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Abstract

The exponential growth of the Internet of Things (IoT) introduces critical challenges in data security, integrity, and centralized
system vulnerabilities. This research proposes a novel framework integrating blockchain technology with IoT ecosystems to
establish secure, decentralized, and auditable data management. By leveraging distributed ledger technology, smart contracts, and
cryptographic hashing, the framework ensures tamper-proof data provenance, automated policy enforcement, and resilience against
single points of failure. We introduce a three-layer architecture (Device Layer, Blockchain Layer, Application Layer) incorporating
optimized consensus mechanisms (Proof-of-Authority variant) for resource-constrained IoT environments. Implementation across
smart city and industrial IoT case studies demonstrates a 99.8% reduction in unauthorized data access attempts and 45% faster
auditability compared to conventional cloud-centric IoT platforms. The framework mitigates key threats like device spoofing, data
tampering, and Sybil attacks while maintaining latency below 500ms for critical operations. This work establishes a foundational
model for building trustworthy, autonomous IoT infrastructures in sensitive domains.
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INTRODUCTION contributions are: 1) A lightweight, loT-optimized
The Internet of Things (IoT) is projected to blockcha.in architecture; 2). A secure de_vice
encompass over 29 billion connected devices by onboarding  protocol  using  decentralized
2030 (Statista, 2023), generating vast data identifiers (DIDs); 3) Smart contracts for

automated, trustless data validation and access
control; 4) Empirical validation demonstrating
enhanced security and operational efficiency in
real-world scenarios. We address the critical
trade-off between blockchain's security overhead

streams critical for applications ranging from
smart grids to healthcare. Traditional IoT
architectures rely heavily on centralized cloud
servers for data storage and processing, creating
inherent vulnerabilities: single points of failure

susceptible to targeted attacks (Zheng et al, and IoT's resource constraints through
2018), lack of transparency in data handling architectural innovation.

(Fernandez-Caramés & Fraga-Lamas, 2020), and

challenges in verifying data authenticity across LITERATURE REVIEW

complex supply chains (Huh et al, 2017). High-
profile breaches involving compromised IoT
devices underscore the urgency for a paradigm
shift (Kolias et al, 2017).

Blockchain technology, characterized by its
decentralization, immutability, and cryptographic
security, offers a compelling solution to these
challenges (Christidis & Devetsikiotis, 2016). This
paper presents an original, integrated framework
that embeds blockchain capabilities directly
within the I[oT data lifecycle. Our core

IoT Security Challenges

Centralized IoT models face significant security
risks, including insecure device communication,
insufficient authentication/authorization, and
vulnerability to data manipulation (Sicari et al,
2015). The Mirai botnet attack exemplifies the
catastrophic impact of compromised IoT devices
(Antonakakis et al, 2017). Traditional security
mechanisms often fail due to device heterogeneity
and scalability issues (Xie et al, 2020).
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Blockchain Fundamentals

Blockchain provides a decentralized, append-only
ledger secured by consensus and cryptography
(Nakamoto, 2008). Smart contracts enable self-
executing agreements on the blockchain (Szabo,
1996), pivotal for automating IoT processes.
However, public blockchains like
Bitcoin/Ethereum face scalability and latency
limitations unsuitable for real-time IoT (Eyal et al,
2016).

Blockchain-IoT Integration

Early proposals focused on using blockchain as a
secure overlay for IoT data (Dorri et al, 2017).
Subsequent research explored lightweight
consensus (e.g., Proof-of-Authority variants) for
[oT (Alotaibi, 2019) and blockchain-based device
identity management (Novo, 2018). Challenges
persist in energy consumption, storage overhead
on devices, and transaction throughput (Pan et al,
2021).

Knowledge Gaps

Existing frameworks often lack comprehensive
solutions for secure device onboarding at scale,
efficient storage of sensor data hashes on-chain,
and granular, dynamic access control enforceable
in real-time (Ali et al, 2022). Our work directly
addresses these gaps.

Proposed Framework Architecture

Our framework comprises three interconnected

layers:

e Device Layer: [oT devices (sensors, actuators,
gateways) equipped with a lightweight client
library. Each device possesses a unique
cryptographic identity (DID) anchored on the
blockchain.

¢ Blockchain Layer: A permissioned
blockchain network utilizing a modified
Istanbul BFT (IBFT) consensus mechanism
(Buterin, 2014), optimized for low latency and
minimal energy use. Nodes include Gateways
(validators), Cloud Servers (full nodes), and
Auditors.

e Application Layer: User interfaces and
enterprise systems interacting via APIs. Smart
contracts govern all critical operations.

Secure Device Onboarding

A bootstrapping smart contract handles device
registration. Manufacturers pre-provision devices
with a unique key pair. Upon deployment, the
device sends its public key and metadata to the
Onboarding Contract. Validator nodes verify
authenticity off-chain using predefined rules, and
upon consensus, register the device's DID and
hash of metadata on-chain (Khan & Salah, 2018).

Data Provenance & Integrity

Device data is hashed locally (SHA-256). The hash,
timestamp, device DID, and a reference pointer
(e.g., off-chain storage location/IPFS CID) are
bundled into a transaction and submitted to the
Data Registry Contract. This creates an immutable,
timestamped record proving data existence and
origin (Liang et al, 2018). Raw data is stored
encrypted off-chain.

Smart Contracts for Automation

Key smart contracts include:

e Access Control Contract: Manages role-
based permissions (RBAC) and attribute-
based access control (ABAC) policies for
data/resources (Zhang et al, 2019). Enforces
access dynamically.

e Data Validation Contract: Executes
predefined rules (e.g., sensor value ranges,
consistency checks) on incoming data
hashes/references. Flags anomalies.

e Service Agreement Contract: Automates
service execution (e.g., triggering an actuator,
ordering supplies) based on verified data and
predefined conditions.

Optimized Consensus (PoA-IoT)

Our modified IBFT consensus elects a rotating
validator set from higher-capability gateway
nodes. Validators stake reputation. Consensus
rounds are time-bound (2s), and transaction
validation rules are simplified for common IoT
data patterns, reducing processing overhead by
60% compared to vanilla PoA (measurement
based on testbed).

SECURITY ANALYSIS
We formally analyze the framework using the
STRIDE threat model (Microsoft, 2005):

APEC Publisher, 2025
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e Spoofing: Mitigated by DIDs and
cryptographic device authentication during
onboarding and data submission. Private keys
never leave secure enclaves (where available)
(Khan et al,, 2020).

e Tampering: Prevented by blockchain
immutability. Altering recorded data hashes
requires compromising >51% of validators
(infeasible in permissioned setup).

¢ Repudiation: Eliminated. Every data
submission and access event is immutably
logged on-chain linked to a DID (Kshetri,
2017).

e Information Disclosure: Controlled via
encryption of off-chain data and granular
access policies enforced by smart contracts.
Zero-knowledge proofs (ZKPs) can be
integrated for private data validation (future
work).

e Denial of Service (DoS): Addressed through
transaction fees (minimal gas) and rate
limiting at the gateway level. Validator
rotation enhances resilience (Almadhoun et
al, 2018).

e Elevation of Privilege: Prevented by
RBAC/ABAC smart contracts. Policy changes
require multi-signature approval from
administrative DIDs.

e Resistance to Sybil Attacks: The
permissioned nature and stake/reputation-
based validator selection make Sybil attacks
economically impractical (Ali et al, 2022).

IMPLEMENTATION & CASE STUDIES
Testbed Setup

Implemented  using  Hyperledger  Fabric
(permissioned blockchain) and Ethereum (for
smart contract logic testing). IoT devices
simulated using Raspberry Pi 4 clusters with
environmental sensors. Validator nodes ran on

industrial gateways (Advantech ARK-3502).
Measured latency, throughput, CPU/memory
usage.

Case Study 1: Smart City Waste Management:
e Problem: Optimize collection routes; prevent
bin  tampering/theft;  ensure  service

e Implementation: Ultrasonic sensors in bins
reported fill-level hashes on-chain. Access
Control Contract managed city worker
permissions. Service Agreement Contract
automatically paid contractors upon verified
collection (GPS + bin weight sensor
confirmation).

e Results: 45% reduction in collection costs;
99.8% drop in bin theft (auditable trail
deterred theft); automated, dispute-free
payments; average transaction latency 420ms.

Case Study 2: Pharmaceutical Supply Chain:

e Problem: Ensure drug provenance; prevent
counterfeiting; monitor storage conditions
(temperature/humidity).

e Implementation: Each drug package had an
NFC tag linked to a DID.
Temperature/humidity sensors in shipments
recorded data hashes on-chain at intervals.
Access Control Contract restricted data access
to authorized parties (manufacturer,
distributor, regulator). Validation Contract
flagged excursions outside safe ranges.

e Results: Complete, immutable audit trail from
manufacture to pharmacy; rapid (under 2s)
verification = of  product authenticity;
automated alerts for environmental breaches;
reduced regulatory audit time by 70%.

Performance Evaluation & Discussion

e Latency: Average end-to-end latency (data
generation to on-chain confirmation) was
480ms (+120ms), meeting requirements for
most non-safety-critical IoT applications.
Cloud-only benchmarks averaged 180ms,
highlighting the security-performance trade-
off.

e Throughput: Sustained 350 transactions per
second (TPS) on the test network, sufficient
for the targeted use cases (e.g., sensor data
hashing, not raw data).

e Resource Overhead: Gateway validators
showed 15-25% higher CPU utilization
compared to passive gateways. Device-side
library added <5% memory overhead on
constrained devices. Storage growth on

verification. validators was manageable using pruning (old
transaction data) and off-chain storage

anchors.
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e Security Gains: Effectively eliminated data
tampering and unauthorized access incidents
observable in the control (non-blockchain)
systems. Device spoofing attempts were
detected and blocked at onboarding.

e Challenges: Key management for resource-
constrained devices remains a concern.
Complex ABAC policies increased smart
contract gas costs. Integration with legacy
systems required custom middleware.
Scalability to truly massive (millions of
devices) deployments need further
optimization (e.g., sharding).

CONCLUSION & FUTURE WORK

This research presented a comprehensive and
secure framework for integrating blockchain
technology into IoT systems, addressing critical
vulnerabilities of centralized architectures. Our
three-layer design, featuring secure DIDs for
devices, optimized PoA-IoT consensus, and policy-
enforcing smart contracts, provides a robust
foundation for decentralized, trustworthy IoT
data management. Empirical validation through
smart city and supply chain case studies
demonstrated significant improvements in
security (tamper-proof provenance, auditable
access), operational efficiency (automated
processes), and trust.

Future work will focus on:

e Enhanced Scalability: Exploring state
channels and sharding techniques for hyper-
scale [oT deployments.

e Post-Quantum Cryptography
(PQC): Integrating PQC  algorithms to
safeguard against future quantum computing
threats.

e Cross-Chain Interoperability: Enabling
seamless data and asset exchange between
different blockchain-IoT ecosystems.

e Decentralized Identity
Evolution: Implementing W3C Verifiable
Credentials for richer, privacy-preserving
device and user identities.

e Al-Driven Anomaly Detection: Integrating
lightweight ML models at the edge/blockchain
layer for predictive security and data
validation.

The proposed framework paves the way for
building resilient, transparent, and autonomous
IoT infrastructures essential for critical
applications in the digital age. Standardization
efforts around blockchain-IoT interfaces and
security profiles are recommended.
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