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ABSTRACT: Enterprise web platforms, facing increasing demands for development agility and stringent data security
compliance (e.g., GDPR, HIPAA), are constrained by the architectural misalignment between monolithic frontends and
distributed microservices backends. While Micro-Frontends (MFEs) solve frontend scalability, they introduce complex
security challenges, particularly around granular data access and cross-MFE communication. This paper proposes the
Secure Micro-Frontend and Cloud Data Orchestration Architecture (SMF-CDOA), an integrated framework that
addresses this security-agility trade-off. SMF-CDOA centralizes data access governance via a Secure Data
Orchestrator (SDO), which acts as the sole ingress point for all backend services, enforcing Zero-Trust (ZT) policies
based on MFE identity and user context. Furthermore, MFEs are composed at runtime using a Policy-Aware Shell
(PAS) that manages inter-MFE data sharing via a controlled event bus, minimizing global state risk. The empirical
evaluation demonstrates that SMF-CDOA achieves a $\mathbf{45\%}$ reduction in the complexity of managing data
access policies by centralizing policy enforcement at the SDO. Crucially, the architecture maintained
$\mathbf{100\%}$ isolation against simulated cross-MFE data leakage scenarios, establishing a resilient and scalable
blueprint for securing decomposed enterprise web platforms.
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I. INTRODUCTION AND MOTIVATION

Enterprise web platforms are defined by their complexity: multiple business domains, large development teams, and
integration with vast, sensitive data stores distributed across cloud microservices. The adoption of Micro-Frontends
(MFEs) has successfully decentralized the UI development process, boosting team autonomy (Fowler, 2016). However,
this decomposition introduces new, significant security challenges:

1. Granular Authorization: How can the system enforce fine-grained data access policies when requests originate
from potentially dozens of independently deployed MFEs?

2. Cross-MFE Risk: How can sensitive user data shared between different MFEs (e.g., user profiles, cart contents) be
isolated to prevent leakage or corruption via a shared global state?

3. Data Waterfall: MFEs often require data from multiple backend services, leading to inefficient and complex data
fetching on the client side.

The SMF-CDOA framework is designed to bridge the structural benefits of MFEs with the non-negotiable
requirements of enterprise data security and efficiency.

Purpose of the Study

The core objectives of this research are:

1. To design and formalize the SMF-CDOA, focusing on the centralized Secure Data Orchestrator (SDO) as the
single policy enforcement and aggregation point.

2. To integrate Zero-Trust principles into the MFE structure by making the authorization decision conditional on the
verified identity and health of the requesting MFE.

3. To empirically evaluate the framework's effectiveness in streamlining data access policy management and
preventing cross-MFE data leakage compared to decentralized MFE security models.
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II. THEORETICAL BACKGROUND AND FOUNDATIONAL CONCEPTS

2.1. Micro-Frontend and Decomposition Security

Traditional frontend security often relies on the implicit trust of a monolithic application. In MFE architectures, this
trust must be broken. Security principles must shift to per-MFE identity verification and least-privilege access (Rose
et al., 2020). The MFE itself is treated as a component with specific, restricted permissions.

2.2. Data Orchestration Layer

The need for a dedicated Data Orchestration layer stems from the data-fetching inefficiency of MFEs. Rather than
having each MFE make multiple individual API calls, the Orchestrator aggregates, transforms, and delivers the required
data in a single, efficient request-response cycle (Vogels, 2008). In SMF-CDOA, this layer is intentionally designated
as the primary security checkpoint.

2.3. Zero-Trust and Policy-as-Code

The Policy-as-Code (PaC) paradigm (Chanda et al., 2022) is used to define fine-grained data policies (e.g.,
"Role=Analyst can only see masked PII"). The enforcement of these policies occurs at the Secure Data Orchestrator
(SDO), ensuring data governance is centralized, auditable, and consistent, regardless of which MFE is making the
request.

I1I. THE SECURE MICRO-FRONTEND AND CLOUD DATA ORCHESTRATION ARCHITECTURE
(SMF-CDOA)

SMF-CDOA defines a clear separation of concerns between the presentation layer (MFEs) and the data access control
layer (SDO).

3.1. The Presentation Layer: Policy-Aware Shell (PAS)

o MFE Composition: The PAS acts as the shell, loading individual Micro-Frontends (MFEs) at runtime (e.g., via
Module Federation).

o MFE Identity: Each MFE is required to present a verified identity (e.g., a short-lived token generated by the PAS
upon successful MFE load) when communicating. This token is used by the SDO for authorization.

e Controlled Inter-MFE Communication: All communication between MFEs (e.g., sharing a customer ID) is
forced through a secure, non-global event bus managed by the PAS. The PAS sanitizes or masks sensitive data before
broadcasting events, preventing accidental or malicious data leakage through the DOM or global state.

3.2. The Data Control Layer: Secure Data Orchestrator (SDO)

The SDO is the unique, hardened endpoint for all data requests originating from the frontend.

o Zero-Trust Policy Enforcement Point (PEP): The SDO acts as the sole PEP. It intercepts every request from the
PAS/MFEs.

e Zero-Trust Policy Decision Point (PDP): The SDO integrates a PDP that evaluates access requests based on three
factors:

1. User Context: User Role (from JWT/Session).

2. MFE Context: Verified MFE Identity and Permissions.

3. Data Request: Specific data fields requested.

e Data Aggregation and Transformation: The SDO aggregates data from the downstream Microservices and
applies real-time data transformations based on the PDP decision (e.g., Dynamic Data Masking of PII for
unauthorized users) before returning the sanitized payload to the requesting MFE.

3.3. Workflow Example: Requesting PII Data

1. The ProfileMFE requests customer PII via the SDO, presenting its MFE Identity and the user's JWT.

2. The SDO receives the request and sends the combined context (User Role, MFE ID) to the PDP.

3. The PDP evaluates the policy: ALLOW access if User.Role = Admin AND MFE.ID = 'ProfileMFE', otherwise
MASK 'SocialSecurityNumber'.

4. The SDO fetches the full data from backend services.

5. If masking is required, the SDO applies the transformation to the field.

6. The SDO returns the sanitized, aggregated data to the ProfileMFE.
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IV. EMPIRICAL EVALUATION

4.1. Experimental Setup

e Application: A reference enterprise platform simulated with five Feature Micro-Frontends (MFEs) and four
downstream microservices (PII, Inventory, Orders).

e Comparison Architectures:

1. Decentralized Baseline (DBL): MFEs make direct calls to individual microservices; each microservice contains its
own, redundant access control logic.

2. SMF-CDOA: Full implementation with SDO enforcing all ZT policies centrally.

e Scenarios:

o S1 (Policy Management Complexity): Measured the total Lines of Policy Code (LoPC) and the change frequency
required to update a single cross-cutting policy (e.g., restricting data access for a new geographical region).

o S2 (Security Isolation): Simulated cross-MFE data leakage attempts via event bus injection and unauthorized
direct API access.

4.2. Major Results and Findings
4.2.1. Policy Management and Agility

Metric Decentralized Baseline SMF-CDOA (Centralized) Improvement

(DBL)
Lines of Policy Code . $\mathbf{45\%}$
(LoPC) $850% (Across 4 services) $4708$ (In SDO only) Reduction
Policy Change|[$4$ $\text{hours} $||$15$ S\text{minutes}$ (Single||$\mathbf{94\%}$
Deployment Time (Coordinated Rollout) SDO Update) Faster
Is)g(l)‘:g Consistencyl|ge 51048 (Due to code drift)  |[$100\%$ $\mathbf{15\%}$ Gain

Centralizing the policy enforcement at the SDO (SMF-CDOA) resulted in a $\mathbf{45\%}$ reduction in the total
policy surface area (LoPC). More significantly, updating a cross-cutting compliance rule was $\mathbf{94\%}$ faster,
moving from a coordinated update across four backend services to a single update in the SDO.

4.2.2. Security Isolation and Efficacy

. Decentralized Baseline Efficacy
Scenario (DBL) SMF-CDOA Efficacy (Outcome)
Unauthorized Direct MFE|[$3$ of $5§ attempts S\mathbf{100\%}$ Blocked by SDO  ||Fail-Secure
API Access succeeded
Cross-MFE Global State PII|[$2§ of $5$ attempts|[$\mathbf{100\%}$ Blocked by PAS .

A e Isolation
Injection succeeded Sanitization

The SMF-CDOA achieved $\mathbf{100\%}$ security efficacy in preventing both direct API bypass and passive data
leakage. The SDO successfully blocked all unauthorized requests originating from compromised MFEs (due to the ZT
policy check on MFE identity), and the Policy-Aware Shell's event bus sanitization prevented PII from being
transmitted between independent MFE components.

V. CONCLUSION AND FUTURE WORK

5.1. Conclusion

The Secure Micro-Frontend and Cloud Data Orchestration Architecture (SMF-CDOA) successfully integrates frontend
agility with enterprise-grade data security. By mandating the Secure Data Orchestrator (SDO) as the sole, policy-aware
access point, the architecture centralizes Zero-Trust enforcement and data masking, leading to a $\mathbf{45\%}$
reduction in policy management complexity. Furthermore, the Policy-Aware Shell ensures strict isolation of data
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between micro-frontends. SMF-CDOA resolves the inherent conflict between organizational scaling and security
governance, providing a verifiable architecture for modern, compliance-sensitive web platforms.

5.2. Future Work

1. AI-Driven Policy Refinement: Integrate Machine Learning into the SDO's PDP to analyze data access patterns and
automatically suggest optimization of data mask policies, reducing unnecessary security overhead while maintaining
compliance.

2. Schema-Driven Authorization: Research methods to automatically generate and validate MFE identity
permissions based on the GraphQL or REST API schema they consume, ensuring that an MFE can only request the
exact data fields it needs (least privilege by design).

3. Advanced Edge Caching: Develop a secure, policy-aware edge caching mechanism for the SDO to temporarily
store frequently accessed, non-sensitive data near the client, reducing overall API latency without compromising the
security enforcement integrity of the SDO.
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