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Abstract

The rapid proliferation of Internet of Things (IoT) devices in cloud
environments has amplified vulnerabilities such as data tampering, single
points of failure, and unauthorized access. Blockchain technology addresses
these by providing immutable ledgers, smart contracts, and decentralized
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consensus, enabling secure data transmission, authentication, and

management. This review explores blockchain-integrated frameworks for
secure loT-cloud systems, analyzing architectures like federated learning
with zero-knowledge proofs, node-based transmission models, and
lightweight consensus protocols. Key components, methodologies,
performance metrics, and challenges are discussed, alongside applications in
smart grids and industrial IoT. Findings highlight improved latency, privacy,
and resilience, with recommendations for energy-efficient implementations.
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Introduction

IoT ecosystems generate vast data
volumes, but traditional centralized cloud
models expose them to cyber threats like man-in-
the-middle attacks and Sybil vulnerabilities.
Blockchain introduces tamper-proof distributed
ledgers, eliminating intermediaries and ensuring
data integrity through cryptographic hashing
and consensus algorithms such as Proof-of-Stake
or Practical Byzantine Fault Tolerance. Recent
these  with
computing for scalable IoT security, as seen in

frameworks combine cloud

architectures incorporating federated learning
and edge computing.

These innovations address key pain
points in IoT deployments. Centralized clouds
create single points of failure, where a
compromised server can leak sensitive sensor
data from smart cities or industrial machines.
Man-in-the-middle
communications, while Sybil attacks flood
with fake Blockchain

counters this by decentralizing trust: each

attacks intercept

networks identities.

transaction forms a block linked via hashes,
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making alterations computationally infeasible
without majority consensus.

Proof-of-Stake (PoS) selects validators
based on staked tokens, slashing malicious actors
to save energy over Proof-of-Work. Practical
Fault (PBFT)  suits
permissioned networks, tolerating up to one-

Byzantine Tolerance
third faulty nodes through multi-phase voting.
Federated learning lets IoT devices train models
locally, sharing only updates to a blockchain-
secured cloud aggregator, preserving privacy.
Edge computing processes data near devices,
reducing latency —frameworks like BOFCL
prioritize threat-prone edges via on-chain logs.

Integrated systems, such as ZK-SIE,
embed zero-knowledge proofs for verifiable
computations without exposing raw data. Real-
world gains include 40% faster authentication in
smart grids and resilient industrial IoT against
DDoS. Challenges like blockchain bloat persist,
but layer-2 scaling and hybrid clouds promise
broader adoption, fostering secure, autonomous
ecosystems [1].

This  integration fosters trustless
environments where devices autonomously
verify transactions via smart contracts, reducing
latency in resource-constrained settings. Studies
show up to 50% improvements in authentication
speed and energy efficiency compared to
conventional methods. The review structures
around core components, methodologies for
implementation, discussions of empirical results,

and forward-looking insights.

Smart contracts, self-executing codes on
blockchain
Hyperledger, encode rules for IoT interactions —

platforms like Ethereum or
such as access control or data sharing—

triggering automatically upon predefined
conditions. This eliminates reliance on central
authorities, enabling peer-to-peer validation
among sensors in smart homes or factories,
where delays from cloud round-trips previously
hampered real-time responses. In edge devices
with limited CPU and battery, lightweight

contract designs, like those using Chainlink

oracles, cut verification times by optimizing gas
fees and parallel execution.

Empirical evidence from node-based
frameworks validates these gains: Transmission
Nodes collect data, while Inspection Nodes use
smart contracts for anomaly checks, achieving
50% faster logins via elliptic curve cryptography
over traditional PKI. Energy savings stem from
Proof-of-Authority consensus, slashing idle
computations. The review dissects layered

architectures (device-blockchain-cloud),
simulation-driven methodologies (NS-3
benchmarks), result analyses

(latency/throughput metrics), and visions like
quantum-safe  hybrids for Industry 5.0

scalability.

Future insights  emphasize  Al-

blockchain fusion for predictive security,
addressing interoperability via standards like

IETF CoAP over IPFS [2].
Methodology

Frameworks typically employ a multi-
layered architecture: device layer for data
blockchain

management, cloud layer for processing, and

sensing, layer  for  ledger
application layer for services. A common
by  Blockchain-

Orchestrated Federated Curriculum Learning

approach,  exemplified
(BOFCL), sequences model training based on
real-time threat logs stored on-chain, prioritizing
high-risk nodes.

This stratified design ensures seamless
data flow in loT-cloud ecosystems. The device
layer, comprising sensors and actuators, captures
raw environmental data—like temperature in
vibration in industrial

smart grids or

machinery —before  lightweight  encryption
forwards it upward. Blockchain layer maintains
an immutable ledger, logging transactions via
smart contracts that enforce consensus, such as
delegated Proof-of-Stake, to validate integrity

without central bottlenecks.

BOFCL
federated learning: edge nodes train local models

innovates by integrating
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on threat data (e.g., DDoS patterns), uploading
gradients to blockchain-secured clouds. On-
threat
anomalies —enable

chain logs—hashed timestamps of

dynamic curriculum
sequencing, where high-risk nodes (identified by
attack frequency) receive prioritized updates,
boosting model convergence by 35% in
simulations. Cloud layer aggregates these for
global

computations,

optimization, offloading heavy

while the application layer
delivers services like predictive maintenance

dashboards.

Such architectures mitigate single-point
failures, enhancing scalability for millions of
devices. Evaluations via NS-3 simulators confirm
reduced latency (under 100ms) and resilience
against 40% node failures, paving the way for
deployable frameworks in healthcare and

autonomous vehicles [3].

Zero-Knowledge Proof Enabled Secure
(ZK-SIE)
verifying

Inference Engines enable private

computations, outputs  without
revealing inputs, integrated via smart contracts
for automated enforcement. Node-based models
divide responsibilities into Transmission Nodes
(data collection), Inspection Nodes (anomaly
detection), Forwarding Nodes (routing), and

Blockchain Security Services (consensus and

auditing). Consensus is optimized with
lightweight protocols like Energy-Aware
Lightweight  Consensus  with  Adaptive

Synchronization (ELCAS) to suit IoT's power
limits [4].

Evaluation = methodologies  include
simulations (e.g., NS-3 or OMNeT++), metrics
like latency, throughput, and attack resistance,
and expert validations via surveys. Comparative
analyses benchmark against non-blockchain
baselines, ensuring reproducibility through
open-source prototypes [4,5].

Discussion

Blockchain-IoT-cloud frameworks excel
in decentralization, with BOFCL and ZK-SIE
mitigating adversarial attacks by 30-40% in edge
scenarios through blockchain-indexed
simulations. Privacy gains from zero-knowledge
proofs allow verifiable inferences without data
exposure, critical for healthcare and smart cities.
However, scalability challenges persist; high
transaction volumes strain consensus, addressed

partially by sharding or layer-2 solutions.

These frameworks distribute control

across nodes, eliminating centralized
vulnerabilities that plague traditional IoT setups.
BOFCL leverages on-chain threat logs to
orchestrate federated learning, dynamically
assigning training priorities to vulnerable edge
devices, which slashes attack success rates in
simulated DDoS floods. ZK-SIE employs zk-
SNARKSs for compact proofs, enabling hospitals
to validate patient data analytics or cities to
process traffic patterns without revealing
sensitive inputs— preserving GDPR compliance

while maintaining auditability.

In practice, this means wearable devices
in telemedicine can prove vital sign integrity via
succinct proofs, thwarting tampering mid-
transit. Yet, as IoT scales to billions of devices,
blockchain's sequential consensus—like PBFT —
falters under throughput demands exceeding
1,000 TPS. Sharding partitions the ledger into
parallel chains, boosting capacity by 10x, while
layer-2 rollups (e.g., Optimistic or ZK-rollups)
batch transactions off-chain for final on-chain
settlement, cutting costs by 90%.

Trade-offs include added complexity in
cross-shard communication, but hybrid models
blending permissioned blockchains with cloud
elasticity show promise for real-world rollout,
balancing security with performance in dynamic
environments [6].
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Framework Component Key Benefit Challenge Mitigation Strategy
BOFCL Risk-adaptive Computational Adaptive
training overhead synchronization
ZK-SIE Privacy-preserving | Proof generation | Lightweight zk-
inference time SNARKSs
Node-based Granular security | Inter-node latency | Hierarchical
(Transmission/Inspection) consensus
Smart Grid Authentication Replay attack | Energy use Permissioned
resistance blockchains
Energy efficiency remains pivotal for Hybrid consensus mechanisms,
battery-powered ~ IoT;  ELCAS  reduces blending Proof-of-Stake with Practical Byzantine
consumption by dynamic node participation. Fault Tolerance, optimize for IoT's heterogeneity:
Real-world deployments in industrial IoT energy-sipping sensors use delegated validation,
demonstrate robustness, but interoperability while  high-throughput  clouds  handle
standards (e.g., via Hyperledger Fabric) are aggregation. Al integration elevates this further;
needed. Expert surveys confirm high machine learning models, trained on-chain via
practicality, with 80% agreement on deployment federated approaches like BOFCL, preempt
feasibility. Gaps include quantum resistance and anomalies — detecting ransomware patterns or
regulatory compliance [3]. spoofed signals before escalation, with 95%

. accuracy in edge trials.
Conclusion Y &

Blockchain-integrated secure IoT cloud In Industry 5.0, human-Al collaboration

frameworks transform vulnerable centralized thrives on such reliability: collaborative robots in

systems into resilient, decentralized paradigms, factories verify peer integrity seamlessly, smart

- . . . gy grids self-heal outages, and healthcare wearables
achieving superior security without sacrificing

performance. Future work should prioritize ensure HIPAA-grade privacy. Standardization

hybrid consensus for scalability and Al-driven efforts, including IPFS for data permanence and

anomaly detection. These advancements pave quantum-resistant signatures, will accelerate

the way for trustworthy IoT ecosystems in adoption, heralding autonomous, cyber-fortified

Industry 5.0 networks that underpin sustainable global

infrastructure.
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