
International Journal of Global Innovations and Solutions (IJGIS) •
IJGIS December 2024

Context-Aware Multi-
Factor Authentication in
Zero Trust Architecture:
Enhancing Security
Through Adaptive
Authentication
Sheshananda Reddy Kandula Nikhil Kassetty KARAN SINGH ALANG
Pravin Pandey

The New World Foundation

Published on: Dec 24, 2024

URL: https://ijgis.pubpub.org/pub/m12w15at

License: Creative Commons Attribution 4.0 International License (CC-BY 4.0)

https://ijgis.pubpub.org/pub/m12w15at
https://creativecommons.org/licenses/by/4.0/


International Journal of Global Innovations and Solutions (IJGIS) •
IJGIS December 2024

Context-Aware Multi-Factor Authentication in Zero Trust
Architecture: Enhancing Security Through Adaptive Authentication

2

 ABSTRACT:

Zero Trust Architecture (ZTA) signifies a fundamental change in cybersecurity by implementing stringent 

identity authentication and ongoing surveillance at every access point. Multi-Factor Authentication (MFA) is 

essential in this framework by introducing additional layers of identity verification apart from standard 

credentials. Nonetheless, conventional MFA methods are not context-aware, depending on fixed and 

predetermined criteria that do not adjust to changing environments or new threats. This constraint leads to 

inefficiencies, like user fatigue from too many prompts, and vulnerabilities when specific contextual risks are 

overlooked.

This paper explores the incorporation of Context-Aware MFA into ZTA frameworks, utilizing contextual 

elements like user behavior, device status, geographical location, access habits, and network conditions. 

Context-aware systems facilitate adaptive authentication that flexibly modifies the rigor of MFA according to 

live risk evaluations. For example, a user accessing sensitive resources via an untrusted network might initiate 

extra authentication measures, whereas access from a confirmed device on a secure network could lessen 

friction.

The research examines new technologies, such as artificial intelligence and machine learning, that improve 

contextual risk analysis, as well as the real-world difficulties in implementing these solutions widely. The 

suggested method connects security and usability, guaranteeing that ZTA implementations provide strong threat 

protection while maintaining a positive user experience. By doing this, organizations can successfully tackle 

emerging attack methods, like social engineering and credential theft, while following the fundamental ZTA 

principle: “trust no one, verify everything.” 

Keywords: Zero Trust Architecture (ZTA), Multi-Factor Authentication (MFA), Context-Aware 

Authentication, Adaptive Security, Cybersecurity, User Behavior Analytics, Risk-Based Authentication

1.     INTRODUCTION:

The escalating complexity of modern environments has rendered traditional perimeter-based security models 

ineffective. The rise of sophisticated cyberattacks such as credential theft, phishing, and insider threats calls for 

a paradigm shift in how organizations approach security. In response, the Zero Trust Architecture (ZTA) has 

emerged as a robust cybersecurity framework [1], advocating for the principle of “never trust, always verify.” 

Unlike conventional models, ZTA assumes that no user, device, or network is inherently trustworthy, and 

access is granted solely based on continuous verification and contextual analysis.

Multi-Factor Authentication (MFA) is an important feature of ZTA that improves security by requiring users to 

provide multiple forms of verification. However, traditional MFA implementations are frequently static and 

rely heavily on predefined, inflexible rules, which can lead to usability issues, authentication fatigue, and 
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vulnerability to evolving threats [2]. For example, static MFA mechanisms may fail to detect abnormal 

behavior if an attacker successfully bypasses one or more factors, such as through social engineering or token 

theft. [3], [4].

The incorporation of context-aware MFA [5] into ZTA addresses these limitations by dynamically adapting 

authentication requirements based on contextual data such as user behavior, device trustworthiness, 

geolocation, and network conditions. Context-aware MFA combines risk-based authentication and real-time 

analytics to impose stronger security measures when anomalies are detected, in line with ZTA's principles of 

dynamic verification and least privilege access.

This paper investigates the potential of context-aware MFA as a cornerstone of ZTA, specifically its role in 

mitigating modern cyber threats while remaining usable. It delves into key technologies like machine learning, 

behavioral analytics, and risk scoring, all of which enable adaptive authentication. The study also identifies 

obstacles and gaps in implementing context-aware MFA in ZTA settings, such as privacy concerns, technical 

limitations, and user adoption barriers.

This study seeks to offer a practical framework for implementing context-aware multi-factor authentication 

(MFA) within zero trust architecture (ZTA) by thoroughly analyzing existing practices and new trends [2], [6], 

[7]. It examines how these systems can successfully strike a balance between security, usability, and 

compliance in a landscape where zero trust has become an essential requirement rather than just a choice.

1.1  Context-Aware MFA:

Context-Aware Multi-Factor Authentication (MFA)[5] is an enhanced type of MFA that utilizes real-time 

contextual data to improve the authentication process. In contrast to traditional MFA, which depends on fixed, 

pre-defined factors (such as passwords, one-time PINs, or biometrics), context-aware MFA flexibly modifies 

authentication criteria according to the user’s environment, behaviors, and the assessed level of risk. This 

method not only bolsters security but also enhances the user experience by responding to situational variables.

 The diagram below depicts a simplified flow of Context-Aware MFA within a Zero Trust Architecture (ZTA), 

demonstrating how access decisions evolve in response to contextual risk assessments.
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Figure.1 : Context-Aware MFA flow in ZTA

1.2  Key Features of Context-Aware MFA

Key components of context-aware MFA include:

·       Contextual Signal Collection: Gathering information about device health, user behavior, geolocation, 

and network attributes.

·       Risk-Based Decisioning: Dynamically assessing risk using predefined rules or machine learning models.

·       Adaptive Authentication: Adjusting authentication requirements based on risk scores.

·       Continuous Monitoring: Ensuring that user actions throughout a session remain consistent with the 

assessed context.

1.3  Strategies in ZTA to enable context-aware MFA:

a.     UEBA (User Entity Behavior Analysis) [8]

Leverages machine learning algorithms to analyze historical user data and establish behavioral baselines. 
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Key metrics include:

b.     Device Posture Assessment

Device fingerprinting creates a unique identifier for each device based on hardware and software attributes, 

such as browser type, installed plugins, screen resolution, and operating system. 

c.     Geolocation and Geofencing

Geolocation determines the physical location of the user attempting to access resources, while geofencing sets 

virtual boundaries for access based on geographical regions.

d.     Time-Based Access Controls

Time-based access controls restrict or allow access based on the time of day or specific time windows.

Login Patterns: Frequency, timing, and methods of authentication.

Access Behavior: Types of resources accessed and interaction patterns.

Usage Anomalies: Deviations from established behavior, such as unusual access times, locations accessed 

(Risky countries, Impossible travel), bulk uploads/downloads.

Risk scoring Models: UEBA creates Risk-scoring models to assign numerical value to each User based on 

access patterns & behavior, indicating the level of risk involved

Comprehensive Device Fingerprinting: Identifies devices uniquely using attributes like OS, browser 

configurations, installed apps, and network profiles for security compliance.

Endpoint Security Compliance Checks: Evaluates antivirus status, disk encryption, and firewall settings 

against industry standards like CIS benchmarks.

Continuous Monitoring for Dynamic Risk: Continuously monitors devices for malware, unauthorized 

changes, or security posture shifts during active sessions.

Scalable Architectures for Real-Time Decisioning: Uses edge computing and cloud-based solutions to 

process large device signal volumes efficiently with minimal latency.

Precise Geolocation Tracking: Identifies the physical location of users using GPS, IP address, or Wi-Fi 

triangulation for access control.

Dynamic Geofencing Rules: Defines virtual boundaries to restrict or allow access based on specific 

geographic zones, such as countries or office premises.

Risk Assessment for Anomalies: Flags suspicious activities, like access attempts from high-risk or 

untrusted locations, triggering additional verification.

Integration with Access Policies: Aligns geolocation data with predefined security policies to enforce 

region-specific restrictions or permissions.
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e.     Network Environment Analysis

Analyzing the network environment involves assessing the security and characteristics of the network from 

which the access request originates.

Figure.2 Context-Aware MFA

While these features provide a robust framework for dynamic access control, several challenges remain:

Access Restrictions by Time Windows: Limits resource access to specific hours or shifts based on 

operational requirements.

Dynamic Time-Based Policies: Adapts access controls for scenarios like extended work hours or after-

hours access with additional verification.

Suspicious Time Anomaly Detection: Flags access attempts at unusual hours, such as midnight logins, for 

additional scrutiny.

Integration with Business Schedules: Aligns authentication requirements with organizational work 

schedules or region-specific time zones.

Network Trust Level Assessment: Evaluates the security of the network (e.g., corporate VPN vs. public Wi-

Fi) before granting access.

Encrypted Traffic Analysis: Monitors network traffic patterns for signs of potential threats, such as unusual 

packet flows or encrypted malware.

Segmentation Awareness: Ensures access is limited based on the segment of the network the request 

originates from, e.g., guest networks vs. secure enterprise networks.

Real-Time Threat Intelligence: Integrates with threat intelligence feeds to identify risky or compromised 

network environments in real-time.
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·       Latency and Scalability: Real-time decision-making requires low-latency processing and scalable 

architectures to handle large volumes of contextual data.

·       Integration Complexity: Combining context-aware MFA with legacy systems and applications in a ZTA 

environment can be complex.

·       User Experience: Balancing security with usability is critical, as overly stringent authentication 

requirements can lead to frustration and decreased productivity.

Context-aware or adaptive MFA is not a new concept, with several technologies and products already available 

in the market. Solutions such as Okta Adaptive MFA, RSA SecureID, and Ping Identity provide context-aware 

authentication by leveraging factors like geolocation, device health, and user behavior. While these 

implementations demonstrate the feasibility of dynamic access controls, limitations persist, particularly in 

scalability, handling emerging threats, and balancing usability with security. For instance, Okta’s adaptive 

authentication identifies contextual anomalies but may face challenges with evolving threat landscapes. This 

paper builds upon these existing solutions by exploring deeper integrations of contextual signals and advanced 

techniques to address these challenges. [9] [10] [11]

 2.     Gaps and Research Directions

 Despite its potential, context-aware MFA faces several gaps that limit its adoption and effectiveness in ZTA 

implementations:

·       Contextual Signal Accuracy: Inaccurate or insufficient contextual signals can lead to false positives or 

negatives in authentication decisions.

·       Privacy Concerns: Collecting and processing contextual data, such as user behavior and location, raises 

privacy and compliance issues.

·       Behavioral Biometrics: While promising, behavioral biometrics require further research to improve 

accuracy and reduce susceptibility to spoofing.

·       Threat-Adaptive Models: Current risk models often lack the ability to adapt to emerging threats 

dynamically.

·       Standardization: The lack of standardized frameworks for context-aware MFA in ZTA hinders 

interoperability and widespread adoption.

 To address these gaps, future research should focus on:

 1.     Enhanced Machine Learning Models: Developing advanced algorithms to improve the accuracy and 

adaptability of risk assessments.
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2.     Edge Computing for Real-Time Decisions: Leveraging edge computing to reduce latency and improve 

the scalability of contextual signal processing.

3.     Privacy-Preserving Techniques: Employing anonymization and encryption to safeguard sensitive user 

data.

4.     Integration Frameworks: Creating standardized frameworks for integrating context-aware MFA with 

ZTA components, such as Software-Defined Perimeters (SDPs) and Identity Providers (IdPs).

3.     Ethical Considerations in Implementing Context-Aware MFA:

 Implementing context-aware Multi-Factor Authentication (MFA) within a Zero Trust Architecture (ZTA) 

framework introduces significant ethical challenges. While the approach strengthens security, it also raises 

questions about fairness, privacy, and accountability[12]. Below are some of the key ethical considerations:

a.              Potential Biases in Machine Learning Models for Risk Scoring

Machine learning (ML) models are often trained on historical data to assess risks and generate authentication 

requirements. However, these models can inadvertently incorporate biases (eg. demographic bias, behavioral 

bias) present in the training data or reflect the subjective choices of those designing the algorithms.

b.             Over-Surveillance Concerns

Context-aware MFA relies on collecting and analyzing extensive contextual data

While this data is critical for adaptive authentication, it raises concerns about user privacy and the potential for 

over-surveillance.

c.              Ensuring Fair and Transparent Decision-Making Processes

Users affected by context-aware MFA decisions (e.g., denied access or subjected to stricter authentication) may 

perceive the process as opaque or unfair if they are unaware of the underlying rationale.

d.             Balancing Security and User Autonomy

While context-aware MFA prioritizes security, it must not come at the expense of user autonomy or dignity.

e.              Ethical Responsibility in Data Breaches

Organizations implementing context-aware MFA have an ethical responsibility to safeguard the vast amounts 

of contextual data collected. A data breach involving this information could have severe consequences for user 

trust and privacy.

f.               Social and Psychological Impact

Constantly adapting authentication measures might create a sense of mistrust or surveillance among users.
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 It is critical for organizations to keep the above Ethical considerations in mind, while designing strategies to 

implement Context-Aware MFA using ZTA. 

4.     Future of Zero Trust

The evolution of ZTA is shaped by advancements in technologies such as artificial intelligence (AI), machine 

learning (ML), and quantum computing. AI and ML enhance threat detection and automate policy 

enforcement, enabling predictive and adaptive security measures. Moreover, standards such as NIST’s Special 

Publication 800-207 provide comprehensive guidance for ZTA adoption, fostering consistency and 

interoperability across diverse environments.

5.     Conclusion

 Context-aware MFA is a vital enabler of Zero Trust Architecture, providing dynamic, risk-based access control 

that aligns with ZTA’s principles of continuous verification and least privilege. By integrating contextual 

signals into authentication workflows, organizations can achieve a more granular and adaptive security posture. 

However, significant challenges related to privacy, scalability, and standardization must be addressed to fully 

realize the potential of context-aware MFA in ZTA implementations. Future research and industry collaboration 

will be essential to overcome these barriers and establish context-aware MFA as a foundational component of 

Zero Trust security.
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