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ABSTRACT

Background and Aims: In the past decade, unmanned aerial systems (UASs), commonly known as drones, have found
applications not only in military and agriculture but also in the transportation of medical supplies.

Purpose: The present study was conducted to assess the practicality of utilizing drones as a mode for the delivery of vaccines to
combat the challenges.

Study Design: An exploratory study.

Methodology: Due to the COVID-19 pandemic restrictions and paucity of availability of rules and regulations related to drones in
India in 2021, this study was conducted as a exploratory study for which number of regulatory approvals are obtained and it
involves five drone missions within the premises of the Indian Institute of Technology (IIT), Kanpur, India on a confined airstrip
of 3 km? to transport simulated vaccine vials using a multi-rotor top-load UAS in the normal weather conditions in daylight where
dummy vaccine vials (COVID-19) were packed with cool packs to maintain the temperature. Study was conducted to explore
feasibility to carry vaccines through drones and any environmental impact on the vaccine vials while its transportation.
Results: The drones demonstrated a maximum flight endurance of 31 min while carrying a payload of up to 4.5 Kg, covering an
aerial distance of 17 km at an average speed ranging at 12 m per second. Notably, the vaccine carrier box was able to maintain a
recommended temperature of 3°C-4°C throughout the transportation process, and there is no impact of vibration on the
physical integrity and leakage of the vaccine vials during flight.

Conclusions: These findings signify the potential for the drone-based medical supply deliveries across confined and controlled
environment conditions. This study provides the insights that there is no environmental impact such as humidity, temperature,
wind etc on the drone and no impact on vibrations on the physical integrity and leakage of the dummy vaccine vials. There were
few regulatory barriers that required special approvals from concerned authorities. The study was not designed to assess for
cost-effectiveness, also it was conducted in defined geography so all sorties were VLOS. Study has various limitations such as
using simulated vaccine vials, regulatory barriers, operational barriers etc. Conducting the study in a controlled environment at
IIT Kanpur limits generalizability. In spite of these limitations this study provides valuable insights and may explore a diverse
environment that can help in strengthening health services especially in difficult terrains.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work
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1 | Introduction

Implementation of immunization programs often faces
numerous challenges in delivering vaccines, especially in hard-
to-reach terrains such as hills, islands, dense forests and remote
villages [1, 2]. In India, road transportation serves as the most
commonly deployed mode for vaccine mobility at the district
level. Although such transportations works effectively in
regions with established metallic road connectivity, challenges
remain in hard-to-reach terrains [3, 4]. Natural disasters, social
disruptions causing blockades on roads, extreme weather con-
ditions etc. may interrupt timely delivery of vaccines in these
terrains [5]. On the other hand, pandemic-like situations such
as COVID-19 demands fast and efficient vaccine delivery with
wider geographical and population level coverage as vaccina-
tion prevents progression to disease severity and reduces chance
of hospitalization [6, 7].

Unmanned aerial systems (UAS) or drones, primarily developed
for defense purposes, since drones are known for their rapid,
cost-effective and safe delivery of goods even in hard-to-reach
terrains compared to other air transportation systems [8]. In
geographically diverse countries like India, it could be one of
the ways to overcome the transportation challenges. However,
this study was conducted in late 2020 to early 2021 in India
when using drones was challenging as it was not guided by
rules differentiated to define the limits, restrictions or permis-
sion. Whereas, as per the Drone Rules 2021, the Aircraft Act,
1934 (Aircraft Act) and the Aircraft Rules, 1937 (Aircraft Rules)
drone is that provides guidance and a legal framework where
drones can be used as delivery of medical supplies...with few
exceptions. The integration of drones into airspace raises reg-
ulatory and safety challenges. The literature discusses existing
regulations, potential risks, and the need for frameworks to
ensure safe operations, especially in populated areas [9].

As per the current Drone rules 2021, drones can be flown upto
400 feet above ground level (AGL) in green zone, where no
special permission is required for government operations and
research activities [10]. In case disaster sites are located far from
the supply and when access to the disaster site is difficult,
drones can be used for emergency medical supplies [11]. Drones
can significantly reduce delivery times for medical supplies,
particularly in rural or hard-to-reach areas. Studies highlight
the ability of drones to bypass traffic and terrain obstacles,
ensuring timely delivery of critical medical supplies such as
blood, vaccines, and medications [12].

The advantages far outweigh the difficulties, once it is put to
use, it might be helping in achieving the global goal of “Health
for All”.

Some studies explored drone-mediated vaccine delivery that
underscored its potential to revolutionize healthcare accessi-
bility, particularly in remote and hard-to-reach areas. Feasibility
of using drones to transport vaccines in rural Mozambique,
highlighting the ability of drones to overcome infrastructural
challenges and significantly reduce delivery times compared to
traditional methods like mobile real-time surveillance done for
Zika virus in Brazil [13]. The efficacy of drone delivery in
maintaining vaccine cold chain integrity and reaching isolated

communities was checked in rural Rwanda with limited road
access [14]. Several case studies demonstrate the successful
implementation of drone delivery systems. For example, Zipline
operates in countries like Rwanda and Ghana, delivering blood
and vaccines. These initiatives have shown promising results in
improving healthcare access and reducing wastage of medical
supplies [15]. Research indicates that drone delivery can
improve health outcomes by ensuring timely access to essential
supplies. Studies also explore the cost-effectiveness of drone
logistics compared to traditional methods [16]. While these
studies provide valuable insights into the feasibility of drone-
based vaccine delivery, they predominantly focus on specific
geographical contexts and operational parameters, leaving a
research gap regarding the broader accessibility and feasibility
of drones in healthcare delivery across diverse settings.

Some comparable studies that have been done in other nations
regarding the viability of using drones to deliver vaccines show
the difficulties encountered during the study. One feasibility
study conducted by Thapa offered one potential strategy for
deploying unmanned aerial vehicles (UAVs) to deliver vaccines
to remote regions of Nepal [17]. In Sri Lanka, Kurunegala [18],
was declared for a UAV deployment center that was advised as
the starting point for implementing the proposed UAV-
inclusive vaccine delivery system [19]. These studies are being
conducted to deal with the issues of traffic, truck load, to lessen
human resource, and logistical issues. UAVs program is pro-
posed as a solution to overcome system inefficiencies in Sri
Lanka's current vaccine cold chain because of their faster speed
and lower response time [18].

Various other institutions like All India Institute of Medical
Sciences (AIIMS), Rishikesh, Tehri government hospital have
also tried to understand the challenges associated with drone
based medical supplies in the lower himalayan ranges, where it
was difficult to reach by road due to difficult terrain [20].
Because of the future scope of drones as a transportation vehicle
and growing interest, there is need for more ground level evi-
dence on various feasibility aspects such as practicality, tech-
nical adaptability, effect of vibration, temperature effects, and
any physical impact due to drones based transport. The litera-
ture on drone-mediated medical deliveries illustrates a growing
interest in leveraging drone technology to enhance healthcare
delivery, particularly in challenging environments. While
operational efficiencies and positive health outcomes are evi-
dent, regulatory frameworks and public acceptance remain
critical areas for ongoing research [21]. Therefore, the present
study aimed to conduct field study to understand how effective
are indigenous drones in transporting dummy vaccine vials,
and what impact does such transportation have on the cold
chain maintenance within the Vaccine Carrier Box (VCB) and
the physical integrity of the vaccine vials.

This research is necessary due to the existing gap in under-
standing the phenomenon by which the vaccines can be
transported via drones under different time scenarios with few
climatic conditions such as temperature, humidity, wind speed,
and UV light and drone related factors such as vibration, and
vaccine vials’ physical integrity and leakage. By investigating
this vialsarea, the study aims to enhance our understanding of
the usage of drones as a safe transportation mode which is
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crucial for practical implications in medical research and ser-
vice delivery, policy-making, intervention strategies, etc.

The primary objectives of this study are: to explore the capa-
bility of indigenous drones to carry dummy vaccine vials and
evaluate the influence of this transportation on both the tem-
perature conditions within the VCB and the physical state of the
vaccine vials; and to contribute empirical data that can inform if
drones can be an effective method to transport the vaccines
without impact of climatic conditions, thus bridging the gap
between research and practice.

This study is an initial kind of study which is conducted in
regards to exploring the impact of environmental factors on the
drone and of vibrations on the physical integrity and leakage of
vaccine vials and was a success and demonstrated the effec-
tiveness of drones in transporting simulated vaccine vials,
demonstrating their operational capacity and temperature sta-
bility. The drones also demonstrated no physical damage,
leakage, or vibration during transportation, indicating their
ability to deliver sensitive medical supplies without compro-
mising quality. The findings suggest potential for drone-based
deliveries in remote or underserved areas. However, challenges
include obtaining regulatory approvals, a limited trial scope,
VLOS constraints, and a lack of cost-effectiveness analysis,
which could hinder the widespread implementation of drone
delivery in real-world scenarios.

2 | Materials and Methods

The present study was conducted in a controlled environment
at Indian Institute of Technology Kanpur Uttar Pradesh India,
to test the feasibility of drones to carry VCB in five different
sorties and to explore the possibility of integrating drone based
vaccine delivery in the existing vaccine delivery mechanism.
The focus of the study was based on the practicality of the
intervention in the use of drones in vaccine delivery. This study
was conceptualized by the Indian Council of Medical Research
(ICMR), New Delhi in December 2020 and implemented in May
2021. The study sites along with the sorties were pre-decided for
the planned flights.

2.1 | Study Setting

The visible line of sight (VLOS) drones were used in the study
where VLOS describes a flight in which the pilot maintains
constant visual contact with the drone that is intended to pre-
vent collisions with objects like buildings or trees. The VLOS
drone sorties were conducted within the premises of the Indian
Institute of Technology (IIT), Kanpur, India on a confined air-
strip of 3 km?. The airstrip is a part of the aerospace laboratory,
providing ambient air and land space for conducting drone
trials (Figure 3).

A. Stakeholders and Their Roles: To ensure the success of
the research, three organizations participated as study
partners. The following is a description of the various
roles within organizations. The following is a description
of the various roles within organizations:

1. The Indian Council of Medical Research: ICMR, New
Delhi, the apex body in India for the formulation, coordi-
nation and promotion of biomedical research, is one of the
oldest medical research bodies in the world. The ICMR
funded this study trying to find a practical solution to the
vaccine delivery chain system to the areas that are hard to
reach by road. ICMR obtained dummy Vaccine vials,
Vaccine Storage Box and were provided by Bharat Biotech.

2. IIT Kanpur & CD Space: Since the stakeholder partner is
an aerospace engineer and the area includes an airstrip
route accessible for drone-related operations, the site was
identified. In addition to providing knowledge in UAVs, CD
Space and IIT Kanpur established a drone command center
on the site, trained drone pilots, and handled other tech-
nical aspects. The multirotor drone was indigenously
designed by IIT Kanpur for the study as there were
restrictions at that time before Drone rules, 2021.

3. Research Team: A multi-disciplinary team comprising
members from medical background such as doctor, health
worker to ensure adherence to all SOPs related to packaging,
transportation of VCB, loading and unloading of VCB; en-
gineers consisted of a trained drone pilot and technical experts
to conduct and manage drone flights, drone-related activities,
also to capture the data related to flying operation; drone
partner to transport dummy vaccine vials. Multirotor drone
(Figure 1a) was used that falls under the category of small
unmanned aircraft vehicle as per the classification of Drone
Rules (2021) of which characteristics, and specifications
mentioned in Table 1 and drone configurations are men-
tioned in Table 2. The reason for selecting the multirotor
drone are:

« Multirotor drones were chosen for their stability, being the
first trial by the ICMR for this study.

« Their superior weight carrying capacity aligns perfectly
with our specifications.

« As it was indigenously designed by the IIT-Kanpur team,
the management of drones, including the drone team,
benefits from in-house expertize.

2.2 | Identification of Study Site

The selection of study sites and dummy vaccines was motivated by
an attempt to look into the usage of drones as an aerial delivery
mechanism. Since this study was carried out in 2021—before the
Drone Regulations of that year—a location at IIT Kanpur was
chosen, working with the aerospace engineering department, where
a 1000-m airstrip was accessible for use in drone-related operations.
The site was selected due to the number of restrictions of the
Ministry of Aviation and pandemic impacts which limited our
selection of site. To ensure that there were no inconsistencies in the
drone flights, the Aerospace Engineering team and the drone crew,
which included an operator and pilot, were present. Drones could
only fly in designated areas before receiving government authority
to fly anywhere. This was the rationale behind the site selection.

One of the objectives of the study was to monitor the effects of
the environment on the drone and dummy vaccinations during
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FIGURE1 |
monitor (EDLM) as per instructions.

TABLE 1 | Characteristics and technical specifications of drone.
Particulars Measures
Drone category Small
Drone type Multirotor
Drone's make CD Space Robotics Pvt. Ltd.
Drone's model name CDSHEXMO001
Drone's maximum weight 24 kg
Overall dimension 1400 X 1250 X 440 mm
Flight range 12-15km
Battery capacity 32,000 mAh
Total number of batteries Four (4)
GPS enabled Yes

flight, also to record the difficulties encountered. These difficul-
ties will then be taken into consideration for field based study to
strengthen the vaccine delivery system in the areas that are hard
to reach. To develop a study in a real scenario, space was iden-
tified and designated as Vaccine Storage Center. In this vaccine
storage center, a VCB was prepared that is used in the study.

1. Vaccine Storage Center: Site was identified near the
launching site of the airstrip (appx. 300 m away) where
the cold storage refrigerator was maintained for the vac-
cine vials. The study was conducted with dummy vaccine
vials (as supplied by the Bharat Biotech Pvt. Ltd) at the use
of 96 dummy vaccine vials (960 mL; 10 mL in each vial) in
16 compact boxes (Figures 1b and 2) were taken out from
the refrigerator which were kept in a cold chain main-
tained at 2°C-8°C and packed into the VCB along with
6 cool packs. VCB preparation was carried out as per the
Universal Immunization Program protocol [22]. As per
the COVID immunization program, the vaccines are
available only in a 5mL vial. A single dose of 0.5mL of
COVID-19 vaccine is administered through the IM route.
So each vial containing 5mL have 10 doses per vial for
administration. So the dummy vaccine vials provided by
Bharat Biotech were used in the trial. Key Specifications of
Dummy Vaccine vials and VCB used in the study for
vaccine transportation are presented in Table 3. In

(a) Multirotor drone used in study, (b) Dummy vaccine vials (provided by Bharat Biotech) (c) Placement of electronic data logging

addition, an electronic data logging monitor (EDLM) was
placed for monitoring the temperature (Figure 1c).

2. Drone Command Center: The drone command center
was established near the take off site (50 m away) shown in
Figure 3. It had sitting arrangements, electricity connection,
laptops equipped Mission Planner, fire extinguishers, emer-
gency vehicles ready and sheds for sittings. At this place a
drone pilot, engineer and Medical officer were present to
monitor drone behavior and vaccine transport respectively.

3. Take Off Site: After packaging, VCB was transported by
medical health workers to the take-off site which was
300 m away from the cold chain room and handed over to
the drone pilot for loading in the drone. The ground was
cleared before take-off with a command from the control
room, and then a drone sortie took place.

4. Landing Site: After completing the stipulated route, the
drone landed on the designated landing site (see Figure 3).
VCB was unloaded by the pilot who handed over the
package to the medical health worker after checking the
drone and VCB parameters.

5. Delivery Site: VCB after landing was taken by medical
health workers to the nearest cold storage site to examine
the physical quality, leakage of vaccine or any vial damage
which may happen during transport.

2.3 | Sortie Plan

The flight trials consisted of five sorties where, each at dif-
ferent time points i.e. 06.30 a.m., 07.30 a.m., 08.30 a.m.,
01.00 p.m. and 05.00 p.m., respectively, for Ist, IInd, IIIrd,
IVth, and Vth sorties (Table 5). The timing of sorties was
planned to expand over the entire daylight period to observe
the effect of various climatic conditions like temperature,
humidity, wind speed and ultra violet (UV) index on vaccine
transportation and drone performance. As the study was
conducted in the month of May, the temperature varies from
morning to evening and the temperature range was 21°C-35°C
due to which humidity also varies. The wind was more stable
in the early morning time as compared to noon and evening.
Therefore, different sorties were selected for the study to
observe the impact of changing climate on the drone
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TABLE 2 | Configurations of the drones.

Manufacturer’'s name

CD Space Robotics Pvt. Ltd.

RPAS Model No.
Serial No(s).
Description
RPA details
RPA category
Maximum all-up weigh (including payload) in kg
Overall dimensions (1 X b x h) in mm
Power plant details
Engine details (Manufacturer details, model No.)
Engine/Motor
Power Rating
No. of Engines/Motors
Total fuel capacity (kg)/Battery capacity (mAh)
Propeller details (Diameter, Max RPM)

CDSHEXMO001
D1DAOOUB6
Multirotor Small Class RPAS

Small
24 Kg
1400 X 1250 X 440

Hobbywing X6
Motor
2500 W
6
32,000 mAh
23 Inch, 6000 rpm

y LLRhAA,

FIGURE 2 |
dummy vaccine vials and VCB).

TABLE 3 | The detailed description of the vaccine carrier box.

Vaccine carrier box (Cold Chain)

Specifications

Weight of the carrier box (Vaccines, 4.5kg (with
ice packs and temperature logger) shipper)
Number of doses of single vial 10 doses
Number of vials per multi packs 16 vials

Number of multi-packs 6 multi packs

Quantity of vials in one Thermocol box 96 vials

throughout the day (shown in Figure 4). The route for the
flight started over the small circle of the selected site, which
expanded with each sortie. Biggest round that covered the area
was 4 km in diameter and the smallest was 400 m. There were

> Cardboard box

» Thermocol box

, Electronic Data Logging
Monitor (EDLM)

A 4

Total 960 doses

»Cooling gels

» Vaccine carrier box =96 vials of 10
»Drone Carrier dose each
(10ml)

» Dummy vaccine vials

Shipping configuration and packaging of Vaccine vials in VCB (adopted from the literature provided by Bharat Biotech along with

no poles, no trees on the selected site and human habitation
was also avoided for the selection of flight routes.

The Ist sortie was conducted without any payload to check the
technical feasibility of the drone flight. Followed by this, the
remaining four sorties carried dummy vaccine vials with varied
distance ranges, drone speed, flight time and altitude (Table 5).
The drone traveled through a predefined flight path that was
controlled by the drone command center. Data is mainly
observed and recorded sortie wise and then it is interpreted by
making comparison between the recorded values in these sorties.

2.4 | Data Collection and Analysis

Descriptive methods are used for data analysis using mean,
median and mode for measuring the values. The study
parameters recorded in this study were the medical supplies,
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DRONE COMMAND CENTER = :
Experts Totalfive fllghts.
Experts Tools 1. Drone Pilot :“;:l nsi:; :;(:) z:;e B
1. Drone Pilot 1. Launching 2. Medical S
D Ensinee: Pad Health Worker .SortieIl: 7:30 am
A e i 3.Sortie IT: 9:00 am
3. Technical 2. Electricity 3. Technical s
expert 3. GPS live expert 4:SortielV: 1:00pm
. i S.Sortie V: 5:00pm
4. Medical tracker R
Health Worker 4. Remote
5. Medical Control
Doctor 5. Mission
Planner
50 metres

SITE B (LANDING T Delivery Site
SITE)
eCold storage eLoading of VCB on eUnloading of VCB | eCold Storage
©96 Dummy drone as per as per protocol Site
Vaccine Vials standard protocol ePhysical Quality
(10ml each) Check
[ ' In case of emergency, Medical team with first aid and fire brigade team was ready for all sites. ]

FIGURE 3 | Flowchart showing the various sites for conducting VLOS drone flight sorties with different time slots.

Sorite ii'y

FIGURE 4 | Mission planner images highlighting the waypoints of flight details in Sortie II, Sortie III, Sortie IV, and Sortie V.
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TABLE 4 | Details of the parameters and platforms used to record the data.
Data sets

S. No. related to Parameters Tools used for data recording

1 Medical supply Temperature (outer surface of drone and Paper checklist, Electronic Digital Temperature
VCB inside) Logger, Infrared thermometer

2 Climate Temperature, clouds, humidity, wind Indian Meteorological Dept website

velocity, UV Index

3 Drone Navigation, Vibration, flight dynamics, Mission Planner
GNSS, HDoP

4 Distance and time  Horizontally distance covered on ground, Mission Planner

time and endurance

climate conditions, distance of the drone covered on the
ground, and drone parameters including navigation, vibration,
and flight dynamics of the drone. The data analysis process is
not conducted using statistical tools, as the parameters observed
and recorded were less in number and sorties so we performed
descriptive analysis. The details of these parameters and the
platform used for recording are given in Table 4.

2.5 | Study Parameters

An overview of various data sets related to different scenarios or
applications, along with the parameters being recorded and the
tools used for data recording (see Table 4) are given as below.

2,51 | Parameters for Medical Supply

Temperature (outer surface of drone and VCB inside) was recorded
using the tools such as paper checklist, electronic digital tempera-
ture logger, and infrared thermometer. The rationale for this is that
in the transportation of medical supplies via drones, maintaining
the appropriate temperature is crucial to preserve the integrity of
the supplies, especially sensitive items like vaccines or medications.
Monitoring the outer surface temperature of the drone and the
temperature inside the VCB ensures that the supplies are not ex-
posed to extreme conditions that could affect their efficacy.

2.5.2 | Parameters for Climate

Temperature of the area, clouds, humidity, wind velocity, and
UV Index were recorded using Indian Meteorological Depart-
ment website. Monitoring various climate parameters is essential
for understanding weather conditions, especially when operating
drones or conducting outdoor activities. Temperature, humidity,
wind velocity, and cloud cover affect flight performance and
safety. Additionally, UV Index monitoring is crucial for assessing
potential sun exposure risks to both equipment and personnel.

2.5.3 | Parameters for Drone

a. Navigation, Vibration, flight dynamics, GNSS (Global
Navigation Satellite System), HDoP (Horizontal Dilution of

Precision) were recorded using the Mission Planner. For
efficient and safe drone operations, it's essential to monitor
various parameters related to the drone’s performance and
navigation. This includes tracking navigation data, assess-
ing vibration levels to ensure mechanical integrity, ana-
lyzing flight dynamics for stability and control, and
monitoring GNSS signals along with HDoP to gauge posi-
tioning accuracy. Mission Planner is a tool commonly used
for mission planning and real-time monitoring of drone
flights, providing insights into these parameters.

b. Horizontally distance covered on ground, time, and en-
durance were recorded using Mission Planner. Tracking
distance covered on the ground, along with time and en-
durance metrics, provides essential data for assessing the
efficiency and performance of drone missions. This data
helps in planning routes, estimating mission durations,
and optimizing drone operations for various applications,
such as surveillance, delivery, or mapping.

These data sets and parameters, along with the specified tools for
data recording, are critical for ensuring the safety, efficiency, and
effectiveness of operations in diverse fields such as medical
supply delivery, climate monitoring, drone navigation, and mis-
sion planning. Inside temperature of VCB was measured by
Electronic Digital Temperature Logger (EDTL), the outside
temperature of the surface was measured by an infrared ther-
mometer, climate conditions were recorded using Indian Mete-
orological website, whereas drone parameters were recorded
using Mission Planner. Multiple data were recorded that was
related to sorties conducted at different time points that include
environmental factors, UAS and VCB related data. The external
temperature of the drone's outer cover, of VCB and the tem-
perature of the vaccine vials were monitored during every take-
off and landing. In-flight data such as distance traveled, drone
speed, duration, horizontal alignment angle and altitude of the
flight were also recorded. To analyse the technical feasibility and
impact of transporting vaccines through drones, GNSS, flight
dynamics, and vibration data were collected and analyzed after
the completion of each sortie. Furthermore, data related to ex-
ternal temperature, humidity, wind velocity and UV index were
collected for monitoring the environmental conditions.

At first, GNSS was used for aerial drone navigation and to verify
accurate positioning to ensure the autonomous delivery of VCB
following a predefined path. This was analyzed by Dilution of
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precision (DoP), which measures the error propagation as a
mathematical effect of navigation satellites on positional mea-
surement precision [23, 24]. In the present study, the HDoP
providing horizontal position values of the drone were mea-
sured as the experiment conducted in horizontal circular
motion within the controlled environment. The acceptable limit
of HDoP is > 20. Then, the flight dynamics of drone flights were
measured by analyzing the angle of rotations such as pitch and
roll angle to understand the stability of the flight duration [25].
Pitch angle is the rotation of the vehicle fixed between the side-
to-side axis (on a drone wingtip to wingtip) also called the lat-
eral or transverse axis; this means the up and down movement
of the vehicle's nose and tail. Roll angle is the rotation of the
vehicle on the front to the back axis (nose to tail) also known as
the longitudinal axis—a rolling movement up and down of the
wings of the aircraft. The acceptable pitch and roll angle for the
drone flight is < +15°. At last, vibration measurements that are
the most crucial metric for researching the viability of using
drones to deliver vaccines were recorded. The triaxle (X, Y,
and Z) vibration measurements were carried out during each
sortie as a vibration could affect the quality of medical goods
[26]. The acceptable vibration frequency should be < 15 Hzs in
the X and Y direction and < 30 Hzs in the Z direction.

2.6 | Institutional Ethic Approvals

The conditional exemption from UAS rules, 2017 was issued by
the Ministry of Civil Aviation (MoCA) for conducting a dry run
related to COVID-19 vaccine delivery. Approvals and drone's
Standard Operating Procedures (SOPs) were obtained from the
Director-General of Civil Aviation (DGCA) and the trials were
restricted to up to 65 m altitude AGL and within VLOS. This
pilot experiment further received approval from the ICMR,
Central Ethic Committee on Human Research (CECHR) Ben-
galuru, India on 8 January 2021. Apart from these teams, the
institutional fire brigade and the emergency vehicles were
arranged where the emergency medical team was also informed
and kept ready to manage unforeseen events (if any).

2.7 | Regulatory Approval

Drone regulations were nonexistent at the time, thus ICMR had to
obtain special permission from the ministry of civil aviation, local
government, emergency services, and the medical community.
Since drones cannot be transported by air, special authorization

was obtained to carry the drone by road. The authorities—the
police and hospitals—were consulted for authorization to perform
the study during the pandemic. Unmanned pathway was selected
in the Airstrip of IIT Kanpur.

3 | Results

Total five sorties were conducted to see the various parameters
related to feasibility, vaccine transportation, drone's capacity,
vaccine vial condition and temperature maintenance. Table 5
depicts various parameters observed during flight. The average
time required for the VCB preparation was 5-7 min and it took
3-4 min to transport the VCB to the take-off site and to load into
the drone, which was 300 m away from the cold storage site.
Range of the external temperature of the VCB was 18°C-35°C
and the range of temperature of drone outer surface was in the
range of 20°C-38°C. The total weight of the drone was 24 kg
including battery weight (5kg). During the Ist sortie, vertical
take-off and landing were performed at 40 m altitude for 5 min
without any payload, to check the flying condition of the drone.
In the rest of the four sorties, the traveling distance, drone speed,
total flight time and maximum flying altitude were progressively
increased to observe the capacity of the drone to a safe landing.

The maximum traveled distance was 17 km (see Figure 5) with
a drone speed of 12 m/s during the Vth sortie. The total time of
the flight was 31.46 min at a maximum altitude of 68 m AGL
(see Table 5). The ambient temperature ranged from 21°C to
36°C during the entire study period. The humidity varied from
25% to 27% throughout the study period. The wind velocity
ranged from 1.38 to 3.05 m/s, the lowest velocity being recorded
during the Ist and IInd sortie and the highest during Vth sortie.
The UV index was low throughout the study period.

The GNSS data for all stories were within the range of 14-20
HDoP. The flight dynamic data showed that all sorties were less
than +15° The tri-axle vibration data showed that vibration
measures were within the acceptable range during all sorties.

While drone flight, no unexpected event happened. The Drone was
able to follow the instruction given, and followed a predetermined
path. After a successful and smooth landing, medical health
workers unloaded the box from the drone and then evaluated it.
Afterwards it was taken to the vaccination site room where phys-
ical inspection of vaccine vials was done and then these were
transferred to a cold storage unit. Some of the important observa-
tional values before and after flight are given in Table 6.

TABLE 5 | Details of flight parameters observed in different sorties during the study.
Payload Distance Drone speed Total time of Max.
S. No Sortie Time slot (kg) covered (KM) (meter/second) flight (min) Altitude (M)
1 Sortie I 06:30 a.m. Nil VTOL NA 5 40
2 Sortie II 07:30 a.m. 4.8 0.400 5 1.40 10
3 Sortie III  08:30 a.m. 4.8 6.2 5 24.47 60
4 Sortie IV 01:00 p.m. 4.8 13.2 10 28.26 60
5 Sortie V 05:00 p.m. 3.7 17 12 31.46 68
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TABLE 6 Details of observational values to parameters of drone flights.
S. No Various parameters assessed Observations
1. Total numbers of Sorties conducted Five sorties
2. Maximum speed achieved (during fly) 12m/s
3. Minimum speed (during fly) 0 m/s (Standstill)
4. Average temperature outside the VCB (before flight) 31.4°C
5. Average temperature outside the VCB (after landing) 35°C
6. Range of temperature maintained inside VCB 3.3°C-3.8°C
7. Maximum altitude achieved 68 m
8. The maximum duration of the drone flight 31 min
9. The maximum distance covered by the flight 17.1km
10. Effect of vibration/Damage to vials None
11. Any unexpected event happened No
12. Deviation from the defined track No
13. Average Payload 4.5Kg
14. Vaccine box details Weight: 4.5kg, 270 X 27 X 230 mm
15. No. of Vaccine vials 96 vials (960 doses)

Similar to loading, the average time required for unloading the
VCB and transporting it to the vaccine storage center was 5 min.
No damage, leakage or turbidity was observed in dummy vac-
cine vials after the drone transportation. Similarly, no internal
or external physical damage was observed in the VCB. The seal
of the VCB was intact, and the digital temperature logging
monitor was functioning properly and was recording the tem-
perature. The EDLM was analyzed for temperature charting.
The data recorded from the EDLM showed the average tem-
perature ranged from 3.5°C to 3.8°C during sorties carried out
(Table 7). Average outside temperature of the VCB was 31.4°C
and 34.5°C before and after flight respectively. The VCB was

able to maintain the inside temperature between 3.3°C and
3.8°C.

3.1 | Challenges Faced

Number of studies describes the challenges they have faced
while conducting drone studies for medical supplies. One of
these explains these challenges, including vaccine costs, tem-
perature requirements, packaging design, accessibility to
appropriate local cooling equipment and maintenance, demand
and delivery frequency, and availability [18] while the vaccine
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TABLE 7 | Various parameters collected during the trial sorties along with a dummy vaccine.
S. No. Parameters Sortie I  Sortie II  Sortie III  Sortie IV  Sortie V
1 Weather Ambient temperature (°C) 21 25 25 36 35
conditions Humidity 25% 25% 25% 27% 25%
Wind velocity (direction) (km/hr) 5 (NNE) 5 (NNE) 9 (NNE) 8 (NNE) 11 (NNE)
UV index (range) Low Low Low Low Low
2 Take-off VCB loading and transportation 4 5 4 4 5
time (min)
The temperature of the Drone's 20 25 25 38 35
outer cover (°C)
The temperature of the VCB 18 20 22 35 35
outer cover (°C)
3 Landing VCB unloading time (min) 8 8 8 8 8
The temperature of the Drone's 23 26 27 39 38
outer cover (°C)
The temperature of the VCB 20 21 23 36 36
outer cover (°C)
4 Vaccine Average temperature (°C) 34 3.5 3.7 3.6 3.8
carrier box
TABLE 8 | Details for performance details of drone with battery need to ensure drone batteries provide extended flight
life. time, explore alternative transportation methods for
Maximum endurance (h/m) 40 min hthlu.m—.lon. batteries t(? oyercome loglstlcal hurdle:s. Bat-
) ) tery limitations and logistical hurdles in transportation not
Maximum range (in km) 20km only affect operational efficiency but also impact the socio-
Maximum speed (in m/s) 15m/s economic landscape. Addressing these challenges could
Maximum height attainable/ 1000 enhance accessibility to healthcare resources, especially in
maximum ceiling height (in ft) remote or underserved areas.
Operating altitude (in ft) 400 - Transportation of VCB to Landing Site: To minimize
operational the transportation time and timely usage of vaccines, both
Envelope 400 ft the take-off and landing sites should be proximal as much

Max RPM 6000/Max
Battery Temp 70 deg
Celsius

Max RPM 10000

Engine limits (maximum RPM)/
Max. battery temperature
(in deg C)

Propeller limits

supply chain. Still, drones are cutting-edge delivery systems that
have the potential to improve the efficiency [27] of the present
vaccination supply chain systems. Some of the challenges faced
in our study are as follows:

1. Operational Challenges Identified

- Battery Related: Two sets of batteries were used for the
drone flight (details given in Table 8) for which one person
was required at the landing site to replace or charge the
batteries whenever required. So, battery number should
not be a limitation while usage of drones. Also, as per
DGCA rules, transportation of lithium-ion batteries is
allowed only by road or train, not by air so, in case the
concerned area for usage of drones is difficult to reach due
to hard terrain or challenging areas. Therefore, there is a

as possible to the cold storage points without compromis-
ing the safety and quality. There is a need to optimize the
location of take-off and landing sites near cold storage
points for efficient transportation of vaccines.

2. Implementation Challenges

- Trained Manpower: As trained experts are required
at both take-off and landing sites to operate the drone, the
automatic unloading of the payload and return to
the home would have been the ideal option, as it would
reduce the need for experts at the site of delivery. In future,
there is a need to develop autonomous drone systems for
payload unloading and return to base to reduce reliance on
expert manpower at delivery sites.

- Training and Orientation: Orientation around drone
technology as well as healthcare delivery for both drone
operators and healthcare workers are required for smooth
functioning of the program and to delineate their respec-
tive roles. Therefore, need to provide comprehensive
training on drone technology and healthcare delivery to
both operators and healthcare workers to streamline
operations. The transition to autonomous drone systems
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may raise concerns about job displacement among manual
laborers. Efforts should be made to provide retraining
opportunities and ensure that technological advancements
benefit all stakeholders.

3. Environmental Challenges

The wind was more stable in the morning and grew faster
afterwards. High winds and clouds can be a challenging
situation for drone flights. There is need to address fluc-
tuating wind patterns and adverse weather conditions by
scheduling drone flights during periods of stable weather
conditions, such as in the morning. Understanding the
ecological footprint of drone operations, including their
energy consumption and potential disturbances to wild-
life, is essential for sustainable implementation. Balancing
environmental conservation with the benefits of drone
technology is key. As climate change alters weather pat-
terns, designing drones and flight schedules resilient to
changing environmental conditions becomes imperative
for reliable service delivery.

4. Regulatory barriers

Drone-based vaccination delivery systems face regulatory bar-
riers, including approvals as per airspace rules, transport and
safety requirements. Deployment was delayed due to bureau-
cratic processes, drone misuse concerns, airspace congestion,
and liability issues due to which a number of approvals were
taken. Also, in the absence of regulations at that time, there was
matter of security and privacy issues which is why this study is
conducted in confined Airstrip in IIT Kanpur. In future, to
avoid any delay there is a need to streamline bureaucratic
processes, address safety concerns, and ensure compliance with
drone rules 2021.

Involving local communities in the planning and execution of
drone operations can foster acceptance and support, mitigating
potential resistance towards the technology.

4 | Discussion

The study concludes that using drones for transporting medical
supplies in remote areas can significantly reduce turnaround
times for viral load testing. However, the cost of implementing a
UAV-based system is notably higher than traditional transport
methods, indicating a need for careful consideration of financial
implications alongside potential health benefits [28]. Many
countries started integrating drones for medical delivery such as
Rwanda is the first country to start a drone delivery program
known as “Uber for blood” [29]. One study was conducted in
restricted airspace in a military aircraft test range that investi-
gates the stability of biological samples during prolonged drone
flights where samples were kept in a cooling box for 3 h, but as a
result glucose and potassium showed significant biases due to
temperature differences [30]. One study conducted in chal-
lenging terrains such as mountainous regions and flood-prone
areas in Nepal, emphasized the adaptability of drones to various
environmental conditions and highlighted the potential for
scalable deployment in resource-constrained settings [31]. The
study primarily assessed technical aspects such as flight

endurance and payload capacity. In this study, along with the
flight endurance, and payload capacity the impact of climate on
the vaccine vials was recorded while transportation where the
average time required for the preparation of the VCB and the
transportation from vaccine storage box to the take-off site took
around 11 min. Similarly, the unloading and transporting of
VCB to the Vaccine Storage Center took about 6 min. One such
strategy involves building and deploying a customized drone
prototype in Nepal. The vaccine was transported by drone
equipped with a vaccine carrier from Simikot Airport to the
Local 18 Mission hospital, a 400-m distance that takes
11-15 min [18]. Our study showed that the internal temperature
of VCB was consistently maintained between 3°C and 4°C,
during the VCB preparation and transportation, by adhering to
the manufacturer’s guidelines and UIP (Universal Immuniza-
tion Program) standard operating procedures. Although the
environmental and drone body temperature varied between
18°C and 39°C, the internal temperature of VCB was not
affected by such temperature extremes. Also, the distance tra-
veled and total flight time was 3.4-17km and 5-32min,
respectively, which did not have an impact on VCB's internal
temperature environment.

The environmental parameters monitored in our investiga-
tion such as ambient temperature, wind speed, and humidity,
were within the permissible range [32]. The wind speed
observed during the study period was in the range of
1.38-3.05m/s, which was less than 10 m/s the maximum
wind speed resistance allowed for common drones. In addi-
tion, the average air temperature 2 m above the ground level
was recorded in the range of 21°C-36°C, which was within
the operational temperature range of common drones i.e.
0°C-40°C [5]. However, we had sorties during different times
of day in summer. The relative humidity and UV index were
low, which did not hinder the drone flights under study sit-
uations. Noticeably, Global Flyability of drones has been re-
ported to be higher in warm and dry conditions than in the
oceans and at high latitudes [5].

The GNSS data collected during the drone flights revealed that
the HDoP were within the acceptable limit of <20, which
confirmed the navigation of the drone following the pre-
defined path by the drone operator. In addition, both roll and
pitch angles of the drone during each sortie were < +15°,
which ensured that the dynamics of the drone did not have
any plausible detrimental effect on the payload. The tri-axle
vibration data revealed that the maximum vibration frequency
observed during the study period did not cross 15 Hz in the X
and Y direction and 30 Hz in the Z direction. Conceivably, the
safe wind speed observed throughout the study period might
have played an important role in maintaining such parameters
within acceptable limits. The operations during the current
investigation were carried out by adhering to the given
parameters in terms of payload, drone speed, endurance and
altitude as defined by the drone manufacturer and SOPs issued
by DGCA.

Furthermore, there was no external and internal damage either
to the drone or the VCB. Importantly, there was no leakage in
the cool packs or dummy vaccine vials. This indicates that the
drone used in the study transported dummy vaccine vials and
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VCB safely within the range of capacity as defined by the
manufacturer.

This study has a number of limitations because it was only
done at one location and at different times; it could have been
done at different locations, on different days, or during a
different season. Also, usage of the simulated vaccine vials in
this study results might differ for using the real vaccines so it
should be tested in real conditions. After this study the
implementation process of drone-based delivery of medical
supplies, operational challenges and innovations adopted by
scientists in Manipur and Nagaland were elucidated in the
study conducted by ICMR [33]. The team's experiences
obtaining permission on a case-by-case basis and coordinat-
ing with state and federal aviation authorities, district ad-
ministrations, and health authorities were noted. The
deployment of appropriate drones, payload capacity, opera-
tional time management, and drone transportation were
identified as the technical and logistical challenges associated
with drones in difficult terrain. Medical supply deliveries via
drones are proving to be timely, nevertheless, resolving
operational issues that might offer a useful long-term
deployment plan [34].

4.1 | Limitations

1. Conducting the study in a controlled environment at IIT
Kanpur limits generalizability. Future studies should
include diverse geographical locations and real-world
conditions. While the study employed a Visual Line of
Sight (VLOS) drone, acknowledging the need for BVLOS
drones is crucial for extrapolating findings to real-world
scenarios. BVLOS capabilities are essential for covering
larger areas efficiently, especially in regions with diverse
geographical landscapes.

2. This study used dummy vaccines that are needed to
confirm in real case scenarios where real vaccines are to
be delivered in real locations. The use of dummy vac-
cines in the study is understandable for initial experi-
mentation and validation. However, transitioning to real-
world scenarios with genuine vaccines and delivery sites
is imperative for confirming the practical applicability
and effectiveness of the drone delivery system. This shift
ensures that the findings accurately reflect the challenges
and complexities encountered in real vaccine distribu-
tion efforts.

3. Current study was conducted in the plains using a mul-
tirotor drone which was designed specifically for that
terrain highlighting an important consideration. Different
geographical landscapes across the country necessitate the
adaptation of drone technologies to suit varying environ-
mental conditions and topographies. In future geograph-
ical considerations by examining specific geographic
contexts, such as urban areas, remote rural regions, or
mountainous terrains is needed to present unique chal-
lenges and opportunities for drone-based vaccine delivery.
Discussing these variations in detail can provide insights
into the feasibility and challenges of implementing drone
delivery systems nationwide.

Key findings of drone usage in vaccine delivery system

« Drones are able to transport the vaccines successfully
without any damage. Therefore, drone usage in vaccine
delivery systems strengthens the health system.

« Drones are able to transport the vaccines without any
leakage, as the packaging was done as per standard
protocol with maintained insulation of VCB.

« Drones are able to maintain the temperature of the
VCB without any exposure to the external temperature
variations.

+ Drone flight (VLOS) is successful as a possibility to
integrate drone based vaccine delivery without any
impact of external factors. However, BVLOS drone
flights are important and suggested to cover the larger
areas in the field in real situations.

« Drones are able to reduce the transportation time as
vaccine cold storage was nearby the take off and landing
sites to maintain the cold chain for safe delivery.

« Wind is more stable in the morning, so in the case of
the routine vaccine delivery system, before noon is the
preferable time to conduct the flights.

These results might influence how the drone sortie carrying
medical supplies is planned in the future.

Key features for future use of drone in vaccine delivery
system

« Include a variety of geographical and environmental
settings to better simulate real-world conditions.

+ Transition from using simulated vaccine vials to real
vaccines to better understand practical challenges and
impacts on vaccine integrity.

« Use more sophisticated statistical tools and
methodologies for data analysis to ensure robust
interpretation of results.

« Engage with regulatory bodies, healthcare providers,
and technology experts to address multifaceted
challenges of drone-mediated vaccine delivery.

+ Conduct longitudinal studies to assess the long-term
feasibility and sustainability of drone deliveries,
including cost-effectiveness and scalability.

» Address policy and ethical considerations in more
detail, discussing how to navigate regulatory
frameworks and public acceptance issues.

By addressing these areas, the research can provide a more
comprehensive and robust evaluation of the feasibility of
drone-mediated vaccine delivery, ultimately contributing to
more effective healthcare delivery solutions.

+ Drones can be employed to transport vaccines to
remote or hard-to-reach areas. These can overcome
obstacles caused by poor road infrastructure.

+ Drones can significantly reduce transportation time
compared to traditional methods of the vaccine delivery
chain system, ensuring that vaccines reach their
destinations quickly.

(Continues)
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» Drones can be quickly deployed to distribute vaccines
to affected areas during emergencies or panic
situations, such as disease outbreaks or natural
disasters, enabling timely reaction with containment
efforts.

« It is important to download the Keyhole markup
language (KML) file in advance that is needed before
the drone flights to record the geographic data as
predetermined the path of the drone flights were
planned. KML files are required for the flexibility to
plan missions based on pre-defined boundaries from
another application, like Google Earth.

« It is suggested that the battery weight can be reduced
by using light batteries for more endurance in the
future.

« It is advisable to establish the emergency center with a
medical and fire brigade team prepared with standard
protocol to be followed in case of unexpected or injury
to the person handling the drone.

Despite these, there are some challenges associated with
drone usage in vaccine delivery, including hurdles related to
regulation of the drone delivery system, logistical
considerations, public acceptance of drones, and the cost
effectiveness. Therefore, future studies should focus on these
areas of challenges to make it far better.

5 | Conclusion and Way Forward

The study's conclusion underscores the successful adherence to
vaccine transportation guidelines and drone rules [35] for
transporting vaccine vials and VCB using drones in India.
Despite various limitations, the study was successfully com-
pleted and no impact of environment found as such on drone
and there was no physical damage of the vaccine vials or the
VCB due to vibrations of the drone. The crucial aspect was
the maintenance of the temperature of vaccine vials within the
recommended range during transportation, despite external
temperature variations, which highlights the safety and reli-
ability of drones for vaccine delivery. Moreover, the observed
absence of physical damage to VCB components, including
dummy vaccine vials, emphasizes the safety and integrity of the
delivery process. This finding may have significant implications
for public health, as it opens avenues for more efficient and
potentially widespread vaccine distribution that is possible if it
is adhered to protocols and guidelines. According to this study,
it may be feasible to control the vaccination distribution system
in challenging terrain locations that are hard to reach by road.
Additionally, using drones to maintain the immunization chain
system may make it easier to reach remote locations. The study
focused on VLOS operations, which limited coverage and effi-
ciency in delivering vaccines to remote or inaccessible areas.
Future research should explore BVLOS capabilities to assess
their feasibility and effectiveness in real-world scenarios. The
study's specificity may limit its applicability to other locations
with different logistical, environmental, and infrastructural
challenges. Future assessments should consider the diversity of
geographical landscapes and evaluate the suitability of various
drone types for different case scenarios. The choice of a

multirotor drone may introduce limitations in terms of range,
payload capacity, and adaptability to different terrains. This
study offers insights into the performance of multirotor drones,
enabling recommendations in drone design for related uses.
Evaluating multirotor drone performance against other varieties
can help choose future drones tailored to specific delivery
requirements and environmental factors. The study acknowl-
edges that dummy vaccine vials may not accurately represent
the intricacies of vaccine administration, such as fragility or
temperature management. It encourages further research into
the consequences of using actual vaccinations, including eval-
uating the system's capacity to preserve vaccine integrity during
delivery and transportation.

The use of drones for vaccine delivery in healthcare has sig-
nificant policy implications, including establishing a regulatory
framework, integrating drone systems into existing health fra-
meworks, promoting public awareness and trust, and advocat-
ing for public and private investment in drone technology and
infrastructure. Government bodies, NGOs, and international
organizations can collaborate to design pilot programs, establish
guidelines, and engage local health departments in community-
specific needs assessments. The use of drones can also improve
health access, healthcare delivery, and equity in healthcare. The
potential economic and social impacts of drone-mediated vac-
cine delivery include cost reduction, job creation, and improved
health access. Regulatory changes, such as amending airspace
regulations, operational guidelines, and data privacy and secu-
rity, are necessary to ensure the sustainability and scalability of
these programs.
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