further forwards the collected information to 

remote servers or cloud-based applications through the Internet or other communication 

networks. The architecture of WSNs is designed to support efficient sensing, reliable 

communication, low energy consumption, and scalable network operation despite the limited 

computational and communication capabilities of sensor nodes (Akyildiz et al., 2002; Yick et 

al., 2008). 

A typical WSN architecture consists of four major components: sensor nodes, sink node (base 

station), communication network, and user application. Sensor nodes are the fundamental 

building blocks of a WSN and are responsible for sensing environmental parameters, 

processing the collected data, and transmitting it through wireless communication links. Each 

sensor node is equipped with several hardware components, including sensing units, 

microcontrollers, transceivers, memory modules, and power supply units. The sensing unit 

detects physical phenomena using one or more sensors, while the processing unit performs 

local computation and controls node operations. The communication unit enables wireless 

data transmission between neighboring nodes, and the power unit, usually powered by 
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batteries, provides the necessary energy to operate the node. Since battery replacement is 

often difficult or impossible in remote deployment environments, energy efficiency remains 

one of the primary design considerations in WSN architecture (Akyildiz et al., 2002; Wang et 

al., 2006). 

The sink node, also known as the base station, serves as the gateway between the sensor 

network and external users or application servers. Unlike ordinary sensor nodes, the sink 

node generally possesses greater computational power, larger storage capacity, higher 

transmission range, and a stable power supply. It collects data from multiple sensor nodes, 

aggregates redundant information, performs preliminary processing, and forwards the 

processed information to remote monitoring centers. In many applications, the sink node also 

performs network management functions such as routing control, node synchronization, data 

aggregation, and security management (Al-Karaki & Kamal, 2004). 

Communication within a WSN is primarily achieved through wireless multi-hop 

transmission. Since individual sensor nodes have limited communication ranges, data packets 

are forwarded through intermediate nodes until they reach the sink node. This multi-hop 

communication significantly reduces energy consumption compared to direct transmission 

but simultaneously increases the network's vulnerability to routing attacks such as sinkhole, 

wormhole, blackhole, selective forwarding, and Sybil attacks. Therefore, secure and energy-

efficient routing protocols are essential components of WSN architecture (Karlof & Wagner, 

2003). 

Depending on application requirements, WSNs can be organized using different network 

topologies. The most common topologies include star topology, tree topology, mesh topology, 

and cluster-based topology. In a star topology, all sensor nodes communicate directly with the 

sink node, making the architecture simple but less scalable. Tree topology organizes nodes 

hierarchically to improve communication efficiency, whereas mesh topology allows multiple 

communication paths, enhancing reliability and fault tolerance. Cluster-based architectures 

divide the network into several clusters, each managed by a cluster head responsible for data 

aggregation and communication with the sink node. Protocols such as LEACH (Low-Energy 

Adaptive Clustering Hierarchy) have been widely adopted because they improve energy 

efficiency and prolong network lifetime through adaptive cluster formation and rotation of 

cluster heads (Heinzelman et al., 2000). 

Modern WSN architectures are increasingly integrated with Internet of Things (IoT) 

platforms, cloud computing, edge computing, and software-defined networking (SDN). In 

IoT-enabled WSNs, sensor data are transmitted to cloud servers for large-scale storage, 

analysis, and decision-making. Edge computing introduces local processing capabilities near 

the sensor nodes, thereby reducing communication latency and minimizing network traffic. 

Similarly, SDN separates the control plane from the data plane, enabling centralized network 

management, dynamic routing, and adaptive security policy implementation. These advanced 

architectures improve scalability, flexibility, and real-time responsiveness while introducing 

new security and privacy challenges that require robust protection mechanisms (Roman et al., 

2013; Sicari et al., 2015). 
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Overall, the architecture of a Wireless Sensor Network is designed to achieve efficient 

sensing, reliable communication, energy conservation, and scalable deployment. However, 

the inherent resource limitations of sensor nodes and the open nature of wireless 

communication expose the network to numerous security threats. Consequently, 

understanding the architectural components and communication models of WSNs is essential 

for designing secure, energy-efficient, and resilient sensor networks capable of supporting 

modern IoT applications. 

3. SECURITY CHALLENGES IN WSN 

Wireless Sensor Networks (WSNs) face numerous security challenges due to their limited 

computational resources, constrained battery power, restricted memory, and deployment in 

unattended or hostile environments. These limitations make it difficult to implement 

conventional security mechanisms and increase the vulnerability of WSNs to cyberattacks. 

Ensuring secure communication while maintaining energy efficiency remains one of the 

major challenges in WSN design (Perrig et al., 2004; Wang et al., 2006). 

One of the primary security challenges is resource constraints, as sensor nodes possess 

limited processing power, storage capacity, and energy. Resource-intensive cryptographic 

algorithms can significantly reduce the network lifetime. Additionally, the open wireless 

communication medium makes WSNs susceptible to eavesdropping, spoofing, replay attacks, 

and unauthorized access. Physical node capture is another significant challenge because 

attackers can extract sensitive information such as cryptographic keys from compromised 

sensor nodes (Karlof & Wagner, 2003). 

WSNs are also vulnerable to various routing attacks, including sinkhole, wormhole, Sybil, 

blackhole, hello flood, and selective forwarding attacks, which disrupt data transmission and 

compromise network performance. Furthermore, secure key management, authentication, 

trust establishment, scalability, and intrusion detection remain difficult due to the dynamic 

and distributed nature of WSNs. Recent integration of WSNs with IoT, cloud computing, and 

edge computing introduces additional security and privacy concerns that require lightweight 

and adaptive security solutions (Roman et al., 2013; Alaba et al., 2017). 

Overall, addressing these security challenges requires energy-efficient cryptographic 

techniques, secure routing protocols, trust management systems, and intelligent intrusion 

detection mechanisms to ensure reliable and resilient WSN operation. 

4. LAYER-WISE ATTACKS 

Wireless Sensor Networks (WSNs) are susceptible to security attacks at every layer of the 

communication protocol stack because of their wireless communication, resource constraints, 

and deployment in unattended environments. At the physical layer, attackers can launch 

jamming attacks to disrupt wireless communication or physically capture sensor nodes to 

extract sensitive information such as cryptographic keys. The data link layer is vulnerable to 

collision, exhaustion, and unfairness attacks, which increase retransmissions and consume the 

limited battery power of sensor nodes. The network layer is the most frequently targeted layer 

and is exposed to attacks such as sinkhole, wormhole, Sybil, blackhole, hello flood, and 

selective forwarding attacks, all of which manipulate routing information, create false 
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identities, or intentionally drop data packets, thereby degrading network performance and 

reliability. At the transport layer, flooding and desynchronization attacks exhaust network 

resources and interrupt communication between legitimate nodes. Similarly, the application 

layer faces attacks such as malicious code injection, false data injection, and data corruption, 

which compromise the accuracy and integrity of sensed information. These layer-wise attacks 

significantly affect the confidentiality, integrity, availability, and reliability of Wireless Sensor 

Networks, highlighting the need for robust, lightweight, and energy-efficient security 

mechanisms to ensure secure communication and reliable network operation (Wood & 

Stankovic, 2002; Karlof & Wagner, 2003; Perrig et al., 2004; Wang et al., 2006). 

5. SECURITY MECHANISMS 

To protect Wireless Sensor Networks (WSNs) from various cyber threats, researchers have 

developed several security mechanisms that are specifically designed to operate under the 

constraints of limited energy, memory, and computational resources. Unlike conventional 

networks, WSNs require lightweight and energy-efficient security solutions that can provide 

robust protection without significantly affecting network performance or battery life (Alaba et 

al., 2017). One of the most widely used security mechanisms is lightweight cryptography, 

which ensures data confidentiality and integrity through efficient encryption and decryption 

algorithms suitable for resource-constrained sensor nodes. Key management schemes are also 

essential, as they enable secure generation, distribution, and updating of cryptographic keys 

among sensor nodes to prevent unauthorized access and data breaches. Authentication 

protocols verify the identity of communicating nodes and protect the network against 

impersonation and spoofing attacks. In addition, secure routing protocols are employed to 

defend against routing attacks such as sinkhole, wormhole, blackhole, and selective 

forwarding by ensuring secure and reliable data transmission (Roman et al., 2013). Intrusion 

Detection Systems (IDS) monitor network activities to identify abnormal behavior and detect 

malicious attacks in real time, while trust management systems evaluate the reliability of 

sensor nodes based on their behavior, thereby improving routing decisions and isolating 

compromised nodes. Furthermore, cross-layer security mechanisms enhance overall network 

protection by integrating security functions across multiple protocol layers (Sicari et al., 

2015). Recent advancements have introduced artificial intelligence (AI), machine learning 

(ML), blockchain technology, edge computing, and software-defined networking (SDN) to 

improve attack detection, decentralized authentication, secure data sharing, and adaptive 

security management. These emerging technologies provide promising solutions for 

strengthening WSN security; however, they also introduce challenges related to 

computational complexity, communication overhead, and energy consumption. Therefore, 

selecting an appropriate combination of security mechanisms is essential to achieving a 

balance between robust protection, network performance, and energy efficiency in Wireless 

Sensor Networks (Perrig et al., 2002; Xiao et al., 2007; Butun et al., 2014). 

6. CONCLUSION 

Wireless Sensor Networks (WSNs) have become an essential technology for numerous 

applications, including environmental monitoring, healthcare, military surveillance, industrial 
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automation, smart agriculture, and Internet of Things (IoT) systems. Despite their widespread 

adoption, WSNs remain highly vulnerable to various security threats due to their limited 

energy resources, constrained memory, low computational capability, and deployment in 

unattended environments. These characteristics make conventional security mechanisms 

unsuitable and necessitate the development of lightweight, energy-efficient, and adaptive 

security solutions. This review has discussed the major security challenges, layer-wise 

attacks, and existing security mechanisms designed to protect WSNs from both internal and 

external threats. 

The study highlights that techniques such as lightweight cryptography, secure routing 

protocols, authentication mechanisms, trust management systems, and intrusion detection 

systems play a significant role in enhancing network security. Furthermore, emerging 

technologies such as artificial intelligence (AI), machine learning (ML), blockchain, edge 

computing, and software-defined networking (SDN) offer promising opportunities for 

developing intelligent and resilient security frameworks. However, these advanced 

technologies also introduce challenges related to computational overhead, energy 

consumption, scalability, and implementation complexity. 

Future research should focus on designing lightweight, scalable, and intelligent security 

solutions that effectively balance security, network performance, and energy efficiency. 

Integrating advanced technologies with resource-aware security mechanisms will be essential 

for ensuring the reliability, privacy, and long-term sustainability of next-generation Wireless 

Sensor Networks. Overall, secure and energy-efficient WSNs will continue to play a critical 

role in supporting smart applications and the evolving IoT ecosystem. 
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