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Abstract—Modern network infrastructures are
increasingly exposed to sophisticated cyberattacks that
exploit hierarchical privilege levels and data
vulnerabilities. This paper proposes a bio-inspired,
blockchain-enabled cyber defense framework inspired
from the human immune system to provide adaptive, self-
healing, and tamper-resistant security. The network is
represented as a hierarchical binary tree, where the
central server functions as the brain, network interface
controllers (NIC) act as the nervous system, and individual
nodes represent cells with varying privilege levels. When a
low-privilege node is compromised, the framework
employs crypto-shedding with salting to ensure that
attackers obtain only irrecoverable data. Simultaneously,
the compromised node is removed and replaced by a copy
node embedded with an Al-based patching mechanism.
This enables the system to record and recall attack vectors,
mimicking the function of immune memory cells for a
faster response to recurring threats. To prevent tampering,
all system logs and node data are stored on a blockchain,
ensuring transparency and immutability. The proposed
model provides a novel approach to cybersecurity by
integrating bio-inspired defense mechanisms with
blockchain-backed data integrity, offering a scalable and
adaptive solution for securing hierarchical networks across
diverse applications.

Index Terms—Adaptive cyber defense, Artificial immune
system, Bio-inspired cybersecurity, Blockchain security,
Self-healing networks.

I. INTRODUCTION
The rapid expansion of digital infrastructures has introduced
unprecedented complexity in managing and securing
networks. As interconnected systems scale across industries,
attackers exploit vulnerabilities by targeting low-privilege
nodes and escalating privileges to compromise critical assets.
Conventional security mechanisms such as firewalls, intrusion
detection systems, and static encryption, while effective in
specific contexts, often lack adaptability against dynamic and
evolving attack strategies [1]. This limitation necessitates the
development of defense models that are both self-healing and
capable of proactive adaptation.

Biological systems, particularly the human immune system,
provide a natural inspiration for designing adaptive cyber
defense. The immune system identifies anomalies, eliminates
compromised cells, and preserves memory of past attacks to
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enable faster responses to recurring threats. Translating these
principles into digital networks can create architectures that
resist intrusion, recover autonomously, and strengthen over
time [2].

In this work, we propose a bio-inspired, blockchain-enabled
cyber defense framework tailored for hierarchical network
infrastructures. The framework models servers as the brain,
network interface controllers as the nervous system, and nodes
as cells arranged in a binary tree structure with varying
privilege levels. Upon compromise of a low-level node, the
system applies Reputation-Based Node Eviction [3]. The
compromised node is immediately replaced with a copy node
enhanced by Al-based patching, while attack vectors are
stored as immune memory for future defense [4]. To further
ensure tamper-proof integrity, all logs and node data are
maintained using blockchain.

Hierarchical network architectures are widely used in real-
world systems due to their scalability, modularity, and efficient
management. In enterprise networks, hierarchical designs
separate core, distribution, and access layers to optimize traffic
flow and simplify management. Similarly, cloud
infrastructures and data centers employ hierarchical structures
to manage distributed resources efficiently. Critical
infrastructures such as smart grids and industrial control
systems (ICS) also follow hierarchical architectures, where
physical devices, control systems, communication networks,
and management layers are organized in multiple levels to
ensure reliability and security. Additionally, hierarchical
models are observed in intrusion detection systems, where
attacks are classified at multiple levels, improving detection
accuracy and interpretability. These applications highlight the
importance of designing adaptive and resilient security
mechanisms tailored for hierarchical environments.

The contributions of this paper are as follows:

1. Anovel bio-inspired model for self-healing and
adaptive cybersecurity in hierarchical networks.

2. Integration of blockchain for immutable logging and
data protection [5].

3. An Al-driven patching mechanism that mimics
immune memory for proactive threat mitigation.
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The remainder of this paper is organized as follows: Section II
reviews related work in bio-inspired and blockchain-based
defense mechanisms. Section III describes the proposed
framework in detail. Section IV presents implementation
considerations and expected outcomes. Section V discusses
challenges and future research opportunities. Section VI gives
a brief case-study of the model. Section VII concludes the

paper.
II. RELATED WORK

Cybersecurity research has traditionally focused on layered
defense models involving firewalls, intrusion detection
systems (IDS), and intrusion prevention systems (IPS). While
effective against known threats, such approaches often fail to
adapt to novel or evolving attack vectors [6]. Encryption and
hashing techniques further enhance confidentiality and
integrity, but do not inherently prevent node compromise or
privilege escalation attacks.

To address these limitations, bio-inspired security models
have gained attention. Artificial Immune System (AIS)
approaches mimic biological immune mechanisms to detect
anomalies and respond adaptively. Studies have demonstrated
the effectiveness of immune-inspired algorithms in detecting
network intrusions and adapting to new attack signatures [7].
However, many of these models primarily focus on anomaly
detection and lack comprehensive self-healing capabilities.
Blockchain has emerged as a complementary technology for
enhancing trust, integrity, and resilience in distributed
systems. Its inherent immutability makes it suitable for secure
logging and forensic analysis, where tamper-proof records are
essential. In addition to logging, blockchain can support
decentralized trust management, smart contract—driven
automated defense, and the storage of attack signatures to act
as a permanent “immune memory” [8]. Consensus
mechanisms further enable collective anomaly detection
among nodes, reducing false positives and ensuring
collaborative mitigation [5], [9].

In summary, prior research has addressed anomaly detection,
blockchain-based immutability, and Al-driven monitoring.
However, there is a notable gap in integrating bio-inspired
adaptive defense, blockchain-based tamper-proof storage,
and Al-enabled self-healing into a unified framework for
hierarchical network infrastructures. This gap forms the
foundation of the proposed work.

TABLE I

Comparison of Existing Work with Proposed Approach

References | Summary Limitations & Contribution
of Proposed Work
[10] El Gharbaoui et al. (2024) This is a review-based study

conducted a comprehensive
review of Al and ML in
network security,
highlighting their
effectiveness in anomaly
detection, threat prediction,
and automated response
systems. The study
emphasizes that while Al
and ML significantly
enhance detection accuracy
and efficiency, they face
challenges such as high
computational cost, data
privacy concerns, and
limited real-world
implementation. Unlike
existing approaches, which
primarily focus on detection,
the proposed framework
integrates adaptive self-
healing mechanisms and
blockchain-based tamper-
proof logging within a
hierarchical network
structure.

with no unified framework or
implementation. It lacks
integration of Al with
resilience, blockchain, and
adaptive recovery. The
proposed work provides a
complete architecture
combining Al, blockchain, and
bio-inspired defense.

[11]

Goundar and Gondal (2025)
proposed a real-time
cybersecurity framework
integrating a CNN-based
anomaly detection model
with a permissioned
blockchain to ensure tamper-
proof logging and
auditability of Al-generated
alerts. The system achieved
high detection accuracy
(93.4%) and demonstrated
effective real-time logging
capabilities. However, the
proposed approach
introduces performance
overhead and lacks privacy-
preserving mechanisms such
as encryption or zero-
knowledge proofs. In
contrast, the proposed work
aims to address these
limitations by improving
scalability and incorporating
enhanced security and
privacy features.

Focuses on detection and
logging but lacks hierarchical
network modeling and self-
healing capabilities. The
proposed work improves
scalability and resilience by
incorporating hierarchical
defense and adaptive node
recovery mechanisms.




TABLE I (continued)

References | Summary Limitations & Contribution

of Proposed Work

[12] Kumar (2026) proposed an | Unlike Kumar (2026), which
Al-driven network security | focuses on Al-driven
architecture for edge hierarchical security for edge
computing environments, computing, the proposed work
emphasizing distributed extends this by incorporating
intelligence and hierarchical |bio-inspired self-healing
processing for real-time mechanisms and blockchain-
threat detection. The based tamper-proof logging for
framework integrates enhanced resilience and
lightweight machine adaptability.
learning models at the edge
with centralized analysis at
the core, enabling scalable
and adaptive cybersecurity.

Additionally, techniques
such as federated learning,
API-driven automation, and
zero-trust architecture
enhance system flexibility
and resilience. However, the
approach introduces
complexity and faces
limitations related to
resource constraints and
coordination across
distributed environments. In
contrast, the proposed work
incorporates bio-inspired
self-healing mechanisms and
blockchain-based tamper-
proof logging to address
these challenges.

[13] This paper proposes an AI- | Unlike this work, which
driven framework for focuses on Al-based adaptive
adaptive security monitoring | monitoring for cloud security,
in cloud networks that the proposed framework
enhances real-time threat integrates hierarchical
detection, anomaly architecture with blockchain-
identification, and automated | based tamper-proof logging and
response using machine self-healing mechanisms for
learning and big data enhanced system-wide
analytics. resilience.

[14] This paper highlights the Unlike this work, which
transformative impact of provides a high-level overview
integrating blockchain and | of blockchain and Al in
artificial intelligence in network security, the proposed
network security, paper presents a concrete
emphasizing their potential | framework with hierarchical
to enable highly reliable, architecture, Al-driven adaptive
intelligent, and tamper-proof | defense, and blockchain-based
systems for next-generation |implementation with analysis.
cyber defense.

[15] The paper explores the Unlike this review-based study

combined use of artificial
intelligence and blockchain
in cybersecurity, showing
how Al enables intelligent
threat detection and
blockchain ensures secure,
tamper-proof data
management, while
emphasizing that current
approaches are mostly
theoretical and require
further real-world
implementation.

that discusses the potential of
AT and blockchain in
cybersecurity at a conceptual
level, the proposed work
presents a concrete hierarchical
framework with integrated Al-
driven adaptive defense and
blockchain-based
implementation and analysis.

References | Summary Limitations & Contribution

of Proposed Work

[16] This paper presents a Unlike this survey-based study
comprehensive survey of that reviews IoT security
IoT security, highlighting challenges and emerging
key threats across hardware, |technologies, the proposed
software, and data layers, work introduces a practical
and explores the integration |hierarchical security framework
of emerging technologies with integrated Al-driven
such as machine learning mechanisms and performance
and blockchain while evaluation.
emphasizing the need for
lightweight, hardware-based
security solutions for
resource-constrained
devices.

[17] This paper analyzes the Unlike this study that focuses
applications of IoT and on analyzing IoT applications
highlights major security and | and classical security threats in
privacy threats across WSN and RFID systems, the
communication models, proposed work introduces a
focusing on vulnerabilities in | hierarchical Al-driven security
wireless sensor networks and | framework with integrated
RFID systems, while modern technologies and
emphasizing fundamental performance evaluation.
security requirements such
as confidentiality, integrity,
authentication, and
availability.

[18] Bitner (2026) proposed an | Bitner (2026) proposed a
asset-aware network passive asset-aware network
monitoring approach for monitoring approach using
Industrial Control Systems | Zeek to detect anomalies based
(ICS), leveraging passive on deviations from predefined
network analysis and asset inventories. While the
predefined asset inventory | method effectively identifies
baselines to detect unauthorized devices and
anomalous behavior. Using | services in ICS environments,
the Zeek monitoring it lacks intelligent decision-
framework, the study making and secure logging
demonstrated that mechanisms. In contrast, the
unauthorized devices, proposed work integrates Al-
services, and communication | driven adaptive defense and
patterns can be effectively | blockchain-based tamper-proof
identified without requiring | logging for enhanced security
modifications to endpoint and automation.
systems. While the approach
is effective for anomaly
detection, it does not
incorporate adaptive or self-
healing mechanisms, nor
does it utilize Al or
blockchain for intelligent
decision-making and secure
logging, which are addressed
in the proposed framework.

[19] Ankrah (2026) demonstrates | The existing work focuses on

that micro-segmentation
based on Zero Trust
significantly reduces lateral
movement by limiting
allowed network flows and
improving containment time.
However, the approach relies
on static policy enforcement
and does not incorporate
adaptive intelligence or
secure logging. In contrast,
the proposed work enhances
security using Al-driven
dynamic decision-making
and blockchain-based
tamper-proof logging.

rule-based micro-segmentation
to restrict lateral movement
using predefined policies.
However, it lacks adaptability
and relies on static
configurations. The proposed
system differs by incorporating
Al-driven dynamic security
decisions and blockchain-based
secure logging, enabling
automated and intelligent threat
response.




III. PROPOSED FRAMEWORK

The proposed framework introduces an immune-inspired
security architecture for network infrastructures, where each
node functions analogously to a biological cell. The model is
organized as a three-layer binary tree, in which the root node
represents the server administrator, and child nodes represent
progressively lower-privileged components of the system.
This hierarchical structure ensures that security decisions
propagate downward while critical control remains at the top
level.

A. Node Structure and Privilege Layers

Root Node

Level 1
Nodes

Level 2
(base) !
nodes s
Infected node marked in dotted
lines
Root Node
Level 1
Nodes
Level 2
(base)
nodes
Node eviction
Root Node
Level 1
Nodes
Level 2

(base)
nodes

Node replacement

Fig. 1. Hierarchical network illustrating the proposed node
eviction mechanism. (a) A compromised node is detected at
the leaf level using the Al-based detection system. (b) The
identified node is isolated and removed to prevent attack
propagation. (¢) The network is reconfigured, restoring
connectivity and maintaining system integrity.

. The root node (Layer 1) corresponds to the
administrator or central controller.

. Intermediate nodes (Layer 2) represent mid-level
functions with moderate privileges.

. Leaf nodes (Layer 3) store user-level data and carry
the highest risk of compromise due to their
accessibility.

This binary tree structure (as shown in Fig. 1) supports
redundancy and rapid isolation of compromised components,
similar to the way biological immune systems
compartmentalize threats.

Biological analogy of this network structure

1. Admin (The Brain) - central control, highest privilege,
decision-making

2. NICs - Nervous system (channels that connect and
transmit signals/data).

3. Nodes - Cells (individual units performing functions,
some expendable, some replaceable).

4. Node replacement and Al patch - Immune cells and
memory cells (learn from attacks, adapt, replace).

Note: The binary tree structure presented in this paper is used
primarily for conceptual clarity, representing hierarchical
control and privilege levels. However, the proposed immune-
inspired security model is not limited to binary trees. It can be
extended to other network topologies such as star, mesh, ring,
and hybrid architectures [20], with necessary modifications
to node replacement, Al-driven detection, and blockchain
integration. This flexibility ensures that the model can be
applied across diverse real-world infrastructures, from
centralized systems to highly distributed networks.

B. Intrusion Response Mechanism

If an attacker compromises a leaf node, the following defense
sequence is triggered:

1.  Reputation-Based Node Eviction — This mechanism
identifies and isolates “misbehaving” or
compromised nodes based on their trust scores. Such
strategies, widely applied in distributed systems (e.g.,
vehicular networks), ensure overall network health,
stability, and integrity [3].

2.  Node Replacement — The parent node detects
anomalies and immediately removes the
compromised child. A copy node, pre-synchronized
with blockchain-backed data, is instantiated as a
replacement. (Aggressive node replacement can
cause data loss; we will use dynamic rekeying for this

purpose)



3. Immune Memory Formation — The newly
instantiated node integrates an Al-based patching
system that records the intrusion method. If a similar
attack occurs in the future, the system reacts more
swiftly by preemptively isolating affected nodes [4].

C. Blockchain Integration

Blockchain enhances resilience by providing:

. Immutable Logs: All system logs are written to a
blockchain ledger, preventing attackers from erasing
traces of intrusion.

. Data Integrity: Node data is stored or periodically
checkpointed on the blockchain, ensuring that
replacements are restored to an untampered state.

. Distributed Trust: Instead of relying on a single
administrator, consensus among multiple blockchain
participants validates anomaly reports and recovery
actions.

. Smart Contracts for Automation: Automated
removal and replacement of compromised nodes can
be triggered through predefined blockchain-based
rules, reducing reaction time.

. Immune Memory Registry: Attack patterns are
stored as signatures on the blockchain, enabling
decentralized sharing of defense intelligence across
the network.

. Consensus Mechanisms for Trust: Consensus
algorithms (e.g., Proof of Work, Proof of Stake, or
Byzantine Fault Tolerance) ensure that no single
compromised entity can manipulate system logs or
data [21], [22].

Consensus Assumption:

The proposed framework assumes a permissioned
blockchain environment suitable for enterprise or
organizational networks. Accordingly, a Practical
Byzantine Fault Tolerance (PBFT)-style
consensus mechanism is adopted due to its low
latency, energy efficiency, and strong consistency
guarantees in networks with a bounded number of
known participants.

. Attack Resistance: Even if a hacker compromises a
node, the attacker cannot alter blockchain records
without controlling the majority of the network.

Distributed Verification: Multiple nodes validate any
transaction (e.g., log entry, node replacement event),
ensuring authenticity before acceptance.

Resilience: This consensus-driven validation acts like
a “collective immune response, where all healthy
nodes confirm anomalies before a countermeasure is
executed.

Similar to immune responses, if a node is attacked, it is
isolated and replaced by a new node equipped with an Al-
based defense patch, resembling the adaptive memory of
immune cells. Logs and critical data are stored on the
blockchain, which acts as a circulatory system of trust,
ensuring tamper-proof recording and resilient communication.
Through consensus mechanisms, blockchain further provides a
defense comparable to collective biological decision-making,
where multiple cells verify abnormalities before triggering a
defensive response [2].

D. Self-Healing and Adaptivity

Analogous to the human immune system, where infected cells
are destroyed and regenerated to prevent the spread of
infection, the network proactively detects, evicts, and replaces
compromised nodes to ensure resilience and continuity.

The combined model ensures that compromised components
are neutralized with minimal impact on system performance.
The immune analogy—detection, memory, and self-healing
—is reinforced through blockchain’s tamper-proof memory
and decentralized trust, creating a security framework that is
proactive, adaptive, and resistant to evolving cyber threats.

In the current framework, Al-based patching is limited to
lightweight anomaly pattern learning and signature
correlation using previously observed attack traces, rather
than autonomous code synthesis or unsupervised system
modification.

IV. IMPLEMENTATION AND EXPECTED OUTCOME

The proposed immune-inspired security framework is
analyzed with respect to resilience, scalability, and
reliability. Unlike traditional static security mechanisms, this
model leverages Reputation-based Node Eviction,
blockchain immutability, and AI-driven adaptive patching
to provide dynamic defense.

A. Theoretical Security Analysis

The probability of an intruder gaining control over the
administrative node is reduced significantly through layered
defenses. Let p denote the probability of compromising a
single node, and

d the depth of the node from the root. Then, the probability of
compromising the root (admin) is:

_d 1
admin © @
For example, in a three-layer binary tree (d=3), if the
compromise probability of a single node is

p = 0.2, the probability of directly reaching the admin node
becomes only Padmin = 0.23 = 0.008. This demonstrates
exponential security gain with layered privilege structures.

B. Security Enhancements and System Resilience



There are two methods discussed here:
1. Reputation-Based Node Eviction

Each participating node in the blockchain network is assigned
a dynamic reputation score based on its behavior in
consensus rounds and transaction validation. Nodes engaging
in irregular activities, such as repeated failed verifications or
anomaly patterns, suffer a decline in their scores. When a
node’s reputation falls below a threshold, it is automatically
excluded from consensus participation. This prevents
malicious nodes from gaining administrative privileges, while
still allowing the system to adaptively re-validate them later if
they recover [21].

Mathematically, the reputation score of a node 7 at time ¢ can
be written as:

Ri (tt1)=0o-Ri (t) + B-Pi (t) — y-M;i (t) 2)
Ri (t) = reputation of node i at time ¢,
Pi (t) = number of successful participations,
Mi (t) = number of malicious or failed actions,
a,B,y = weight parameters controlling adaptation speed.

2. Dynamic Re-Keying

The proposed system employs a hybrid defense mechanism
where compromised nodes are first isolated using dynamic re-
keying and subsequently evicted and replaced if malicious
behavior persists.

Dynamic re-keying can be triggered by:

1.  Threshold-based anomalies (multiple failed
verifications).

2.  Consensus alerts (when majority flags suspicious
behavior).

3. Periodic proactive re-keying (to reduce attack
surface).

Together, these mechanisms ensure that the system doesn’t
just cut off nodes aggressively, but instead:

. Evicts them adaptively (via reputation).
. Revokes their keys gracefully (via re-keying).

. Maintains continuity of the system with minimal
disruption.

C. Computational Overhead

While encryption, blockchain consensus, and Al patching add
computational costs, these can be optimized through
lightweight consensus (e.g., Proof-of-Authority, Practical
Byzantine Fault Tolerance) and selective data mirroring [22].
Thus, the model remains scalable for large-scale networks.

D. Comparative Advantage

Compared to traditional Intrusion Detection Systems (IDS)
and firewalls, the model introduces:

. Self-healing behavior, replacing compromised nodes
dynamically.
. Immutable audit trails via blockchain.

. Adaptive learning through Al patches.

This combination results in a more biologically inspired,
adaptive, and tamper-resistant framework.

E. Implementation Using Simulation

A simulation-based framework was developed in Python to
evaluate the proposed cybersecurity model. The system
consists of modules for traffic generation, anomaly detection,
response handling, and blockchain-based logging. Synthetic
network traffic was generated to simulate both normal and
malicious activities under varying load conditions.

The anomaly detection module is implemented using a
lightweight supervised learning model (Random Forest),
trained on synthetic traffic patterns to classify normal and
malicious behavior.

The blockchain component is simulated using a lightweight
model to emulate consensus and immutability properties
without incurring full deployment overhead.

The system was evaluated using multiple performance metrics
including accuracy, throughput, and response time. The results

are as follows:

1. Detection Accuracy

Detection Accuracy vs Traffic Size

0.91 A

0.90

0.89 1

Accuracy

0.88

0.87 A

100 200 300 400 500 600 700 800
Number of Packets

Fig. 2. Detection Accuracy vs Traffic



Fig. 2 illustrates the variation in detection accuracy with
respect to increasing traffic size. The results indicate that
the system maintains a high level of accuracy across
different traffic loads, with minor fluctuations due to
stochastic variations in the simulation environment. The
overall trend suggests improved detection performance at
higher traffic volumes, attributed to better pattern
recognition with larger datasets.

2. Throughput Analysis

Throughput vs Traffic Size
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Fig. 3. Throughput vs Traffic Size

As shown in Fig. 3, the throughput of the system increases
significantly as the traffic size grows from low to moderate
levels, indicating improved utilization of computational
resources. At higher traffic volumes, the throughput stabilizes
with minor fluctuations, demonstrating that the system
maintains consistent performance under increased load. The
slight variations observed are attributed to stochastic behavior
in the simulation environment and intermediate processing
overhead.

3. Response Time Analysis
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Fig. 4. Response Time vs Traffic Size

As shown in Fig. 4, the response time per packet decreases
significantly as traffic increases from low to moderate levels,
which can be attributed to improved resource utilization and
system warm-up effects. At higher traffic volumes, the
response time stabilizes with minor fluctuations, indicating
that the proposed system maintains consistent latency under
sustained load. The observed variations are due to stochastic
behavior in the simulated environment and processing
overhead during intermediate loads.

The experimental results validate the effectiveness and
scalability of the proposed cybersecurity framework under
varying traffic conditions. The system maintains high
detection accuracy while demonstrating stable throughput and
low response time, indicating efficient resource utilization and
minimal performance degradation at higher loads. The
integration of intelligent detection mechanisms with secure
logging ensures both operational efficiency and data integrity.

These findings highlight the potential of the proposed
approach as a robust solution for modern cybersecurity
challenges, particularly in environments characterized by high
traffic and evolving threat patterns.

V. EVALUATION AND DISCUSSION

A. Security Analysis

The proposed model integrates blockchain logging, Al-driven
patching, and self-healing mechanisms into a cohesive defense
framework. Each component strengthens the other: blockchain
ensures immutability of logs, Al enables proactive defense,
and self-healing techniques guarantee system continuity even
under attack. This layered integration reduces the probability
of a successful compromise.

B. Node Removal Mechanism (WBC Analogy)

Inspired by the human immune system, the model incorporates
a reputation-based node eviction system. Malicious or rogue
nodes, once identified, are flagged by the network and
systematically isolated, similar to how white blood cells
neutralize harmful intruders and also destroy the infected
cells. This prevents the spread of compromise across the

topology.

C. Memory-Driven Defense (Immunological Memory)
Beyond immediate response, the system retains historical
attack patterns as security memory cells. This ensures that
once an intrusion strategy is recognized and neutralized, the
model adapts to detect and block the same or similar attempts
in the future. Such memory-based resilience significantly
enhances the long-term robustness of the network.

D. Probability of Attack Success

The probability of an adversary successfully taking control
depends on their ability to compromise a majority of nodes in
consensus. If p is the probability of compromising a single
node, the probability of reaching administrative control is:



Pattack = Z (Z)pk(l _p)n—k (3)

2
Where,

n: Total number of nodes in the network.

p: Probability of successfully compromising (hacking, bribing,
or taking control of) a single node.

k: Number of compromised nodes.

For sufficiently large n and low p, this probability approaches
zero, demonstrating the resilience of the model [23].

E. Performance Considerations

While blockchain and Al add computational overhead,
lightweight consensus and pruning mechanisms can minimize
resource usage. Additionally, the immunological memory
avoids redundant computation by recalling previously patched
threats.

F. Limitations and Future Work

The model introduces storage and latency challenges,
particularly in large-scale environments. Future extensions
may include hybrid blockchain approaches, optimized Al
models for real-time detection, and distributed training for
reduced overhead.

VI. CASE STUDY AND PSEUDO-CODE
A. Case Study: Privilege Escalation Attack on a Leaf Node

To demonstrate the practical applicability of the proposed
framework, this section presents a representative case study
involving a privilege escalation attack on a low-privilege
(leaf) node within the hierarchical network.

Threat Model and Assumptions:

» External attacker

» Compromised leaf nodes

* Honest-majority / PBFT assumption

* Root admin not directly compromised

1) Attack Scenario and Threat Model

We consider an external adversary who gains initial access to a
leaf node through credential reuse, a common real-world
attack vector in enterprise networks. The compromised
credentials allow the attacker to authenticate as a legitimate
low-privilege user. Subsequently, the adversary attempts
lateral movement by exploiting misconfigurations and shared
authentication tokens to escalate privileges toward higher-
level nodes.

The attacker’s objective is to progressively traverse the
hierarchy and gain control over intermediate nodes, ultimately

targeting the administrative root node. Direct compromise of
the root node is assumed to be infeasible without first
breaching multiple lower layers.

2) Detection and Logging

Once abnormal behavior is detected—such as unusual access
patterns, repeated failed privilege elevation attempts, or
deviation from historical behavior profiles—the parent node
flags the leaf node as suspicious. Detection signals include:

. Abnormal authentication frequency

. Unauthorized access requests to sibling or parent
nodes

. Anomalous network traffic patterns

The following logs are generated in real time:
. Node identifier and privilege level
. Timestamped authentication attempts
. Detected anomaly type
. Reputation score changes
. Triggered defense actions (eviction, re-keying)
These logs are immediately written to the blockchain ledger,

ensuring immutability and preventing the attacker from
erasing forensic evidence.

3) Reputation-Based Eviction and Dynamic Re-Keying

Upon confirmation of malicious behavior through consensus
among participating nodes, the system initiates Reputation-
Based Node Eviction. The compromised leaf node’s
reputation score falls below the predefined threshold,
triggering automatic isolation from the network.

Rather than aggressively purging the node and risking data
loss, the framework simultaneously performs dynamic
cryptographic re-keying:

. New session keys are distributed to all authenticated,
non-compromised nodes.

. The compromised node, lacking updated
cryptographic material, is cryptographically locked
out.

. Active attacker sessions are terminated without

disrupting normal network operations.

This dual mechanism ensures rapid containment while
preserving system continuity.



4) Node Replacement and Blockchain State Restoration

Following eviction, the compromised leaf node is removed
and replaced by a copy node instantiated from a clean,
blockchain-backed state. Because critical node data and
configuration checkpoints are periodically stored on the
blockchain, the replacement node is restored to a known
trusted state, free from attacker modifications.

The blockchain records:

. The eviction event

. Cryptographic key rotation metadata

. Hashes of restored node state

. Validation signatures from consensus participants
This guarantees transparency, auditability, and tamper

resistance throughout the recovery process.

5) Immune Memory Formation and Accelerated Future
Response

The attack characteristics—such as credential misuse patterns,
access sequences, and behavioral anomalies—are abstracted
into attack signatures and stored as part of the system’s
immune memory registry on the blockchain.

The Al-based patching mechanism integrates these signatures
into future monitoring logic. When a similar privilege
escalation attempt occurs:

. Detection thresholds are lowered for matching
patterns

. Response latency is reduced

. Preemptive isolation is triggered earlier in the attack
chain

This mimics immunological memory, enabling the system to
respond faster and more effectively to recurring threats.

6) Outcome and Security Implications

Through this case study, the proposed framework
demonstrates its ability to:

. Contain privilege escalation attempts at the lowest
hierarchy level

. Preserve forensic evidence through immutable
logging

. Recover automatically via self-healing node
replacement

. Adapt over time using memory-driven defense
mechanisms

This illustrates the framework’s suitability for real-world
cybersecurity deployments and highlights its value on
adaptive, autonomous, and resilient security architectures.

B. Pseudo-code

Algorithm 1. Leaf Node Intrusion Response

Input: Node n, behavior log L

if anomaly_detected(L) then
decrease reputation(n)
trigger consensus validation
rekey network sessions
if reputation < threshold then
evict node
restore from blockchain
end if
store attack signature

end if

VII. CONCLUSION

This paper presented a novel immune-inspired cybersecurity
framework that integrates blockchain technology, consensus
mechanisms, and adaptive defense strategies to protect critical
infrastructures against advanced cyber threats. By modeling
the network as a hierarchical system, incorporating reputation-
based node eviction, dynamic re-keying, and memory-cell—
like mechanisms, the model demonstrates resilience against
both external and insider attacks.



The use of blockchain ensures immutable logging, trustless
consensus, and tamper-proof verification of network activities,
while the biological analogy provides an adaptive and self-
healing perspective on defense. Furthermore, the framework is
not restricted to a single topology; it can be generalized across
diverse network structures to achieve scalable and
decentralized protection.

Future work will involve simulation and performance
benchmarking of the proposed system under large-scale attack
scenarios, as well as exploring Al-driven enhancements to
improve intrusion detection and automate response
mechanisms. This research aims to contribute toward building
next-generation cybersecurity infrastructures that are both
proactive and sustainable.
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