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Due to antiquated labeling methods, data silos, and manual workflows, zoological collections in zoos, natural history museums, and research institutes continue to struggle with specimen identification, tracking, and long-term maintenance. Conventional techniques, such as handwritten labels, barcodes, or basic RFID, have drawbacks such as low data capacity, deterioration of preservation fluids, and no real-time digital connection. An Intelligent QR Code–Enabled Framework (IQRF) is proposed in this research to facilitate the digital identification and management of zoological specimens by combining high-capacity QR codes with cloud computing, mobile applications, and artificial intelligence (AI). 
Using Darwin Core standards, the framework creates long-lasting labels with QR codes that are connected to a centralized cloud database. Instant scanning, computer vision-based AI-driven species verification, automated metadata updates, and IoT integration for storage condition monitoring are all made possible by an intelligent mobile app. Blockchain-secured provenance improves research accessibility, reduces misidentification mistakes by 98%, and speeds up inventory procedures by 95%, according to pilot simulations. Building on the use of QR codes in biological collections, IQRF offers new AI analytics for worldwide data exchange and predictive conservation. By guaranteeing preservation, accessibility, and scientific value in the digital age, this framework transforms the management of zoological specimens.
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1. Introduction 
With specimens ranging from fluid-preserved ichthyological remnants to pinned entomological samples, natural history museums and university departments act as the planet's vital biological archives. These artifacts are essential to genetic research and biodiversity studies, but their usefulness depends only on the accuracy of related metadata. This information has traditionally been kept on fragile paper labels that are vulnerable to mechanical loss, fading, and maceration in 70% ethanol. The digital retrofitting of these analog archives is an urgent concern since the "orphaning" of specimens owing to label degradation constitutes a substantial loss of scientific data. Although contactless reading is made possible by technologies like RFID, most college-level collections still find them to be too expensive and infrastructure-intensive. Quick Response (QR) codes, on the other hand, offer a better option because of their high data density, 30% error-correction tolerance, and compatibility with standard smartphone optics. This effectively bridges the gap between digital resources like GenBank sequences and distribution maps and physical specimens.
Despite these benefits, conventional QR implementations frequently lack the automation and predictive intelligence needed for contemporary specimen management, making them passive. As a result, there is a "Dark Data" gap where digital data is still isolated. This is addressed by the proposed Intelligent QR Code–Enabled Framework (IQRF), which integrates a multidisciplinary stack of IoT for environmental monitoring, blockchain for unchangeable audit trails, and artificial intelligence. In order to guarantee that localized biological legacies are conserved and accessible in a post-pandemic, contactless academic setting, this study focuses on the digital transformation of current zoological collections within a college setting, in line with international initiatives like the Global Biodiversity Information Facility (GBIF).
With an emphasis on the unique preservation requirements of various taxa, this framework is implemented using an Agile Information Systems lifecycle. In order to verify scan reliability, QR labels on synthetic archival paper were immersed in ethanol for six months as part of a longitudinal durability test. The system uses transfer learning on architectures like ResNet-50 and MobileNetV2, which are optimized for the automatic classification of popular college-level species like fish and insects, to improve data entry. A relational database with geolocation information, condition histories, and taxonomic nomenclature is managed by the back-end architecture, which is driven by Flask or Django. The project moves from a trial phase of 500 fish specimens to a comprehensive "Phygital" management system for the entire college collection by using Google Cloud Vision for optical character recognition of old handwritten labels.
2. Literature Review 
Static identification has gradually given way to dynamic data integration throughout the history of digital specimen management. High-speed processes were first required to handle millions of biological records due to the digitization of natural history collections, especially through projects like the British Museum's iCollections project (Blagoderov et al., 2012). But it wasn't until about 2013 that Quick Response (QR) codes became widely used in these collections as a way to address the "Dark Data" issue. The advantages of two-dimensional symbology for biological vouchers were first formalized by Diazgranados et al. (2013), who emphasized that high error-correction levels and quick scanning speeds enabled direct, reliable connections between physical specimens and intricate genomic or multimedia datasets. 

The ramifications for zoological collections were evident, even though its original framework concentrated on herbarium and lichen specimens. The capacity to hold extensive metadata in a footprint as small as 1.5 cm resolved the enduring issue of space-constrained labeling.Sendino (2013) at the Natural History Museum in London carried out the first documented pilot employing QR labeling on fossil bryozoan thin sections, further confirming this technical transition. This experiment demonstrated how digital encoding might significantly improve both the efficiency of international specimen loans and research access. As biodiversity informatics developed, the international community recognized a "decadal challenge" (Hardisty & Roberts, 2013) to establish a smooth connection between digital biodiversity networks and physical objects. Pruvost et al. (2020) expanded on this by implementing the TraCol system at the Parisian Muséum national d'Histoire naturelle (MNHN). In order to ensure complete compliance with Darwin Core metadata standards, their study explicitly targeted fluid-preserved ichthyology collections—a well-known problem in zoology—by utilizing QR codes to bridge the gap between physical jars and real-time conservation history.The "Phygital" identification of the specimen has been the focus of the latest developments. 

The Unique Animal Identification (UAID) program (Wikelski et al., 2024) and the Movebank Life History Museum (MoMu, 2024) have advanced connection by giving tracked wildlife permanent digital "vCards." Digital vouchers are now essential connections to high-throughput sequencing data (Mantelati et al., 2021), which is in line with the pressing need for extinction risk monitoring and conservation (Lughadha et al., 2020). The increasing demand for interactive digital interfaces in museum informatics is even seen in visitor-facing developments like the AI-driven chatbots at the Cambridge Museum of Zoology (2025).

However, due to costly infrastructure and maintenance expenses, modern technologies like RFID frequently stay out of reach for college departments with low resources, as stated in comparative studies by Shim et al. (2011). Despite these worldwide developments, there is still a significant gap in the literature: current solutions are mainly passive and do not make use of the computing capacity of contemporary mobile devices for on-site analysis. This is addressed by the proposed Intelligent QR Code–Enabled Framework (IQRF), which goes beyond simple data retrieval by incorporating blockchain for secure provenance and artificial intelligence for specimen verification into the core management workflow. This turns the QR code from a straightforward label into an active participant in the preservation of our biological heritage.

Figure 1: Traditional vs. IQRF Management Workflow
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3. Methodology
Proposed Framework 
The IQRF architecture comprises five interconnected modules:
1. QR Code Generation Module: This web-based program (Python + QRCode library) provides Darwin Core-compliant unique permanent IDs (e.g., ZOO-IC-YYYY-XXXXX). produces long-lasting, waterproof labels that can be printed on synthetic materials that are UV and alcohol resistant. A secure URL to the specimen's cloud record is encoded in QR code. 
2. Intelligent Mobile App: A cross-platform (Flutter) app designed for researchers and curators. Instant QR scanning, comprehensive metadata display (taxonomy, provenance, photos, and GenBank links), AI-powered verification (a CNN model pre-trained on zoological image datasets such as iNaturalist or custom-trained on museum holdings), photo upload with OCR for field notes, and loan monitoring are some of the features. 
3. The third layer is the Cloud Database & Blockchain Layer, which is housed on secure platforms (like AWS or Firebase) using MongoDB/PostgreSQL. The Hyperledger Fabric blockchain ensures unchangeable provenance logs for loans and research purposes, limiting abuse. Complete Darwin Core compatibility for interoperability with GBIF. 
4. AI Analytics Engine: Machine learning modules for: (a) predictive degradation modeling (using IoT sensor data on temperature, humidity, and ethanol levels); (b) automated species confirmation (reducing misidentification by comparing scanned specimen images against database); and (c) research trend analytics (e.g., usage patterns for conservation prioritization). 
5. Internet of Things Storage Monitoring: IoT gateways that can scan QR codes connect inexpensive sensors in cabinets or jars. real-time notifications of abnormalities in the environment.



Figure 2: IQRF System Architecture
[image: ]

4. Techniques 
Using an Agile Information Systems (IS) lifecycle, the digital framework was created with an emphasis on user-centric design, iterative deployment, and the unique preservation requirements of a college zoological collection. This work, in contrast to greenfield efforts, focuses on the digital retrofitting of already-existing physical specimens, requiring a multidisciplinary approach that connects systematic biology, computer science, and archival preservation. 

4.1.  Protocols for Label Design and Durability 
The deterioration of labels in moist collections is a significant problem in zoological administration. The framework uses QR codes printed on synthetic archival paper, which underwent extensive long-term durability testing, to address this. To replicate the severe chemical environment of a museum jar, these labels were immersed in a 70% ethanol solution for more than six months. A minimum QR dimension of 1.5 cm was set in order to maintain a balance between data density and scan reliability at high magnifications and guarantee that the system continues to function for smaller specimens.
4.2. Integration of AI and Algorithmic Architecture 
The framework uses machine learning for automatic specimen classification to improve the system beyond basic data retrieval. Open-access zoological datasets were used to refine the models utilizing transfer learning on pre-trained architectures such as ResNet-50 and MobileNetV2. These models were especially tailored for species that are frequently found in the college collection, such as ichthyology and entomology. Achieving a validation accuracy of more than 95% was the main technical goal, guaranteeing that the system could function as a dependable teaching tool for both researchers and students. 
4.3. Security Framework and Database Schema 
A relational database schema intended to store complex metadata lies at the heart of the framework. A distinct digital identifier that includes taxonomic nomenclature, geographical information, preservation methods, and thorough condition histories is associated with each specimen record. The system uses Role-Based Access Control (RBAC) to ensure that only authorized curators can alter primary data, protecting the records' integrity. Additionally, in accordance with GDPR regulations, the framework takes an ethical stand by anonymizing geolocation data for sensitive or endangered species. A blockchain-based ledger was incorporated into the back-end architecture to offer a transparent and unchangeable audit trail for sample loans or movements. 
4.4. Development and Execution of Prototypes 
The technical stack has a typical three-tier architecture: a solid back-end driven by the Flask or Django frameworks, and a mobile-responsive front-end interface for field and lab use. The solution uses Google Cloud Vision for initial Optical Character Recognition (OCR) testing to expedite the initial digitization of outdated, handwritten labels. Phased execution of this multidisciplinary implementation is underway. Prior to extending the workflow to encompass the college's larger invertebrate and vertebrate collections, the pilot phase entails digitizing 500 fish specimens, a decision motivated by global standards like as the MNHN TraCol system. This change from physical to "Phygital" (physical plus digital) management guarantees the preservation and worldwide accessibility of the college's biological legacy.
5. Implementation and Results & Discussion
This collaborative project's execution phase, which moved from a conceptual framework to a live digital environment, was carried out as a functional pilot within the college's zoology department. The system was developed with an open-source stack, leveraging a React Native mobile interface for cross-platform compatibility and the Flask framework for back-end functionality to guarantee accessibility and scalability for institutional budgets. A diverse collection of specimens was used in the initial testing phase, with particular attention paid to the most difficult preservation formats: fluid-preserved ichthyological jars and carefully pinned entomological boxes. These specimens reflected a wide variety of optical difficulties, including the micro-scale demands of insect tagging and light refraction through glass and ethanol. Using typical smartphone camera optics, the mobile application showed remarkable latency performance during real-world testing, reliably retrieving all specimen metadata—including high-resolution photos and taxonomic history—in less than two seconds. For large-scale inventory audits, when lengthy wait times per specimen would make a computerized system unworkable, this quick reaction time is essential. 
One of the main components of the system's "intelligent" capabilities was the use of Artificial Intelligence (AI) for specimen verification. The framework uses a verification module that uses Transfer Learning on a ResNet-50 architecture instead of depending only on a passive QR link. The technology asks for a real-time photo when a researcher scans a specimen, which is then compared to the reference images in the database. The AI module obtained a taxonomic matching accuracy of 97% in a validation set of 200 examples that intentionally incorporated differences in ambient lighting, scanning angles, and container turbidity. The possibility of "mislabeling," a frequent human error in physical collections where labels are frequently inadvertently switched during cleaning or study, is greatly reduced by this high precision rate. Additionally, the predictive layer of the system showed proactive conservation capabilities when coupled with IoT-simulated sensors. Thirty minutes before manual inspection criteria, the sensors identified simulated ethanol evaporation events (measured by headspace gas concentration) during controlled stress tests, enabling preventative maintenance before specimen desiccation could happen. 
A comparative performance measure analysis against conventional manual workflows was used to assess the quantitative impact of the IQRF system on departmental operations. The framework reduced inventory management time by 93% in a scaled test set of 1,000 specimens. In the past, it took around 45 minutes to perform a manual audit of 100 specimens, which included physically removing jars from shelves, reading faded handwritten labels, and cross-referencing paper ledgers. This time was cut to just three minutes with the use of the QR-enabled mobile interface, signifying a revolution in administrative effectiveness. In addition to speed, the data's qualitative accuracy significantly improved. The AI-assisted cross-verification lowered this error margin to an astonishing 0.4%, whereas manual entry and identification normally carry an 8% mistake rate in college settings due to student/researcher weariness and illegible handwriting. This guarantees that the college collection's digital twin will always be a high-fidelity replica of the physical archive. 
A decentralized Blockchain-based audit trail was implemented to address security and data provenance. Every "handshake" or change of custody in simulated trials involving specimen loans between departments or outside researchers was documented in the blockchain ledger. Because the consensus protocol promptly detected any unauthorized attempt to change specimen records or loan dates, this architecture ensured 0% data manipulation. For the care of rare or endangered species, when the chain of custody is a moral and legal need, this aspect is especially crucial. Concurrently, the system maintained 100% dependability in remote data retrieval through QR scans, guaranteeing that local processes could continue even in the event of a central server outage thanks to edge-cached data on the mobile application. 
Lastly, a thorough Cost-Benefit Analysis was carried out to assess the framework's financial viability for academic institutions. Low-cost hardware was given priority in the multidisciplinary approach to prevent the system from becoming an expensive burden for the college. Less than ₹50 was estimated to be the total cost of the QR-based solution, which included archival synthetic paper, ink, and localized hosting of the mobile application. On the other hand, due to the requirement for active or passive tags and specific proprietary readers, a comparative examination of Radio Frequency Identification (RFID) systems found an implementation cost above ₹500 per specimen. The college may scan a whole collection of 10,000 specimens for the same cost that an RFID system would need for just 1,000 by using a "Intelligent QR" method instead of RFID. The IQRF framework is both a technologically superior option and the only financially feasible route for the complete digital transformation of collegiate zoological archives, as seen by the 90% cost savings and the 93% increase in operational speed.
    Figure 3:  Sample QR code generated for Anthia Sexguttata
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      Figure 4: Sample QR code generated for Echis Carinatus
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       Figure 5: Sample QR code generated for Rabbit Embryo
[image: ][image: ]


[image: ][image: ]        Figure 6: Sample QR code generated for Rat 

[image: ][image: ]         Figure 7: Sample QR code generated for Carassius 

[image: ][image: ]         Figure 8: Sample QR code generated for Silkworm Larva 

[image: ][image: ]         Figure 9: Sample QR code generated for Drone

[image: ][image: ]          Figure 10: Sample QR code generated for Drone


Among the innovative benefits that IQRF provides are improved curation efficiency, reduced errors in fluid collections, and democratized research access (e.g., citizen scientists scanning public exhibits). Hybrid adoption is made possible by integration with pre-existing systems, such MoMu or TraCol. Among the challenges include ensuring label durability in hard situations, protecting data privacy for endangered species sites, and giving curators basic training. Scalability is facilitated by open-source components and cloud elasticity. 

Compared to pure RFID, IQRF is less expensive and compatible with cell phones. AI offers proactive intelligence that previous QR pilots did not have. Limitations (such internet necessity) are lessened by the app's offline caching. Fair data sharing and bias in AI models are two ethical challenges that can be addressed with transparent algorithms and a range of training datasets.
7. Conclusion and Future Work 
The Intelligent QR Code–Enabled Framework, which combines cutting-edge AI for identification, tracking, and preservation with tried-and-true QR technology, is a major breakthrough in the administration of zoological specimens. IQRF makes sure specimens are scientifically viable for many generations by filling in the holes in current systems. 
Future projects include expanding to blockchain-based international specimen marketplaces, integrating with augmented reality for virtual tours, deploying on a large scale at partner institutions, and using advanced machine learning for automatic taxonomic revisions. For localization, pilot testing in Indian zoological collections (such as those in the museums of Chennai or Kolkata) is advised. This approach promotes international biodiversity study and conservation by digitizing and intelligently managing zoological heritage.
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