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Abstract—Access to quality education remains unequal, par-
ticularly in rural areas where Internet connectivity is limited
or nonexistent. This paper introduces a framework for a digital
learning platform that uses Delay Tolerant Networking (DTN) to
extend educational opportunities to underserved communities.
Unlike conventional models that rely on continuous Internet
access, DTN offers an affordable and sustainable solution by
leveraging existing transportation infrastructure. Beyond its tech-
nical contributions, the framework addresses ethical imperatives
by promoting educational equity and digital inclusion. We present
a prototype tested on a university campus, demonstrating the
feasibility of DTN for educational delivery. By addressing the
digital divide, this framework aligns with global goals of inclusive
education and sustainable development.

Index Terms—Delay Tolerant Networking (DTN), e-learning,
Educational Digital Divide.

I. INTRODUCTION
A. Motivation

In recent years, access to the Internet has become a funda-
mental requirement for economic and social growth. In fact,
Internet connection is of paramount importance, so the United
Nations (UN) declared in their common agenda that universal
access to the Internet by 2030 is a basic human right [1I.
Nevertheless, according to the latest International Telecommu-
nication Union (ITU) reports, around one-third of the world’s
population, some 2.9 billion people, remain with no access
to the Internet, most of whom live in developing countries
and rural areas [2]. This disparity creates what is commonly
referred to as the digital divide, which not only limits access to
information but also reinforces pre-existing inequalities related
to income, geography, gender, and disability [3], [4].

In recent years, a significant transformation has reshaped
our approach to education. The traditional classroom model,
where students solely rely on teachers’ presentations, is giving
way to a new paradigm. Extensive research has already high-
lighted the positive impact of information and communication
technologies (ICTs) on education, including improved access
to abundant online resources and digital learning content [J5]].
However, one of the key components to accessing digital
content is to have a robust ICT infrastructure, which is lacking
in many rural and remote areas. These digital resources acces-
sible via the Internet offer rural communities the opportunity
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to access quality education and skill development programs
that might not be readily available locally. This empowers
individuals and equips them with the necessary knowledge
and skills for socio-economic advancement.

B. Digital Learning for Rural Areas

Traditional learning methods include the establishment of
physical schools or colleges along with the recruitment of
faculty and staff. However, creating such institutions and hiring
full-time educators requires substantial resources in rural areas.
Moreover, professionally trained teachers often prefer urban
areas for work and residence, leaving rural populations without
access to quality educators and, consequently, quality educa-
tion [6]. To address this disparity, online learning platforms
can provide high-quality education with up-to-date learning
materials [5]. Numerous e-learning platforms are available
online, requiring continuous Internet connectivity. Alterna-
tively, e-learning can be locally hosted in rural areas where
uninterrupted Internet access cannot always be guaranteed.
However, to ensure that the platform remains up-to-date with
the latest resources and allows users to collaborate beyond
geographical reach, periodic Internet connectivity is at least
necessary for the platform for content updates.

C. ICT Requirements for Digital Learning

Improving access to education in rural areas through the
use of ICT requires a concerted effort to overcome isolation
and connectivity challenges. As evidenced in [7], on rural
secondary education in South Africa, insufficient equipment
and limited access to connectivity hinder the widespread
adoption of digital learning processes. Additionally, the high
cost of ICT infrastructure presents another barrier to imple-
menting effective digital learning initiatives in rural regions.
Similar considerations and challenges apply to both higher
and primary education and are highlighted in [8]. The impact
of digital learning on rural communities, as highlighted in
the study on [9], goes beyond knowledge acquisition and
technology skills. It also plays a crucial role in fostering social
and intellectual development, ultimately contributing to the
overall well-being and progress of rural populations.

D. Access to the Internet in Schools

It is imperative for schools to have access to the Internet,
as digital skills have become essential for young people
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to enter the labor market [2]. The significance of Internet
access in schools has been stressed during the COVID-19
pandemic, where schools without Internet connectivity faced
challenges transitioning to online learning when required to
close physically. However, data collected by UNESCO reveals
that there are still many schools around the world that lack
access to the Internet [2]. Globally, approximately 40 per cent
of primary and 66 per cent of secondary schools had access
to the Internet. In the least developed countries (LDCs), these
numbers were even lower, with 28 per cent of primary schools
and 35 per cent of secondary schools having Internet access.
While there have been improvements over the past years,
access to the Internet in schools is still lacking in many
regions. One such example to address the digital divide in
education is a joint effort by ITU and UNICEF with the Giga
initiative [[10], with the mission to connect schools worldwide
to the Internet. Currently, Giga has mapped around 1 million
schools in mostly lower-income countries out of an estimated
6 million schools worldwide. However, data from UNESCO
reveals that approximately 43 per cent of these mapped schools
still lack Internet connectivity, indicating the need for further
efforts to bridge the digital gap.

E. Backhaul Technologies in Rural Areas

Bringing traditional cellular links to rural areas to extend
network coverage can often be cost-prohibitive. Compared
to urban locations, remote and rural connectivity faces bar-
riers in large geographical distances and complex terrain.
In addition, the low population density of rural locations
and socio-economic factors potentially imply that the average
revenue per mobile cell site will be much lower than in urban
environments. Hence, in long backhaul stretches traversing
non-populated areas, appropriate towers and repeaters need
to be built to reach rural areas, which requires substantial
investment that is lacking in many rural areas [11]. Another
appealing solution is to connect rural areas with satellite
networks. Various satellite connection providers offer telecom-
munication services and Internet access worldwide. Particu-
larly, many companies have grand ambitions for their low
Earth orbit (LEO) constellations, including SpaceX’s Starlink
and OneWeb, which have promising potential to provide
scalable broadband connectivity for remote areas [12]. Despite
the effectiveness of satellite networks to provide extensive
coverage and reasonable speeds, the reality remains that they
involve high costs in installation and maintenance. Even the
more decently priced options can still be quite expensive, with
annual billing being common.

On the other hand, delay-tolerant networking (DTN) frame-
work was proposed as a backhaul connectivity solution for
rural areas [13]. In fact, when connectivity is absent or
limited, DTN can rely on data mules like cars, trucks, and
buses to carry data from remote rural areas to urban centres
where connectivity to the Internet is provided. Thus, data
can be stored in local nodes in remote areas until a DTN
data mule collects it and carries it to the urban area. This
idea of opportunistic communication needs little infrastructure
investment yet can serve as a viable backhaul connection,

especially for applications that can tolerate connection delays
and disruptions. The DTN-based approach explored in this
article prioritizes sustainability and inclusivity by utilizing
existing infrastructure and minimizing costs, aligning with
global efforts for equitable access to the digital world [3].

F. Article Outline

This article explores the DTN framework’s potential as
a viable opportunistic backhaul solution to facilitate digital
learning in rural areas; essentially, we try to address the
digital divide in education via DTN. The proposed framework
empowers rural learners with access to a reliable digital
learning platform, thereby enhancing their engagement with
the world of ICT. To achieve these aims, we provide a
brief overview of the DTN framework and its operation.
Subsequently, we highlight the proposed DTN-enabled digital
learning platform solution and its properties. We then detail
a prototype we designed and tested on our university campus
before concluding the article.

II. BACKGROUND: DELAY-TOLERANT NETWORKING

Traditional Internet rely on continuous, reliable connections
between devices, allowing data to travel quickly and directly
from sender to receiver. This setup works well in urban areas
with good infrastructure but faces significant challenges in
rural or remote regions where such connections are often
unavailable or unreliable [14]]. DTN offers a different approach
suited to these challenging environments. Instead of expecting
constant connections, DTNs are designed to handle situations
where devices connect intermittently and unpredictably. In
these networks, data is stored temporarily on mobile devices,
carried around as the devices move, and forwarded when
the devices come into contact with others. This store-and-
forward mechanism allows information to eventually reach its
destination, even if the connection is sporadic or delayed. Two
key characteristics make DTN particularly valuable for rural
development: First, the system requires minimal infrastructure
investment. As shown in Figure[I] it builds upon existing trans-
portation networks and simple wireless technologies. Rural
schools need only a basic DTN terminal with appropriate wire-
less capability to participate in the network. The data mules,
which are vehicles equipped with DTN terminals, require
no special routing or scheduling beyond their normal opera-
tions. Second, the technology enables meaningful connectivity
despite temporal delays. While real-time applications prove
challenging, many essential services, including educational
content delivery, health record synchronization, and market
information sharing, function effectively with periodic updates.
Hence, the proposed framework does not target services with
strict latency or real time interaction requirements.

A. DTN for Rural Areas

Despite its origins in space communication, DTN has
proven to be valuable for connecting rural and underserved
communities that lack reliable traditional communication in-
frastructure. In many parts of the world, remote villages
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Fig. 1: DTN connectivity architecture for rural areas. The sys-
tem connects remote schools through existing transportation
infrastructure, creating an affordable and sustainable connec-
tivity solution.

and isolated regions face significant barriers to accessing
information, education, healthcare, and economic opportuni-
ties due to limited or unreliable connectivity. DTN offers a
practical approach to overcoming these challenges by lever-
aging existing transportation systems. Numerous works have
explored various ways to implement DTN in rural settings. For
example, the authors in [15] propose using public transport
buses as mobile communication nodes to establish connec-
tions between remote villages in Bangladesh. This approach
transforms everyday transportation into a means of digital
connectivity, enabling communities to exchange vital informa-
tion without the need for expensive infrastructure investments.
Similarly, the authors in [[16] explored DTN deployments
in mountainous villages in Sweden utilizing helicopters as
mobile data mules, demonstrating how technology can adapt
to challenging environments, ensuring that even the most
isolated communities can participate in the digital age. Further
studies, such as [17], showcase the deployment of DTN over
Android devices, turning everyday smartphones into portable
communication nodes. This approach empowers individuals
in remote areas to maintain contact with their communities
and access information during times of crisis or infrastructural
failure.

III. DIGITAL LEARNING PLATFORM FOR RURAL SCHOOLS
THROUGH DTN

In rural communities where Internet access is unreliable or
nonexistent, students and teachers face significant barriers to
digital education. Our proposed solution combines a digital
learning platform with DTN, designed to provide educational
resources even in areas with poor connectivity. This approach
addresses not just technical challenges, but also the broader
social inequities in education access. While traditional online
platforms require constant Internet access, our proposed frame-
work stores educational resources locally and synchronizes
with the Internet only when a connection becomes available
through mobile DTN nodes. These nodes, attached to vehicles

like buses or trucks, act as digital couriers, transporting data
between rural schools and urban areas with Internet access.
The system architecture of the proposed framework is shown
in Figs. [I] and [2] Rural networks consist of a DTN node
and a digital learning platform. Users in rural areas can
access the platform using a Wi-Fi connection, making it more
accessible to a large segment of users. The rural network is
opportunistically connected to the Internet via mobile DTN
nodes, which will carry the data between the rural and city
networks.
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Fig. 2: How the rural education network operates: (1) Schools
host local digital learning platforms; (2) Mobile nodes on
vehicles exchange data when in range; (3) Urban gateways
connect to the Internet.
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A. DTN Communication Nodes

The framework’s components work together to create edu-
cational opportunities where they are needed most. In this part,
we highlight the DTN communication nodes that facilitate
connecting rural areas to urban areas with Internet connec-
tivity. 1) Rural DTN Node: Each rural school maintains a
local server with educational materials. When a bus or other
vehicle with a DTN node comes within range, the system
automatically exchanges data, such as uploading student work
and downloading new resources. These nodes are highlighted
in Fig. 1l 2) Mobile DTN Node: Vehicles that regularly travel
between rural and urban areas (like school buses or delivery
trucks) carry small computing devices. These automatically
collect and deliver educational content as they move between
areas with and without Internet access. In Fig. [I] we show
an example of a bus carrying a DTN node with a wireless
interface. Once the node is within the range of the remote
school, it establishes a connection with the rural nodes. 3) Ur-
ban DTN Node: Located in urban areas, this node functions
as a gateway between the DTN network and the Internet.
It processes DTN traffic from remote locations, forwards
data through the Internet, and supports updates from remote
administrative servers to the mobile DTN node. These nodes
establish wireless connections opportunistically based on the
adopted wireless technology.

B. Empowering Learners Through Adaptive Features

To create an enriching educational experience that em-
powers learners to advance their careers, the digital learning
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platform must incorporate essential features that guarantee
high-quality content for its users. Leveraging the opportunistic
Internet connection facilitated by DTN, the platform can offer
specific features to enhance its functionality. These features
include: i) Access to online courses: Massive open online
courses (MOOCs) offer free, flexible learning opportunities
to anyone seeking to acquire new skills and advance their
careers. While MOOCs typically require continuous Internet
access, some courses can be downloaded for offline use [[18]].
DTN enables users to request access to courses, which can
then be transferred to the local platform, ensuring learning
materials are available even during intermittent connectivity.
ii) Email: Seamless communication and interaction between
students, teachers, and others are promoted through the op-
tion for users to access their emails [19]. Email retrieval,
which doesn’t require constant Internet access, can be handled
by DTN. iii) Web-cashing: Leveraging DTN’s opportunistic
connectivity, the platform may employ web-caching to allow
users to access preselected websites even without a continuous
Internet connection. Web pages are retrieved from an Internet-
connected server, transferred via DTN to the platform server,
and can include a variety of resources such as weather updates,
news articles, and educational content [20].

IV. BRIDGING THE EDUCATION GAP: A REAL-WORLD
PROTOTYPE DEPLOYMENT

We developed and tested a practical solution to bring digital
education to remote areas with poor or non-existent Internet
access. This prototype demonstrates how technology can adapt
to challenging environments while creating meaningful educa-
tional opportunities. The framework was designed with three
key principles in mind: First, accessibility, where it works
without a constant Internet connection. Second, affordability,
where we use low-cost components and existing infrastructure.
Third, adaptability, where the technology is scalable and can
grow with local communities’ needs. While technical perfor-
mance metrics like data transfer rates are important (analyzed
in [21]]), our focus here is on how this technology can create
a real educational value for underserved communities.

A. How the System Helps Learners

A typical digital learning platform provides users with
access to various educational content. Our prototype focuses
on providing text-based educational content to users in rural
areas, where the learning platform is provided as a web
application so anyone connected to the local network can
access its resources. The platform stores educational materials
on a school server, so they are available anytime without
Internet. Also, it allows the students to request any topic they
would like to learn about from Wikipedia, and then the request
is sent via DTN to the urban area with Internet access. The
request is processed there, and the content is sent back to
the rural node via DTN. Additionally, the application allows
educators to update existing material locally and publish new
material to make it available to students with access to the
digital learning platform. Wikipedia is used as a representative
educational resource due to its extensive coverage and open

access model. The same mechanism can be readily extended
to other online learning platforms and content repositories
within the proposed DTN framework. This approach mirrors
how rural communities have historically shared information
through mobile libraries or travelling teachers, but with digital
efficiency and rich learning experience, adapting to the limited
resources.

B. Building Blocks for Change

This section includes an overview of the developed appli-
cation components on the urban and rural nodes. These are
the software pieces that make up the complete application we
developed: i) Urban node: This is the node located in the urban
area with Internet access. We developed a web-based platform
that allows the admin to add new topics, modify previous
ones, and also automatically fetch Wikipedia requests received
from users in rural areas. Once the requested topic is fetched
from Wikipedia, it will be sent through the DTN network
to the rural node. Fig. 3| shows the urban node interface.
ii) Rural node: This is the node located at the schools in rural
areas. We developed a web-based application with a list of
content and request functionality. This content is either added
locally by users or created by the urban nodes and delivered
to the rural node via DTN. The application also supports
requesting newer topics from Wikipedia. These requests then
sent via DTN to the urban node, where they are fetched from
Wikipedia through the Internet. The rural node interface is
depicted in Fig. [3] Notably, the application enforces credential-
based authentication, implements role-based access control
for different user types, and protects data through encryption
during transmission and storage.
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Fig. 3: The web-based application we developed. The appli-
cation in the rural area allows users to create new content,
modify previous ones, and request new content from the node
in the urban area with Internet access. The request will be sent
via DTN, carried by the data mules.
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C. Real-World Testing for Rural Education Solutions

To better understand how the system works, we designed a
prototype consisting of three DTN nodes: urban, mobile, and
rural nodes. The urban and rural nodes were both hosted on
Raspberry Pi platforms, whereas the mule node was imple-
mented on Le Potato AML-S905X-CC. The rural and urban
nodes have a Wi-Fi interfaces to facilitate the connection to
the DTN network, while the urban DTN node has two Wi-
Fi interfaces, one to connect to the DTN network and one to
connect to the Internet, which is provided on our university
campus. We also had a small Wi-Fi access point connected
to both the urban and rural nodes, where users connected to
the same local network would have access to the application.
The access points assigns IP addresses to user devices using a
standard DHCP mechanism with predefined lease durations.
The DTN nodes themselves are configured with fixed IP
addresses and excluded from the DHCP pool to ensure stable
routing and forwarding behavior within the DTN framework.
The prototype components are shown in Fig. [

-
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Fig. 4: The prototype hardware setup: (1) Urban node manages
content, (2) Mule node travels on buses, (3) Rural node
provides local access. All components use low-power and
affordable hardware.

To mimic a mule-based DTN connecting urban and rural
areas, we placed the urban and rural nodes at two distant
bus stops on our university campus, and one node was placed
inside one of our campus buses (refer to Fig. @). Each node
has a power bank to run the Raspberry Pi and the access point
routers. The bus stops at each bus stop for a few seconds before
departing to the next one, and it is scheduled to pass by each
of the DTN nodes every 40 minutes. Figure [3] illustrates the
locations where we deployed the urban and rural nodes and
the bus route on our campus.

D. Key Lessons for Rural Implementation

In our experimental validation of the DTN-enabled digital
learning platform, we observed that requests for new topics
from rural node and updates from urban node were transmitted
seamlessly across the network. The prototype implementation
provided several insights into the system’s performance and
scalability. DTN operate on a store-and-forward mechanism,
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Fig. 5: The bus route used in our prototype deployment. The
bus completes a full cycle every 40 minutes, demonstrating
how existing transportation can enable digital connectivity.

where data is stored at each node until it can be relayed to the
next node. This process is inherently dependent on three key
factors: (1) the contact time, which refers to the duration of
connectivity between nodes; (2) the physical layer connection
type, which determines the data rate; and (3) the volume
of data (i.e., the size of data stored at each node). In our
prototype, moderately priced Wi-Fi interfaces were employed
for the DTN nodes. While this setup facilitated data transfer, it
also highlighted the need for extended connection times to en-
sure complete data transmission. A significant challenge arose
from the stochastic nature of the DTN data mule’s operation.
The bus’s stopping times at each station varied, ranging from
tens of seconds to up to a minute, depending on the passen-
gers’ activity. In some instances, the bus did not stop long
enough to allow the DTN nodes to establish a connection and
transfer all pending data. This variability in contact time has
been analyzed in [21]], which investigates the impact of contact
time and data mule frequency on communication performance
metrics. Our initial design prioritized text-based content to
minimize network traffic and reduce the reliance on multiple
DTN mules. The average data size per educational content
ranged between 10 and 30 MB. However, as the platform
evolves to incorporate multimedia content (e.g., audio and
video) and additional services, the system must be redesigned
to handle higher traffic volumes. This will necessitate more
robust physical layer connections and higher transmission
rates, particularly since the communication window (contact
time) between DTN nodes is not controllable. Scalability can
be achieved by leveraging existing infrastructure, such as
deploying additional DTN nodes on more mules traversing
the same routes, which would enhance performance metrics,
including transmission rates and freshness of information [21]].

Table [l summarizes the contact durations, transmission rates,
and delays associated with the mobile data mule. While the
physical-layer characteristics of the Wi-Fi interfaces influ-
ence the data transmission rate between nodes during contact
periods, our prototype deployment focused on the network
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aspects and the effectiveness of the digital learning platform
operating on top of DTNs. In this setup, the DTN links used
moderately priced Wi-Fi interfaces and small wireless access
points, which provided reliable connectivity over distances of
a few meters. The effective data rate during contact ranged
from 20 to 50 Mbps, depending on channel conditions. Addi-
tionally, as discussed in [21]], the freshness of information,
another representative metric that captures how timely the
available data is by considering both delays and the frequency
of updates, is influenced by the data mule’s travel time
and the number of data mules deployed. In our prototype
deployment, we evaluated the network with a single data mule
that completed an average round trip in approximately 40
minutes. Future work could examine data transmission rates
as buses approach bus stops and characterize transmission
performance using more robust Wi-Fi interfaces or alterna-
tive wireless technologies. Overall, our results demonstrate
that even short and irregular contact windows can facilitate
meaningful data exchange when combined with the store-and-
forward operation of DTN.

TABLE I: Data Transmission Characteristics in the Prototype
Deployment

Metric Minimum  Average  Maximum
Contact Duration (s) 20 40 60
Bus Travel Time (min) 38 40 43
Data per contact window (MB) 400 800 3000

The reliability mechanisms in our DTN framework operate
across multiple protocol layers to handle the intermittent con-
nectivity inherent in DTN. At the convergence layer, Licklider
Transmission Protocol (LTP) provides hop-by-hop retransmis-
sion using selective acknowledgments, ensuring that segment
losses on individual links are corrected before data progresses
to the next node. At the network layer, Contact Graph
Routing computes optimal forwarding paths based on pre-
dicted contact times between DTN nodes. At the application
layer, the CCSDS File Delivery Protocol (CFDP) transaction
management tracks ongoing file transfers through transaction
identifiers, allowing transfers to resume seamlessly after link
reacquisition by resuming from the point of interruption rather
than restarting completely. This multi-layered design ensures
efficient resource utilization in delivering educational content
across the intermittently connected nodes.

E. Scaling for Greater Impact

The testing results highlight practical strategies for max-
imizing the system’s impact through careful scaling. In the
short term, prioritizing text-based educational content en-
sures dependable performance under existing connectivity
limitations. As infrastructure improves, the introduction of
additional transport routes or data nodes can facilitate the
gradual integration of richer multimedia resources. To enhance
the system’s effectiveness, it should be supported by digital
literacy programs that equip both students and educators with
the skills needed to engage with digital learning platforms. The
prototype deployment uses low cost computing platforms and
lightweight wireless infrastructure with limited storage, and

is evaluated using a single DTN data mule, which constrains
contact duration and aggregate data transfer capacity. Under
these conditions, text based content provides a reliable means
of validating the feasibility of DTN enabled digital learning
in communities without continuous Internet access. While
multimedia resources and interactive content offer clear ped-
agogical benefits, their integration requires increased storage
capacity, higher transmission rates, and more frequent contact
opportunities. The proposed DTN architecture supports incre-
mental enhancement through the deployment of more capable
hardware and additional DTN data mules, enabling the gradual
incorporation of richer educational content as infrastructure
improves. The study demonstrates that intermittent connectiv-
ity, when approached with thoughtful design, can serve as a
viable means to bridge the educational divide in underserved
communities. A key advantage of the proposed framework
lies in its adaptable structure, which enables communities to
start with essential learning materials and expand to more
advanced content as local conditions evolve. Combined with
its low implementation cost and minimal power requirements,
the platform presents a sustainable and scalable model for
advancing equitable access to education.

V. BEYOND EDUCATION: TRANSFORMING RURAL
COMMUNITIES

While the proposed framework aims to improve access
to educational resources in rural areas, it also opens up
opportunities for various other services. It empowers rural
communities to tap into a range of non-real-time Internet
services, enabling them to stay connected and participate in the
digital age. The DTN facility can allow health clinics to update
the required records for patients and get medical advice from
remote doctors, and access the latest treatment guidelines.
Community centres can leverage the same infrastructure to
provide valuable services to enrich the local communicates.
More practically, the framework can distribute agricultural
advice, weather forecasts, and market prices to farmers, di-
rectly impacting livelihoods and food security. Small busi-
nesses stand to benefit significantly from this framework. The
system enables entrepreneurs to create digital catalogues of
their products, which can then be shared with urban markets.
The framework can also support mobile banking services and
financial literacy programs, crucial tools for economic em-
powerment. To facilitate such an approach to support multiple
services, DTN nodes are placed at schools, health clinics and
community hubs as illustrated in Fig. [0l These nodes are
connected to a central DTN node, which can act as the main
DTN gateway for each remote village. This approach can
fully capitalize on the DTN infrastructure to support multiple
services, ensuring overall growth for the rural communities.

VI. SOCIETAL CONTEXT AND ETHICAL IMPERATIVES

The absence of Internet access in rural areas is not only a
technological limitation but also a social and ethical issue. Ac-
cording to the United Nations, access to the Internet is essen-
tial for achieving universal access to education and ensuring
inclusive development [3l]. Lack of connectivity perpetuates
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Fig. 6: A shared connectivity hub enabling equitable digital
access. A central DTN node serves schools, clinics, and local
businesses, supporting education, healthcare, and economic
inclusion through coordinated data transfer.

educational inequality and undermines the right to informa-
tion [4]. Digital exclusion reinforces pre-existing inequalities
related to income, geography, gender, and disability [22],
[3]. For instance, in many low-income regions, girls are
disproportionately affected by the lack of digital access, which
limits their opportunities for educational advancement and
professional development [23]], [4]. This digital marginaliza-
tion has intergenerational consequences and directly impedes
progress toward achieving global education and equity goals.
In deploying such systems, it is also important to consider
ethical challenges related to data security and privacy. While
DTN networks are inherently decentralized, they must still
ensure that learners’ personal data and educational histories
are protected. Designing protocols that respect user confiden-
tiality while enabling useful analytics is key to maintaining
trust and equity in digital learning environments. While we
recognize that social, sustainability, and policy related factors
are essential for large scale deployment of our framework, they
remain outside the scope of the present study as it focuses
on the technical feasibility of DTN enabled connectivity for
digital learning.

VII. CONCLUSION

This article demonstrates the potential of a DTN-enabled
digital learning platform to enhance educational access in rural
areas with intermittent or a lack of Internet connectivity. Our
prototype highlighted the effectiveness of DTN as a backhaul-
like connectivity solution to deliver educational content to ru-
ral areas. Our initial prototype focuses on delivering text-based
content to rural areas, setting the stage for future enhancements
to include multimedia resources, increasing system require-
ments. The proposed framework is a step towards bridging the
digital divide in education, ultimately leading to sustainable
development and prosperity for rural areas. However, realizing
these benefits requires careful attention to the social and
sustainability dimensions of technological innovation. This
work focuses on the communication and system aspects of

proposed framework, and does not aim to evaluate pedagogical
effectiveness or learning outcomes, which require long term
educational studies and interdisciplinary collaboration and are
left for future work.
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