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With the rapid digitalization of biotechnology facilities, biometric
authentication has emerged as a crucial mechanism for ensuring
secure access to sensitive research environments and genomic
data repositories. However, the deployment of biometric systems
raises significant privacy concerns, especially in distributed
infrastructureswhere data exchange occurs acrossmultiple sites.
This paper proposes a privacy-preserving biometric authentication
framework grounded in securemulti-party computation (SMPC) to
address these challenges. The framework enables decentralized
verification of biometric identifiers such as fingerprints, facial
recognition, and iris scans without exposing raw biometric data to
any single party. By leveraging SMPC protocols, biometric
features are encrypted, partitioned, and collaboratively computed
across multiple nodes, ensuring both data confidentiality and
authentication accuracy. A prototype system was implemented
and tested in simulated distributed biotech facility environments.
Experimental results demonstrate that the proposed framework
achieves a balance between security, computational efficiency,
and scalability, with less than 8% overhead compared to
conventional centralized biometric systems. This study contributes
to the advancement of secure digital infrastructure in the
biotechnologysector, offeringa blueprint forsafeguardingsensitive
biological data while maintaining robust identity verification
processes.
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1. INTRODUCTION
The biotechnology sector is undergoing rapid digital transformation,
with distributed research facilities and laboratories increasingly
relying on networked infrastructures to store, share, and process
sensitive biological data. From genomic sequencing centers to
pharmaceutical laboratories, the security of such data and the
integrity of access control mechanisms are of paramount importance.
In this context, biometric authentication has gained prominence as a
preferred method for identity verification due to its inherent
resistance to impersonation and loss compared to traditional
password- or token-based methods. Biometric modalities such as
fingerprints, iris scans, and facial recognition offer robust assurance
ofuser identity, making them highly suitable for environments where
secure and reliable access is essential. However, the adoption of
biometric authentication in distributed biotech facilities poses
significant privacy and security challenges. Unlike centralized
systems, distributed infrastructures involve multiple sites and
stakeholders, each with access to partial or full datasets. This
structure creates vulnerabilities: raw biometric data transmitted across
networks may be intercepted, centralized storage becomes a high-
value target for cyberattacks, and regulatory compliance—such as

GDPR and HIPAA—imposes strict requirements for data
minimization and protection. Consequently, a central research
question emerges: How can biometric authentication be deployed in
distributed biotech settings without compromising the privacy of
sensitive biometric identifiers?

To address this challenge, this study proposes a privacy-preserving
biometric authentication framework based on secure multi-party
computation (SMPC). SMPC allows multiple parties to jointly
compute a function over their inputs while keeping those inputs
private. Applied to biometric authentication, this means that
biometric features can be encrypted, partitioned, and processed
collaboratively across different nodes in the system, ensuring that no
single entity ever gains access to complete biometric information.
Such an approach not only enhances security but also provides
resilience against insider threats and reduces the risks of data
leakage. The proposed framework contributes to both the fields of
biometric security and privacy-preserving computation by offering a
practical solution tailored to the needs of distributed biotech
infrastructures. Through theoretical modeling and prototype
implementation, the framework is evaluated in terms of
authentication accuracy, computational efficiency, scalability, and
privacy guarantees. Experimental results show that the system
achieves comparable recognition accuracy to conventional
centralized biometric systems while incurring only moderate
computational overhead.

2. RelatedWorks
Biometric authentication has emerged as a critical security
mechanism in modern digital infrastructures, especially in sensitive
domains such as biotechnology, where access to genomic data,
clinical records, and proprietary research must be strictly controlled.
Traditional authentication methods, including passwords and smart
cards, are often insufficient to prevent impersonation or
unauthorized access, motivating the widespread adoption of
biometric modalities such as fingerprints, iris scans, and facial
recognition (Mao et al., 2023). However, despite their utility,
biometric systems inherently raise significant privacy concerns.
Unlike passwords, biometric identifiers are immutable; if
compromised, they cannot be changed, making privacy-preserving
mechanisms essential.

Recent studies have focused on developing privacy-preserving
biometric authentication techniques. For instance, Mao et al. (2023)
proposed a BAZKP-based biometric authentication scheme that
secures biometric features during verification. Blanton and Murphy
(2024) explored methods for protecting fingerprints and other
modalities while maintaining recognition accuracy. Similarly,
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Pradel and Mitchell (2021) applied homomorphic encryption to
perform biometric matching on encrypted data, demonstrating that
secure computation can prevent exposure of raw biometric templates.
These works highlight the importance of cryptographic methods in
mitigating the privacy risks of biometric authentication but are
primarily designed for centralized infrastructures, which may not
address the challenges ofdistributed,multi-site biotech facilities.

Secure Multi-Party Computation (SMPC) has recently gained
attention as a promising solution for decentralized privacy-preserving
authentication. SMPC allows multiple parties to jointly compute a
function over private inputs without revealing those inputs to each
other, providing a natural fit for distributed systems where sensitive
data must remain local (Moses, 2025). Yoo et al. (2025)
demonstrated a bidirectional biometric authentication framework that
leverages transciphering and fully homomorphic encryption, enabling
secure authentication across multiple nodes while preserving
biometric privacy. Ramos et al. (2025) combined SMPC with
quantum key distribution to further enhance security in multi-party
biometric verification scenarios. These studies indicate that SMPC-
based approaches can maintain both accuracy and confidentiality in
complex distributed settings, addressing a critical gap in existing
centralized solutions. The challenges of distributed biotech
infrastructures extend beyond computational security. Facilities often
operate across international borders, subject to different regulatory
frameworks such as GDPR in Europe and HIPAA in the United
States. Data exchange between nodes must comply with stringent
privacy and compliance requirements while enabling real-time access
for authorized personnel. Zeng (2025) reviewed emerging protocols
for privacy-preserving biometric identification and emphasized the
need for methods that are scalable, resilient to network delays, and
capable of handling heterogeneous devices in distributed networks.
Existing studies show that while SMPC and cryptographic
protections offer strong privacy guarantees, practical deployment in
geographically distributed biotech environments remains
underexplored.

In summary, prior research has established the theoretical
foundations for secure and privacy-preserving biometric
authentication. Cryptographic techniques such as homomorphic
encryption, fuzzy vaults, and SMPC have been successfully applied
in centralized or small-scale distributed scenarios. However, the
combination of biometric privacy, multi-party computation, and
distributed biotechnology facilities has not been comprehensively
addressed. This study aims to fill this gap by proposing a scalable
SMPC-based framework that ensures robust authentication without
exposing raw biometric data, enabling secure access across multiple
biotech sites while complying with contemporary data protection
regulations.

3. Design and Implementation of a Privacy-
Preserving Biometric Authentication Framework
Using Secure Multi-Party Computation

This study employs a systematic methodology to design, implement,
and evaluate a privacy-preserving biometric authentication
framework tailored for distributed biotechnology facilities. The
methodology integrates cryptographic techniques, distributed system
design, and empirical evaluation, ensuring that both security and
operational efficiency are addressed. The approach is structured into
four primary stages: (1) system architecture design, (2) SMPC-based
biometric computation, (3) prototype implementation, and (4)
performance evaluation.

1. SystemArchitecture Design

The framework is designed for environments where multiple biotech
facilities must collaboratively authenticate personnel without sharing
raw biometric data. The architecture consists of three principal
components: (a) biometric data capture nodes, located at each facility;
(b) a secure multi-party computation module, which coordinates the
distributed processing of encrypted biometric features; and (c) an

authentication verification server, which aggregates the results of
SMPC operations and issues access decisions. The design ensures
that no single node ever has access to unencrypted biometric data,
complying with privacy regulations such as GDPR and HIPAA. The
system architecture is further modularized to allow seamless
integration with existing laboratory information management
systems (LIMS) and access control protocols.

Table 1. System Architecture

Let the biometric feature vector at facility i be Bi, with encrypted
shares [Bi]1,[Bi]2,…,[Bi]n. The authentication process can be
expressed as:

Where:

f( · ) is the multi-party computation protocol function, which
computes similarity or matching scores across nodes;

Verify(·) is the verification function that applies threshold rules to
determine access;

Each node only holds partial encrypted shares, ensuring the original
biometric data remains confidential.

2. SMPC-Based Biometric Computation

The core methodological contribution lies in the use of Secure Multi
-Party Computation (SMPC) to enable decentralized verification.
Each biometric template—fingerprints, iris scans, or facial features
—is first encrypted and split into secret shares distributed across
participating nodes. Using an SMPC protocol based on additive
secret sharing and homomorphic operations, nodes collaboratively
compute the similarity scores between stored and queried templates.
This process guarantees that no individual node can reconstruct the
original biometric data, effectively mitigating the risk of data
breaches. Threshold-based decision mechanisms are applied to
determine authentication outcomes while maintaining the
confidentiality of intermediate computation results.

3. Prototype Implementation

A prototype of the framework was developed using Python and the
MPyC (Multiparty Computation in Python) library, which supports
arbitrary precision arithmetic and efficient SMPC protocols. The
prototype includes modules for encrypted feature extraction,
distributed similarity computation, and authentication result
aggregation. Synthetic datasets simulating multiple facilities were
used to evaluate the functionality of the system. Special attention
was given to computational efficiency and network overhead,
ensuring that authentication latency remains within operationally
acceptable limits for real-world biotech facilities.

Table 2. Prototype Implementation
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Let Bi be the biometric feature vector at facility i, and [Bi]j[Bi]jbe its
encrypted share for SMPC. The prototype’s computation can be
formalized as:

where fSMPC(·) computes the similarity score for facility i across all
participating nodes. The final authentication decision is then:

τ is the predefined similarity threshold;

SimScorei is the result of distributed similarity computation at
facility i;

AuthDecision ensures consensus-based authentication across
multiple facilities.

4. Performance Evaluation

The framework is empirically evaluated along multiple dimensions:
authentication accuracy, computational overhead, communication
cost, and scalability. Accuracy is assessed using standard biometric
metrics, including False Acceptance Rate (FAR) and False Rejection
Rate (FRR). Computational and communication overheads are
measured to quantify the trade-offs introduced by SMPC protocols
relative to conventional centralized systems. Scalability tests simulate
an increasing number of facilities and concurrent authentication
requests, demonstrating the framework’s capacity to handle realistic
distributed operational scenarios.

In summary, this methodology integrates advanced cryptographic
techniques with distributed system design to provide a robust, privacy
-preserving biometric authentication solution. By maintaining a
balance between security, accuracy, and operational efficiency, the
proposed framework addresses the unique challenges ofmulti-facility
biotech environments, offering both theoretical and practical
contributions to the fields of cybersecurity, biometrics, and privacy-
preserving computation.

4. Results
The prototype of the proposed privacy-preserving biometric
authentication framework was rigorously evaluated using synthetic
datasets simulating multiple distributed biotechnology facilities. The
evaluation focused on four key metrics: authentication accuracy,
computational efficiency, communication overhead, and system
scalability. Authentication accuracy was assessed by comparing the
SMPC-based similarity computation with conventional centralized
biometric matching. Across 1,000 simulated authentication attempts
per facility, the system achieved an average False Acceptance Rate
(FAR) of 1.8% and a False Rejection Rate (FRR) of 2.5%,
demonstrating performance comparable to traditional centralized
systems. The results indicate that the use of encrypted multi-party
computation does not significantly compromise the reliability of
biometric recognition. The threshold τ\tauτ for granting access was
set at 0.85, balancing security and usability, and sensitivity analysis
confirmed robustness against minor variations in biometric feature
quality.

The prototype implementation was benchmarked on standard server
nodes representing facility hardware. On average, encrypted feature
extraction required 12 ms per sample, and distributed similarity
computation using the MPyC library required 45–55 ms per
computation per facility. Although SMPC inherently introduces
additional computational overhead compared to plaintext centralized
computation, the latency remained well within acceptable operational
limits for real-world biotechnology environments. Notably, parallel
processing across nodes significantly reduced per-sample
computation time, demonstrating the framework’s suitability for
simultaneous multi-user authentication.

Table 3. Performance Metrics ofthe Prototype Biometric
Authentication Framework

5. Conclusion

This study presents a privacy-preserving biometric authentication
framework for distributed biotechnology facilities, leveraging
Secure Multi-Party Computation (SMPC) to ensure that sensitive
biometric data remain confidential while enabling robust access
control. The framework was designed to address the unique
challenges of multi-site biotech infrastructures, including strict
regulatory compliance, distributed data management, and the need
for high authentication accuracy.

The prototype implementation, developed using Python and the
MPyC library, demonstrates that SMPC-based authentication can
achieve performance comparable to conventional centralized
systems. Experimental evaluation using synthetic datasets revealed
an average False Acceptance Rate (FAR) of 1.8% and a False
Rejection Rate (FRR) of 2.5%, confirming that the framework
maintains reliable biometric recognition without compromising user
privacy. The encrypted feature extraction and distributed similarity
computation incurred moderate computational overheads (12 ms
and 45–55 ms per facility, respectively), while end-to-end
authentication latency remained within operationally acceptable
limits. Parallel processing across multiple nodes further enhanced
efficiency, enabling simultaneous multi-user authentication with
minimal performance degradation.

Communication overhead and scalability analyses demonstrated
that the framework can support multiple facilities and concurrent
users while maintaining accuracy and low latency. Security
evaluation verified that raw biometric data were never exposed at
any stage, meeting GDPR and HIPAA requirements. The results
indicate that the combination of SMPC and modular system
architecture provides a scalable, secure, and privacy-preserving
solution suitable for real-world deployment in distributed biotech
environments.

In conclusion, this study contributes to both theory and practice by:
(1) demonstrating the feasibility of applying SMPC to distributed
biometric authentication, (2) providing a systematic framework that
balances security, efficiency, and usability, and (3) offering a
practical approach for ensuring privacy compliance in sensitive
multi-facility settings. Future work may explore the integration of
quantum-safe cryptography, dynamic thresholding mechanisms, and
real-world deployment with actual biometric datasets, further
enhancing the robustness and applicability of the framework in
complex biotechnology infrastructures.
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