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Abstract: 
 
This paper explores the integration of blockchain technology with wireless sensor networks (WSNs) to enhance 
security, data integrity, and operational efficiency. WSNs are increasingly deployed in various applications, 
including smart cities, environmental monitoring, and healthcare, where the security of sensitive data is 
paramount. Traditional centralized approaches to data management in WSNs pose significant vulnerabilities 
to attacks and data tampering. By implementing blockchain, a decentralized and immutable ledger, we aim to 
create a more robust framework for data transmission and storage. This study discusses the potential benefits 
of blockchain in WSNs, including enhanced trust through transparency, improved fault tolerance, and the 
facilitation of secure peer-to-peer communication among sensors. We also address the challenges of integrating 
blockchain with existing WSN architectures, such as energy consumption, scalability, and latency. Through 
theoretical and simulation analysis this paper highlights innovative solutions and future directions for 
research, ultimately demonstrating that the fusion of blockchain technology and wireless sensor networks can 
significantly improve the resilience and functionality of smart systems. 
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1. Introduction 
 
Wireless Sensor Networks (WSNs) consist of spatially distributed autonomous sensors that monitor physical 
or environmental conditions [1]. These sensors collect data and transmit it wirelessly to a central processing 
unit or sink for analysis and decision-making. The inherent advantages of WSNs such as flexibility, ease of 
deployment, and low installation costs have led to their widespread adoption in various applications, including 
environmental monitoring, smart cities, healthcare, military surveillance, and industrial automation [2]. 
Typically, a WSN comprises sensor nodes equipped with sensing, computation, and communication capabilities 
that collaborate to gather and relay data, often forming a mesh network to enhance reliability and coverage [3]. 
Despite these benefits, WSNs face significant security challenges due to their unique characteristics. The 
wireless nature of communication makes them vulnerable to attacks such as eavesdropping, data tampering, 
and denial-of-service (DoS) attacks [4]. Additionally, the limited computational power and battery resources 
of sensor nodes constrain the implementation of robust security measures. 
Key security issues in WSNs include ensuring data confidentiality to protect sensitive information from 
unauthorized access and maintaining data integrity to guarantee that information remains accurate and 
untampered during transmission [5]. Authentication is critical to verify the identities of sensor nodes and 
prevent unauthorized access, yet the lightweight nature of these nodes complicates the use of traditional 
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authentication mechanisms [6]. The potential for node compromise poses another risk, as sensor nodes 
deployed in remote environments can be physically attacked, leading to disruptions in network operations or 
unauthorized data collection. Furthermore, security protocols often consume additional computational 
resources, which can drain the limited battery life of sensor nodes, necessitating a balance between security 
and energy efficiency [7]. Scalability is also a concern, as WSNs may consist of hundreds or thousands of nodes, 
requiring security solutions that can adapt to changing network sizes and topologies. Lastly, WSNs are 
particularly susceptible to DoS attacks, which can overwhelm nodes with traffic or target critical components 
to disrupt service.  
 
This paper presents the concept of integrating blockchain technology into WSNs, exploring how this innovative 
fusion can enhance data security, reliability, and transparency within these networks. The discussion begins 
with a comprehensive overview of the proposed system architecture, outlining the roles and interactions of 
various components involved in the integration process. By delineating the architecture, we aim to clarify how 
sensor nodes, communication protocols, and blockchain elements can work together to create a cohesive 
system that addresses existing challenges in WSNs. Additionally, introductory results from preliminary 
blockchain implementations are presented, showcasing their potential impact on data integrity and 
accessibility. 
 
2.  Introduction to WSN and Blockchain 
 
2.1 Wireless Sensor Network 
 
The general layout of a WSN consists of several key components that work together to monitor and transmit 
environmental data effectively [8]. At the top of this architecture is the User Interface, which allows end-users 
to access and analyze the processed data collected by the network (Figure 1). Users can interact with the system 
through web applications, mobile apps, or dedicated software, enabling them to make informed decisions 
based on real-time data. 
 
 

 
 

Figure 1: Schematic of the WSN architecture 
 
Beneath the user interface lies the Base Station, which serves as a crucial bridge between the sensor nodes and 
external networks. The base station is responsible for aggregating data from multiple sensor nodes, ensuring 
efficient data management and transmission. It plays a vital role in coordinating communication within the 
network and relaying information to users. 
Connected to the base station are the Sensor Nodes, the fundamental units of the WSN. Each sensor node is 
equipped with sensing capabilities to monitor specific environmental conditions, such as temperature, 
humidity, light, or motion. These nodes generate unique identifiers (Node IDs) to distinguish themselves within 
the network. The sensor nodes periodically collect data and transmit it to the base station for further 
processing. 
Additionally, the layout includes a Data Processing Center, which provides enhanced computational resources 
for data analysis and storage. This center can perform advanced analytics, leveraging cloud services or other 
computing resources to handle large volumes of data generated by the sensor nodes. 
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Overall, the integration of these components allows for effective monitoring, data collection, and analysis, 
ensuring that the WSN operates efficiently and meets the needs of its users. 
 
2.2 Blockchain System 
 
Applying blockchain technology to traditional wireless sensor networks represents a novel and innovative 
research approach. One of the key advantages of blockchain technology is its decentralization, which eliminates 
the reliance on a single server. Traditional sensor networks often require data to be aggregated and processed 
in a central location, which can be a potential point of failure. By utilizing a blockchain-based approach for data 
distribution, the risks associated with centralized data repositories are significantly reduced [9]. This research 
proposes an integration of blockchain technology into the structure of WSNs. The blockchain-based method 
demonstrated in this study has proven to be reliable and holds the potential to be a groundbreaking technique 
in the Internet of Things (IoT) domain [10]. 
 
 

 
Figure 2: Schematic of the Block in Blockchain 

 
This study leverages several key advantages of blockchain technology. The most significant benefit is its 
decentralized nature, which ensures that transmitted messages are difficult to alter or tamper with. By utilizing 
distributed ledger technology and decentralized storage, the system eliminates the need for centralized control 
by a single device or administrative organization. Instead, all nodes in the network share equal rights and 
responsibilities. The integrity and security of the block data are maintained collectively by the nodes, which 
also perform encryption functions [11], [12]. 
Once sensor data is verified and appended to the blockchain in the proposed system, it is stored permanently 
and securely within the distributed ledger [13]– [15]. A critical vulnerability arises only if a malicious actor 
gains control of more than 51% of the nodes simultaneously, which could potentially compromise the 
operation of the blockchain-based system. However, in the absence of such a scenario, altering data on a single 
node has no impact on the overall system, ensuring that blockchain data remains highly stable and trustworthy. 
As a result, the sensor data managed by the proposed blockchain-based approach is consistently secure, 
complete, and accessible at any time and from anywhere. This makes the system resilient to tampering and 
ensures the integrity of the sensor data in real-time applications [16]– [18]. 
 
2.3 Challenges in WSN and Blockchain Integration  
 
Integrating blockchain technology into wireless sensor networks (WSNs) offers a promising avenue for 
enhancing data security, integrity, and transparency. However, this integration is not without its challenges. 
WSNs, characterized by their numerous, resource-constrained sensor nodes, face unique hurdles when 
adopting blockchain’s decentralized architecture [19]. The details are as below 
 
2.3.1 Scalability 
Wireless sensor networks often consist of thousands, or even millions, of nodes. When integrating blockchain, 
the challenge arises in managing the increased volume of transactions generated by these numerous nodes. 
Traditional blockchain architectures can struggle to maintain high throughput as more transactions are added, 
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leading to bottlenecks. Solutions must consider scalability strategies such as sharding or off-chain processing, 
but these introduce complexity in ensuring data consistency and integrity across the network. 
 
2.3.2 Energy Consumption 
Energy efficiency is paramount in WSNs due to the limited battery life of sensor nodes. The consensus 
mechanisms typically used in blockchain, such as Proof of Work or even Proof of Stake, can be energy-intensive, 
requiring substantial computational resources. Implementing lighter consensus algorithms, such as Practical 
Byzantine Fault Tolerance or Delegated Proof of Stake, may alleviate some energy demands, but these 
approaches often come with trade-offs in terms of security and decentralization. Finding a balance that allows 
for effective blockchain operations without draining node batteries is a critical challenge. 
 
2.3.3 Data Privacy 
While blockchain provides a transparent and tamper-resistant ledger, the public nature of most blockchain 
implementations can conflict with the need for data privacy in certain applications. Sensitive information 
collected by sensors may be exposed on the blockchain, making it vulnerable to unauthorized access. 
Implementing privacy-preserving technologies, such as zero-knowledge proofs or encryption techniques, is 
essential but adds complexity to the architecture. Striking a balance between transparency and confidentiality 
is crucial to ensure that the integration of blockchain does not compromise sensitive data. 
 
2.3.4 Latency 
The requirement for consensus in blockchain networks can introduce significant latency, which is detrimental 
in time-sensitive applications typical of WSNs, such as environmental monitoring or industrial automation. 
Each transaction may require multiple confirmations from various nodes, leading to delays that can impact the 
system's responsiveness. Exploring solutions such as asynchronous consensus algorithms or hybrid 
architectures that combine blockchain with traditional centralized approaches may help mitigate latency 
issues, but they must be carefully designed to maintain the integrity and security of the data. 
 
2.3.5 Network Reliability 
WSNs are often exposed to environmental factors that can lead to node failures, such as extreme weather 
conditions or physical obstructions. These failures can disrupt communication and data collection, 
complicating the reliability of both the WSN and the blockchain. Ensuring that the blockchain can function 
effectively even when certain nodes are offline or unreachable is essential. Techniques like node redundancy, 
data replication, and robust recovery protocols must be integrated into the design to maintain a resilient 
network that can handle real-world conditions. 
 
2.3.6 Complexity of Integration 
Merging blockchain protocols with existing WSN architectures involves significant technical challenges. WSNs 
have diverse hardware and software platforms, each with different capabilities and constraints. Integrating 
blockchain requires careful consideration of how data is collected, transmitted, and recorded on the blockchain. 
The added complexity may necessitate new middleware solutions, protocols, or APIs to facilitate 
communication between sensor nodes and the blockchain network. This complexity can lead to increased 
development time and costs, requiring collaboration among multidisciplinary teams. 
 
2.3.7 Interoperability 
In a world where multiple blockchain platforms and WSN protocols coexist, ensuring interoperability between 
different systems is a major challenge. Various blockchains may implement different standards, consensus 
mechanisms, and data formats, making it difficult for sensor data from one network to be recognized or utilized 
by another. Developing standardized protocols and APIs that enable seamless interaction between different 
blockchain and WSN systems is crucial for fostering collaboration and enhancing the overall functionality of 
integrated solutions. 
 
2.3.8 Regulatory Compliance 
With the increasing focus on data protection regulations, such as GDPR or CCPA, ensuring compliance when 
using decentralized, immutable ledgers poses significant challenges. Data stored on a blockchain may be 
subject to regulations requiring the ability to delete or anonymize personal data, which conflicts with the 
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inherent characteristics of blockchain technology. Organizations must navigate these regulatory landscapes by 
implementing data management strategies that respect legal requirements while still leveraging the benefits 
of blockchain, potentially involving hybrid solutions that store sensitive data off-chain. 
 
2.3.9 Limited Processing Power 
Many sensor nodes in WSNs are designed for low power and low-cost operation, which often limits their 
processing capabilities. These constraints can make it challenging to implement complex blockchain 
functionalities, such as executing smart contracts or maintaining a full node. To address this, lightweight 
blockchain protocols and specialized hardware designs must be explored. This could involve offloading certain 
computational tasks to more powerful edge devices or using simpler consensus algorithms that require less 
processing power, thereby enabling effective blockchain integration without overwhelming the sensor nodes. 
 
2.3.10 Consensus Mechanism Selection 
Choosing the right consensus mechanism for blockchain integration in WSNs is crucial to achieving a balance 
between security, efficiency, and resource consumption. Traditional mechanisms like Proof of Work may 
provide high security but are not suitable for resource-constrained environments. Alternative mechanisms 
such as Proof of Authority, which relies on a limited number of trusted nodes, or federated consensus 
approaches can offer more efficiency but may sacrifice some degree of decentralization. Carefully evaluating 
the trade-offs of various consensus mechanisms in the context of specific applications is necessary to ensure 
optimal performance and security in integrated systems. 
 
 
3. Proposed Method 
 
The architecture of a WSN is designed to facilitate efficient data collection, aggregation, and transmission 
through a collaborative framework of nodes as shown in Figure 3. At the core of this architecture are normal 
nodes, also known as sensor nodes, which serve as the fundamental building blocks of the network. These 
nodes are equipped with sensors to monitor various parameters. They continuously sample their 
surroundings, gathering relevant data that may require preliminary processing to filter out noise and 
anomalies. Once this initial processing is complete, normal nodes communicate their findings to aggregator 
nodes using wireless protocols like Zigbee or LoRa, enabling efficient transmission over short to medium 
distances. 
Aggregator nodes play a critical role as intermediaries between normal nodes and the base station. Their 
primary function is to collect, process, and consolidate data from multiple normal nodes before forwarding the 
aggregated information to the base station for further analysis or storage. By applying aggregation techniques 
such as averaging or summation, aggregator nodes reduce data redundancy and minimize transmission costs, 
conserving bandwidth and energy in the process. After aggregation, these nodes transmit the processed data 
to the base station, which serves as the central hub for the WSN. 
At the base station, the aggregated data undergoes further analysis using statistical methods or machine 
learning algorithms to extract meaningful insights or detect anomalies. This centralized processing capability 
allows for generating reports, visualizations, and alerts based on the analyzed data, which can be crucial for 
decision-making. Additionally, the base station coordinates network operations, sending commands back to 
normal nodes for reconfiguration or data retrieval as conditions change. Overall, the communication flow in a 
WSN involves normal nodes collecting data, sending it to aggregator nodes for processing, and ultimately 
forwarding the aggregated information to the base station. This layered approach not only optimizes resource 
use and conserves energy but also enhances the overall effectiveness of the network, supporting a wide range 
of applications from environmental monitoring to smart city initiatives. 
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Figure 3: Schematic of the Blockchain enabled WSN 

 
Private blockchains are ideal for normal nodes in a WSN because they ensure secure data management and 
privacy. Each normal node, such as an individual sensor, can operate within a private blockchain that restricts 
access to authorized participants only. This setup allows for confidential communication between nodes, 
protecting sensitive data from unauthorized access. The consensus mechanism can be streamlined for 
efficiency, enabling faster transaction validations crucial for real-time data processing in sensor networks. 
Additionally, private blockchains can be tailored to meet the specific needs of the WSN, optimizing resource 
usage, which is vital for battery-operated sensors. By maintaining data integrity and enhancing communication 
security, private blockchains significantly improve the operational reliability of normal nodes. 
 
In contrast, public blockchains serve an important role for aggregator nodes in WSNs, offering transparency 
and broad accessibility. Aggregator nodes collect data from multiple normal nodes and publish aggregated 
information on a public blockchain, ensuring that this data is available to all stakeholders, including researchers 
and the general public. The transparency inherent in public blockchains fosters trust, as anyone can verify the 
data's authenticity and source. Furthermore, the decentralized nature of public blockchains eliminates single 
points of failure, enhancing data resilience against manipulation. By utilizing public blockchains, aggregator 
nodes can also implement incentive mechanisms, encouraging participation from users and data providers 
alike, thus enhancing collaboration and the overall value of the data collected within the network. 
 
In blockchain technology, key generation is a fundamental process that establishes secure user interactions 
through a pair of cryptographic keys: a public key and a private key. The generation typically begins with the 
creation of a private key, which is a randomly selected number generated using a secure random number 
generator. This private key must be kept secret, as it is crucial for signing transactions and proving ownership 
of assets within the blockchain. Once the private key is established, the corresponding public key is derived 
using a mathematical function, specifically elliptic curve multiplication in the case of Elliptic Curve 
Cryptography (ECC), which is commonly employed in many blockchain systems. The public key, which can be 
freely shared, serves as an address to which others can send transactions or assets. 
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In operation, when a user wants to initiate a transaction, they utilize their private key to sign the transaction 
data, which creates a unique digital signature. This signature not only verifies the authenticity of the transaction 
but also ensures that it has not been tampered with. The public key allows others to verify this signature, 
confirming that it was generated by the corresponding private key without revealing the private key itself. This 
asymmetric encryption mechanism provides a robust level of security, making it computationally infeasible for 
anyone to derive the private key from the public key. By employing this system of key generation and 
management, blockchains enable secure, transparent, and decentralized transactions, empowering users to 
maintain control over their assets while ensuring the integrity of the entire network. 
 
4. RSA and ECC Keys description 
 
RSA 
RSA is one of the first public-key cryptosystems and is widely used for secure data transmission [20]. Its 
security is based on the difficulty of factoring the product of two large prime numbers. 
 

Key Generation 
1. Select two distinct large prime numbers p and q. 
2. Compute: n=p×q 

This n is used as the modulus for both the public and private keys. 
3. Calculate Euler’s Totient: ( ) ( 1)( 1)n p q     

4. Choose Public Exponent e: Select an integer e such that 1 ( )e n   and gcd( , ( )) 1e n   
Common choices for e include 3, 17, or 65537. 

5. Compute Private Exponent d: Calculate d as the modular multiplicative inverse of e modulo ( )n  
1 mod( ( ))d e n  

6. The public key is (e,n), and the private key is (d,n). 
 
Encryption 
To encrypt a message M (where M<n): 

mod( )eC M n  
Here, C is the ciphertext. 
Decryption 
To decrypt the ciphertext C: 

mod( )dM C n  
This retrieves the original message M. 

 
 

ECC  
ECC is a public-key cryptosystem based on the mathematics of elliptic curves over finite fields [20]. It offers 
similar security to RSA but with smaller key sizes, making it more efficient. 
 

Key Generation 
1. Choose an Elliptic Curve: Define an elliptic curve E over a finite field Fp. The curve is usually 

expressed in the form: 
2 3y x ax b    

2. Choose a point G on the curve, which serves as the generator point. 
3. Choose a random integer d (the private key) in the range [1,n−1], where n is the order of the point 

G. 
4. Calculate the public key Q by multiplying the base point G by the private key d:  

Q=dG 
 
Encryption 
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1. Select a random integer k. 
2. Calculate the points 1P  and 2P : 

1 .P k G (shared point) 

2 .P k Q  (shared secret) 

3. Derive a symmetric key from 2P   

4. Use the symmetric key to encrypt the plaintext message M into ciphertext C. 
 
Decryption 

1. The receiver computes the shared secret using their private key d: 

2 .P k Q  

where k is the same random integer used during encryption. 
2. Use the symmetric key derived from the shared secret to decrypt the ciphertext C back into the 

plaintext message M. 
 

 
 

5. Results  
 
The Table 1, presents a comparison between ECC and RSA in terms of key lengths, time for key generation, and 
time for signature verification. For ECC, the key lengths start at 163 bits, requiring 0.08 seconds for key 
generation and 0.23 seconds for signature verification. As the key length increases to 233 bits, the key 
generation time rises to 0.18 seconds and signature verification time to 0.51 seconds. With a key length of 283 
bits, these times increase further to 0.27 seconds and 0.86 seconds, respectively. At 409 bits, the key generation 
time reaches 0.64 seconds, while signature verification takes 1.8 seconds. The largest ECC key length listed is 
571 bits, with key generation taking 1.44 seconds and signature verification requiring 4.53 seconds. 
 

Table 1: Comparison of RSA and ECC Keys 
ECC RSA 

Key Length Time (Key 
Generation) 

Time  
(Signature 
Verification) 

Key Length Time (Key 
Generation) 

Time  
(Signature 
Verification) 

163 0.08 0.23 1024 0.16 0.01 
233 0.18 0.51 2240 7.74 0.01 
283 0.27 0.86 3072 9.80 0.01 
409 0.64 1.8 7680 113.90 0.01 
571 1.44 4.53 15,360 679.06 0.03 

 
 
In comparison, RSA starts with a key length of 1024 bits, which has a key generation time of 0.16 seconds and 
a very quick signature verification time of 0.01 seconds. As RSA key lengths increase to 2048 bits, the key 
generation time significantly rises to 0.62 seconds, but signature verification remains low at 0.02 seconds. At 
2240 bits, the key generation time jumps to 7.74 seconds, while verification time remains constant at 0.01 
seconds. For a 3072-bit key, the generation time is 9.80 seconds, with signature verification still at 0.01 
seconds. At the highest RSA key length of 15,360 bits, key generation takes a substantial 679.06 seconds, while 
signature verification takes slightly longer at 0.03 seconds. Overall, the data illustrates that while ECC offers 
shorter key lengths with competitive performance, RSA requires longer keys and considerably more time for 
key generation as the key length increases. 
The block structure of the blockchain is illustrated in Figure 4, providing a clear representation of the key 
components that comprise each block within the chain. Each block contains several essential elements, starting 
with index numbers, which serve as unique identifiers for the blocks, allowing for easy reference and retrieval. 
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Following this, the data section holds the actual information recorded in the block, which, in the context of a 
WSN, include sensor readings, timestamps, and other relevant metadata. 
Another critical component is the previous hash, which links each block to its predecessor, thereby ensuring 
the integrity and chronological order of the blockchain. This cryptographic hash not only confirms the identity 
of the previous block but also protects against tampering; any alteration in the data of a prior block would 
change its hash, invalidating all subsequent blocks. The current hash is generated from the block's content, 
including the previous hash, and serves as a digital fingerprint for that block, reinforcing its authenticity. 
Additionally, the block structure includes a nonce, a number used in the mining process to help achieve the 
proof-of-work consensus. The nonce is essential for validating the block, as it must satisfy specific 
cryptographic requirements, adding a layer of security to the blockchain. Together, these components form a 
robust structure that not only enhances security but also supports the transparency and traceability of data 
within the network, making the blockchain a powerful tool for managing information in wireless sensor 
networks. 
 

 
Figure 4: Schematic of the Blocks in Blockchain  

 
Figure 5 illustrates the relationship between the number of mined blocks and time, providing a visual 
representation of the mining activity within the blockchain network. The x-axis represents time, measured in 
specific intervals, while the y-axis denotes the cumulative number of blocks successfully mined during those 
intervals. As depicted in the figure, the graph shows a generally upward trend, indicating that as time 
progresses, an increasing number of blocks are being mined. This trend is expected in a well-functioning 
blockchain environment, where miners continuously participate in the mining process, competing to solve 
cryptographic puzzles and validate transactions. Several key observations can be made from the graph. 
Initially, there may be a slower rate of block generation, particularly if the network is newly established or if 
the difficulty level for mining is set high. Over time, as more miners join the network and become familiar with 
the mining process, the rate of block creation tends to increase. This increase may also correlate with 
adjustments in mining difficulty, which can be dynamically modified based on the total computational power 
of the network, ensuring that blocks are generated at a consistent rate.  
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Figure 5: Number of Mined Block vs. Time (Seconds) 

 
Figure 6 presents the relationship between the number of transactions per block and time, with specific 
parameters indicating that the number of peer-to-peer (P2P) nodes is set at 10 and a total of 30 blocks have 
been mined. 

 

 
 

Figure 6: Number of transaction/Block vs. Time (Seconds) 
 
The x-axis of the figure represents time intervals, while the y-axis indicates the number of transactions included 
in each mined block. As shown, the graph illustrates the variation in the number of transactions that are packed 
into each block over time. 
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Initially, the number of transactions per block may be low, reflecting the early stages of mining when the 
network is still establishing itself. As the blockchain evolves and more transactions are generated by users 
interacting with the network, the number of transactions per block is expected to increase. The presence of 10 
active P2P nodes facilitates this process, as these nodes collaboratively contribute to transaction generation 
and block formation. 
Throughout the timeline depicted in the figure, there may be noticeable fluctuations in the number of 
transactions per block due to varying user activity. For instance, periods of high activity, such as during 
promotional events or market spikes, may lead to a significant increase in the number of transactions being 
processed. Conversely, during quieter periods, the number of transactions per block may decrease, reflecting 
reduced user engagement. 
With a total of 30 mined blocks, the data suggests a growing trend in transaction inclusion as the network 
matures. This growth not only enhances the efficiency of the blockchain but also demonstrates its capacity to 
handle increased transaction loads over time. The effective management of transactions per block is crucial for 
maintaining network performance and ensuring timely validation of transactions. 

 
 
6. Conclusion 
In conclusion, this paper highlights the transformative potential of integrating blockchain technology with 
WSNs to enhance security, data integrity, and operational efficiency across various applications, including 
smart cities, environmental monitoring, and healthcare. By addressing the vulnerabilities inherent in 
traditional centralized data management systems, the proposed decentralized and immutable blockchain 
framework offers significant improvements in data protection against tampering and unauthorized access. The 
study elucidates the numerous benefits of this integration, such as increased transparency, enhanced trust, 
improved fault tolerance, and secure peer-to-peer communication among sensors. While we acknowledge the 
challenges related to energy consumption, scalability, and latency, our theoretical and simulation analyses 
provide innovative solutions and outline promising future research directions. Ultimately, this work 
demonstrates that the fusion of blockchain and WSNs not only enhances the resilience of smart systems but 
also lays the groundwork for more secure and efficient data management in an increasingly interconnected 
world. 
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