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Introduction

The healthcare landscape worldwide is experiencing a significant shift, with the infusion of 
emerging technologies in the fundamental logistics operations. One of these innovations concerns 
integrating the Internet of Things (IoT) and unmanned aerial vehicles (UAVs), also referred to as 
drones, as a potential solution in filling unending gaps in the supply chain of medical supplies [1–
3]. In this context, the recent study “Beyond Numbers: A Novel IoT and Drone Framework for 
Enhancing Healthcare Logistics” introduces a comprehensive and adaptable logistics model designed 
to address the complex needs of resource-constrained and infrastructure-deficient environments [4]. 
Although this framework’s technical and operative opportunities are confirmed by the simulations 
used in the study, its direct implications concerning hematology are still underrepresented. Storing, 
maintaining, and transporting the blood and its components requires a highly precise, traceable, 
and responsive nature, which fits well within the capabilities of an IoT-integrated drone system 
[5,6]. These technologies facilitate time-sensitive logistics applied to the real-time environmental 
monitoring and adaptive routing to uphold the cold chain compliance [7,8]. This commentary 
aims to extend the original research by situating its relevance within hematology-focused healthcare 
logistics. It outlines the integration of IoT and the drone within the blood supply chain can be applied 
in practice, investigates how the application of IoT-drone may affect the ethical and regulatory aspects 
specific to transfusion medicine and gives recommendations on the directions of future research and 
implementation that will cater to the changing needs of hematological care [9,10].  Specifically, it 
introduces four key innovations:

1.	 A domain-specific application of the IoT–drone logistics framework for the blood supply chain,

2.	 An integrated model incorporating cold chain assurance using IoT-sensor-enabled thermal 
packaging and real-time monitoring,

3.	 The use of AI-driven forecasting and blockchain-enabled traceability tailored to transfusion 
medicine, and

4.	 A critical examination of ethical, regulatory, and equity challenges unique to hematology 
logistics.

These contributions go beyond simulation and system design to propose an actionable, ethically 
grounded, and technologically adaptive roadmap for enhancing transfusion services in routine and 
emergency contexts.

IoT Integration and Its Role in Hematology Logistics

Blood products are perishable and temperature-sensitive and require stringent cold chain 
maintenance from donor to recipient. The usual means of transportation are inadequate, especially 
when a natural disaster strikes, a city is overcrowded, or in a geographically remote area [3,11]. 
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Meanwhile, the innovation provided by IoT sensors in this case 
can be considered a game changer in terms of a way to monitor the 
integrity of blood products throughout the entire transport chain, 
simultaneously temperature levels, humidity, and motion [5,12]. 
IoT-enabled data loggers affixed to blood storage containers can 
immediately alert logistics operators to temperature excursions, 
physical shocks, or unexpected delays, enabling rapid rerouting or 
corrective interventions.  Such functionality is particularly critical 
in platelet-rich plasma and cryoprecipitate, where the slightest 
deviations from the recommended conditions can affect the 
therapeutic effect [13]. It has been found that red blood cells could 
go through hemolysis or biochemical breakdown when subjected to 
temperatures beyond a range of 2–6°C in the course of transport, 
making it crucial to consider continuous, precision observation [5]. 
The combination of the phase change material (PCMs) in transport 
containers that drones can use and IoT management creates a new 
and scalable solution to strengthen the cold supply chain. The 
ability of PCMs to sustain target temperatures for long durations 
under no external power source means that their application can 
be performed even in remote or other resource-constrained areas 
[14,15]. When such materials are paired with IoT feedback loops, 
drones can transport labile hematological material under stable and 
validated conditions, even during extreme conditions in weather 
or terrain. In addition to preservation, the data streams of IoT can 
be included in the blockchain-based systems and guarantee the 
maximum transparency and traceability of the blood supply chain. 
All of the data, such as temperature recordings and custody changes, 
can be documented irreversibly, which strengthens compliance with 
international regulations like those introduced by the World Health 
Organization [6–8].

Furthermore, IoT-cloud integration with hospital management 
systems (HMS) enables real-time inventory visibility, predictive 
demand forecasting, and intelligent dispatch prioritization based on 
urgency, proximity, and stock availability [16,17]. Pilot studies have 
demonstrated that such digital alignment can significantly reduce 
the outdating of blood products and support dynamic reallocation 
to high-need areas [18]. Table 1 demonstrates the application of 
hematology-specific IoT and drone technologies across blood supply 
chain functions. These technologies offer targeted storage, transport, 

monitoring, and demand forecasting benefits, potentially enhancing 
transfusion services’ safety, speed, and equity.

Drones in Blood Supply and Emergency Hematology 
Care 

Timely access to blood products is critical in managing 
life-threatening conditions such as postpartum hemorrhage, 
acute anemia, traumatic injuries, and transfusion-dependent 
hematological disorders. Conventional transportation networks are 
frequently challenged by road congestion, natural disasters, and 
infrastructure limitations, scenarios where drones offer an agile and 
efficient alternative [28,29]. Unmanned aerial vehicles (UAVs) can 
circumvent terrestrial delays, enabling rapid, direct, and reliable 
delivery of blood components across both urban and remote settings. 
One of the most impactful case studies comes from Rwanda, where 
the government, in collaboration with Zipline, implemented UAVs 
to deliver blood products to hospitals in remote areas. Within the first 
year of deployment, emergency blood deliveries increased by 175%, 
and wastage rates declined significantly due to precision inventory 
distribution and just-in-time restocking mechanisms [2,10]. These 
outcomes underscore the viability of UAVs in strengthening national 
blood supply chain responsiveness. Building on such precedents, the 
IoT-enabled framework proposed by Lakhwani et al. [4] introduces 
real-time decision-making capabilities to elevate UAV functionality 
in hematology-specific logistics. This could translate into drones that 
dynamically adjust flight paths in response to updated weather data, 
roadblocks, or recipient facility readiness [30]. Such adaptability 
is particularly beneficial in complex healthcare systems where 
coordination is required across multiple hospitals, mobile blood 
units, and trauma centers. 

In addition to emergencies, bloodstock redistribution between 
facilities is facilitated by the routine use of drones. Automated, 
drone-assisted rebalancing can mitigate situational overstocking or 
underutilization at one site. Using AI in drone scheduling systems 
will enable it to prioritize drones based on shelf-life sensitivity, 
clinical urgency, and travel efficiency. For example, platelet 
concentrates, which have a shorter shelf life, may be dispatched 
ahead of frozen plasma or red blood cell units to prevent expiration 
[26]. Technological advancements have further enhanced the 

Table 1. Application of IoT and drone technologies in hematology logistics.

Technology 
Component

Function in Hematology Example Use Case Benefits to Hematology

IoT Sensors Real-time monitoring of temperature, 
humidity, and location

Monitoring platelet-rich plasma during 
transport

Ensures cold chain integrity and 
prevents product spoilage [19]

Drone Delivery 
(UAVs)

Rapid transport of blood units to hard-
to-reach or congested locations

Emergency delivery to a rural trauma 
center

Reduces delivery time, improves 
transfusion responsiveness [20,21]

Cloud-based IoT 
Platforms

Integration with Hospital Management 
Systems (HMS) for inventory updates

Automated alert when the stock of 
O-negative units falls below the threshold

Enables predictive restocking and 
reduces shortage risks [22]

Blockchain 
Integration

Secure, transparent tracking of blood 
unit chain-of-custody

An immutable record of temperature and 
custody during shipment

Enhances trust, regulatory compliance, 
and fraud prevention [23,24]

AI Forecasting 
Models

Predictive analytics for blood demand 
and routing efficiency

Anticipating blood use during seasonal 
dengue outbreaks

Reduces overstocking and outdating of 
critical components [25,26]

PCM-Insulated 
Payloads

Thermal protection during drone flight 
without active refrigeration

Long-range delivery of red cells across arid 
zones

Preserves viability and expands the 
reach of the blood logistics network [27]
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biological compatibility of drone transport systems. New-generation 
UAVs include thermal insulation, vibration-dampening materials, 
and onboard cooling systems [31]. Constant monitoring of IoT will 
render adherence to WHO regulations regarding the storage and 
transportation of blood. UAVs, when equipped with temperature-
stabilizing gel packs and micro-climate measuring sensors, can 
sufficiently manage the environmental conditions during more 
than 50 km of movement, even in the case of significant climate 
fluctuations. During mass casualties (in case of earthquakes, floods, 
or armed conflict, etc.), drone fleets can be easily activated and 
deployed to blood banks, field hospitals, or mobile care units, 
without the need for human operators. These systems ensure speed 
in the expansion of the delivery of blood supply and lower the risk 
exposure of the human personnel in risky areas. End-to-end visibility 
is a hallmark of real-time telemetry data transmitted to coordination 
centers to visibly check the status, temperature, and confirmation 
of delivery of units on the ground in a closed-loop, fail-loss logistic 
chain [27,31]. Figure 1 illustrates the IoT- and drone-enabled 
logistics system tailored for hematology. The framework emphasizes 
real-time monitoring, ethical traceability, predictive analytics, and 
last-mile delivery to optimize transfusion services across diverse 
healthcare settings.

Challenges and Opportunities in Implementation

Although the potential of an IoT-integrated drone framework 
in healthcare logistics is substantial, a number of limitations should 
be overcome prior to the ability to employ these mechanisms on 
a massive scale in hematology systems. Such technical and ethical 
issues need multifaceted solutions among the healthcare institutions, 
policy-making, tech, and patient advocacy groups.

Technical and operational barriers

1.	 Payload stability and capacity: Blood bags are highly sensitive 
to vibration, pressure fluctuations, and abrupt movements. Safe 
transit requires special transport systems in UAVs, such as the 
shock-absorbing material, temperature-stabilizing components, 
and the gyroscopic balancing [16]. In addition, the payload 
limits of most commercial drones do not allow carrying large 
numbers of blood units across long distances or even in large-
scale emergencies [8].

2.	 Regulatory compliance and airspace clearance: In most 
countries, civil aviation laws have yet to adapt to using drones 
in the medical field. It is also essential to create specific routes 
of medical drones and protocols of their operation [32]. Also, 

all the international and national requirements of safety of 
blood granted by the international organizations, like WHO 
guidelines on the cold chain, labeling, and traceability, will 
have to be electronically coded within the on-board as well as 
back-end of the drone [33].

3.	 Infrastructure and Scalability: A functional drone-
based logistics system demands considerable infrastructure 
investment. This includes drone launch hubs, charging stations, 
real-time monitoring interfaces, hospital information systems, 
and integration of blood bank databases. Without a unified 
digital architecture, scalability across regions or networks could 
be severely limited [34]

Ethical, legal, and social considerations

1.	 Data privacy and consent: IoT-driven drone systems generate 
substantial volumes of real-time data, some of which may relate 
to patient conditions, donor identity, or hospital workflows. 
Powerful data privacy features, including encryption, 
anonymization, and restricting access, shall be applied to 
guarantee the integrity of the data and concur with regulations 
to keep the trust of the population [6,35]. Consent procedures 
must be transparent, and the data governance should specify 
who has ownership and the right to read or change the logs.

2.	 Community acceptance and perception: The introduction of 
drones, particularly in rural or densely populated regions, can 
generate concerns related to surveillance, noise pollution, and 
safety. Engaging local communities from the outset through 
education, transparency, and participatory planning has been 
shown to improve trust and encourage broader acceptance of 
drone-based healthcare delivery [20,36].

3.	 Equity and prioritization: Without proper oversight, there 
is a risk that technologically advanced healthcare systems 
will disproportionately benefit from drone logistics, leaving 
underserved clinics disadvantaged. A fair and ethical roll-
out strategy must prioritize areas with the highest unmet 
hematological needs [37]. Public-private partnerships, tiered 
implementation plans, and regional equity metrics can ensure 
that technological innovation does not exacerbate existing 
disparities [38].

4.	 Ethical logistics during crises: Delivery of blood and 
other essential medications through drones can save lives in 
emergencies, like during a pandemic, natural calamities, or 
war. Nevertheless, the logistical decisions that are made under 

 Figure 1. Drone-enabled IoT framework for blood supply chain in hematology logistics.
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the conditions of the insufficiency of resources have their 
ethical values. When the drone fleets are few, there should 
be explicit, ethical, informed, definitive frameworks that 
address prioritization. They are to be designed in collaboration 
with clinicians, ethicists, policymakers, and community 
representatives so that the element of transparency and justice 
in life-and-death decisions is ensured [32,36].

Future Directions and Hematology-Specific 
Innovations

To translate the promise of IoT-integrated drone logistics 
into real-world hematology care, targeted research and innovation 
are required across multiple interdisciplinary domains. As these 
technologies evolve, the convergence of artificial intelligence, 
advanced materials, predictive analytics, and decentralized digital 
systems will shape the next generation of blood supply chain 
management.

AI-Driven blood demand forecasting 

Accurately forecasting blood demand remains one of the most 
persistent challenges in transfusion medicine.  Recent developments 
in blood demand forecasting have increasingly leveraged artificial 
intelligence and optimization techniques to improve accuracy 
and operational planning in healthcare systems. Kwon et al. [39] 
developed an AI-based prediction model using national public 
health data, demonstrating significant improvements in demand 
estimation across blood types and geographic regions. Li et al. [18] 
analyzed advanced computational techniques such as ensemble 
learning, deep neural networks, and hybrid metaheuristics, 
highlighting their capacity to support robust decision-making 
in blood supply management. Complementing this, Wang et al. 
[40] applied predictive models specifically for blood component 
forecasting and validated their effectiveness through clinical datasets. 
On the optimization side, Hosseini-Motlagh et al. [41] introduced 
a robust optimization framework accounting for blood group 
compatibility and disruption risks in real-world settings, enhancing 
supply chain resilience. Traditional models, which often depend 
on historical usage data and periodic requisition logs, are limited 
in their responsiveness to sudden demand spikes, seasonal trends, 
or unforeseen crises. Recent studies suggest that machine learning 
(ML) and deep learning models can significantly improve demand 
forecasting by incorporating dynamic variables such as hospital 
admission patterns, scheduled surgeries, epidemiological trends, 
localized outbreaks, and environmental alerts [17,18]. These models 
could optimize drone dispatch schedules and resource allocation, 
reducing product wastage and emergency shortages, particularly for 
short-shelf-life components like platelets. Reinforcement learning 
approaches could also be employed to optimize drone routing in 
real time, factoring in constraints such as weather, donor availability, 
and drone battery life to ensure timely and efficient delivery [42]. 
Together, these studies represent a shift from traditional statistical 
models to intelligent, data-driven approaches that can address 
uncertainty, variability, and operational complexity in modern blood 
logistics systems.

Smart blood banks and inventory optimization

Integrating AI and IoT technologies opens the door to 
developing smart blood banks capable of autonomously managing 
inventory levels, monitoring expiration dates, and automating 
replenishment processes based on predictive analytics. These systems 

can also support collaborative blood inventory sharing across regional 
networks via cloud-based dashboards, allowing multiple facilities to 
redistribute rare blood types or near-expiry units. In this context, 
blockchain can play a pivotal role by offering immutable, tamper-
proof tracking of every unit’s lifecycle from donation and storage to 
dispatch and transfusion, enhancing transparency and compliance 
with international guidelines.

Cold chain innovation through advanced materials

Ensuring cold chain integrity during drone delivery is critical for 
preserving the viability of labile blood products. Innovative thermal 
materials such as phase change materials (PCMs), aerogels, and 
nanocomposite insulators can extend the duration of temperature-
controlled transport without relying on bulky refrigeration systems. 
In parallel, research is progressing toward adaptive cooling systems 
that autonomously adjust internal temperatures in response to 
altitude, ambient conditions, and payload mass. These units may be 
powered through onboard solar panels or kinetic energy harvesting, 
making them suitable for off-grid or disaster-affected zones [13,25].

Blockchain and decentralized logistics coordination

Blockchain technology offers a secure, decentralized 
infrastructure for real-time tracking of blood logistics data. It can 
provide tamper-proof documentation of blood unit origin, storage 
conditions, transfer history, and final delivery confirmation when 
integrated with IoT sensors. This level of transparency ensures 
regulatory compliance and builds public trust, especially in settings 
prone to counterfeit medical supplies or mislabeling [23,43]. 
Moreover, decentralized coordination among multiple regional blood 
centers can be enabled, allowing autonomous redistribution based 
on live inventory and demand fluctuations, bypassing bottlenecks in 
centralized systems [7,44].

Inclusive and scalable implementation models

For this technological paradigm to reach its full potential, pilot 
programs must be implemented in high-density urban centers and 
remote, underserved areas. These programs should account for local 
variables, including infrastructure quality, topography, healthcare 
accessibility, and socioeconomic context. Scalability will depend 
on forming multi-stakeholder partnerships involving public health 
authorities, NGOs, aviation regulators, and private technology 
developers. Cost-effective solutions such as modular drone hubs, 
open-source software platforms, and pooled procurement models 
can support deployment in low- and middle-income countries 
[3,45].

Limitations

While this commentary outlines a forward-looking framework 
for integrating IoT and drone technologies into hematology logistics, 
several limitations must be acknowledged.

1.	 Simulation-based extrapolation: The proposed model builds 
conceptually on prior simulation studies [4], but real-world 
validation in hematology-specific use cases remains limited. 
Operational feasibility under diverse healthcare conditions, 
urban versus rural, low-resource versus high-tech, requires 
empirical testing.

2.	 Technological variability: The performance of IoT devices, 
drone payload stabilization, and cold chain reliability may 
vary significantly depending on vendor, environmental factors, 
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and regional infrastructure readiness. Assumptions regarding 
consistent connectivity, drone battery life, and payload 
endurance need cautious interpretation when scaling the 
system.

3.	 Ethical and regulatory generalization: While ethical and 
legal considerations are discussed, the section draws on 
general frameworks that may not fully reflect national policy 
differences, especially in developing regions where aviation and 
data governance laws are still evolving.

4.	 Lack of cost analysis: This paper does not include a cost-
effectiveness analysis or economic feasibility model. Although 
cost-reduction potential is implied, capital investment, 
maintenance, training, and regulatory compliance costs for 
drone and IoT deployment are yet to be quantified.

5.	 Focus on supply logistics: The commentary emphasizes 
logistics and technology but does not extensively address 
downstream clinical workflows, such as transfusion decision-
making, crossmatching, or patient-level data integration, which 
are critical in hematology operations.

Conclusion

The integration of IoT and drone technologies is rapidly 
redefining the landscape of medical logistics. In hematology, where 
urgency, preservation, and traceability are paramount, their relevance 
is immediate and transformative. This commentary advances the 
foundational work by Lakhwani et al. [4] by translating a generalized 
IoT–drone logistics framework into a hematology-specific context. 
It introduces four core innovations:  the application of real-time IoT 
monitoring and PCM-enhanced cold chain systems tailored to blood 
component preservation; the use of AI-driven forecasting models to 
anticipate transfusion demands and optimize drone dispatch; the 
incorporation of blockchain for secure, end-to-end traceability in 
the blood supply chain; and a comprehensive mapping of ethical, 
regulatory, and equity-focused challenges in implementing drone-
based hematology logistics. These contributions move beyond 
theoretical modeling to propose actionable, technology-enabled 
interventions aligned with transfusion medicine’s unique clinical 
and operational requirements. By focusing on emergency response 
and routine redistribution, this work highlights how smart, drone-
enabled systems can address structural gaps in blood availability, 
particularly in low-resource, disaster-prone, or geographically 
isolated settings. However, the path to large-scale deployment 
necessitates rigorous pilot testing, inclusive design, interoperable 
data governance, and region-specific regulatory frameworks. As 
global health systems strive for more resilient and equitable care 
delivery, hematology benefits immensely from the convergence of 
IoT, AI, and UAVs. If deployed thoughtfully, these innovations can 
significantly reduce wastage, improve responsiveness, and deliver 
life-saving blood products with unprecedented speed and precision, 
ushering in a new era of intelligent, patient-centered logistics in 
transfusion services.
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