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Introduction: Digital inequality remains a persistent obstacle to achieving 
educational equity, particularly in socioeconomically vulnerable contexts. This 
study analyzes how unequal access to digital platforms affects educational 
continuity in early childhood, primary, and secondary education.
Methods: A System Dynamics model of the Forrester type was developed to 
simulate the cumulative effects of structural variables (household income, 
teacher digital competence, school–family collaboration, and digital public 
policies) over a 10-year horizon. The model was parameterized using official 
Colombian educational data and literature-based coefficients, and 13 
simulations were conducted under different socioeconomic, pedagogical, and 
policy scenarios.
Results: Simulation outcomes indicate that educational continuity is highly 
sensitive to variations in income levels, teacher training, and investment in digital 
policies. Low-investment and low-income conditions led to progressive declines 
in retention, while scenarios combining improved household income, teacher 
competence, and policy support produced multiplier effects, strengthening 
continuity and transition to higher education.
Discussion: Findings reveal that digital access alone is insufficient to guarantee 
educational continuity. Instead, pedagogical quality, teachers’ digital skills, 
and school–family collaboration emerge as key mediating factors sustaining 
engagement and reducing dropout.
Conclusion: System Dynamics modeling provided a comprehensive 
understanding of the feedback loops and interdependencies linking digital 
inequality and educational continuity. The study offers evidence-based insights 
for policymakers to design integrated strategies that combine technological 
investment, pedagogical innovation, and family participation to promote 
equitable and sustainable educational trajectories.
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1 Introduction

Due to the incorporation of new technologies, digital 
transformation entails innovation aimed at reshaping products 
and organizational processes, as well as addressing both existing 
and emerging challenges (Alenezi, 2021, p. 2).

Digital transformation stands as one of the most decisive 
processes of the 21st century, reshaping economic, social, and 
educational systems worldwide. Within this context, equitable 
access to, use of, and engagement with digital technologies have 
become essential conditions for exercising the right to education—
particularly in societies marked by structural inequalities (Area-
Moreira et al., 2020; Kleeberg-Niepage et al., 2023). In education, 
digital transformation refers to the integration of information and 
communication technologies (ICT) into teaching–learning 
processes, academic management, and institutional practices, with 
the goal of improving educational quality, curriculum relevance, 
and learning opportunities (Miras et al., 2023). The COVID-19 
pandemic (2020–2021) accelerated this process dramatically, 
compelling school systems to adopt virtual learning environments 
and thereby exposing both the potential of digital platforms and 
the depth of existing inequalities in access and skills (Owen et 
al., 2023).

The digital divide, defined as the gap between those who can 
benefit from digital technologies and those who cannot (Rogers, 2001; 
Hargittai, 2002; Selwyn, 2004; Van Dijk, 2020; Jacovkis et al., 2024), 
extends beyond technical limitations. It reflects persistent social, 
economic, and educational disparities that restrict access to 
opportunities and resources (Barragán Moreno and Guzmán Rincón, 
2025) (Figure 1). In low-income contexts, this divide is exacerbated by 
weak connectivity, insufficient teacher training, inadequate school 
infrastructure, and rural–urban disparities (Jacovkis et al., 2022; 
Johnson et al., 2024). Family conditions such as the absence of devices, 
limited Internet access, and material deprivation particularly affect 
girls and marginalized populations (Mohamad et al., 2024; Cañón 
Ospina et al., 2024). Importantly, research shows that the mere 
presence of technology does not ensure educational continuity—
understood as students’ sustained progression through the educational 
system (Barragán Moreno et al., 2025). The effective use of digital 
platforms depends on interconnected variables such as content quality, 
teachers’ digital competence, family support, institutional mediation, 
and pedagogical leadership (Peirats Chacón et al., 2022; Gil-Fernández 
and Calderón-Garrido, 2023). When these conditions are absent, 
technology can exacerbate inequalities instead of mitigating them 
(Ainscow, 2016; San Martín Alonso and del García Dujo, 2016; Area-
Moreira et al., 2020; Jacovkis et al., 2024).

From a theoretical standpoint, this study builds upon multi-level 
digital divide theory (Rogers, 2001; Van Dijk, 2020) and educational 

FIGURE 1

Causes and actions associated with the digital divide. Source: Own elaboration based on Peirats Chacón et al. (2022), Miras et al. (2023), Murray-Garcia 
et al. (2023), De María and Bartesaghi (2023), Gil-Fernández and Calderón-Garrido (2023), and Cañón Ospina et al. (2024).
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equity frameworks (Ainscow, 2016; San Martín Alonso and del García 
Dujo, 2016) to examine the dynamic interactions among access, use, 
and outcome inequalities in education. It also adopts a systemic 
perspective, recognizing that educational continuity results from 
complex feedback relationships between socioeconomic factors, 
pedagogical quality, and institutional capacity. The study advances 
prior research by integrating these theoretical dimensions into a 
System Dynamics Forrester-type model, allowing simulation of long-
term and cumulative effects that static or cross-sectional analyses 
cannot capture.

Although several countries have implemented successful 
policies—such as Uruguay’s Plan Ceibal (De María and Bartesaghi, 
2023) or digital inclusion initiatives in Asia (Segar and Asmawi, 
2024)—inequalities persist even in technologically advanced contexts. 
In South Korea, for instance, unregulated platform use among youth 
has generated psychosocial and criminal risks (Seok and DaCosta, 
2020). These examples highlight that technology is not neutral; its 
educational impact depends on regulatory frameworks, pedagogical 
purpose, and sociocultural context. Thus, educational continuity 
emerges as a process vulnerable to digital inequality, particularly in 
marginalized communities.

Guided by this framework, the research question addressed is: To 
what extent does inequality in access to digital platforms influence the 
educational continuity of students in early childhood, primary, and 
secondary education? Accordingly, the objective of this study is to 
simulate the influence of unequal digital access on educational 
continuity through a System Dynamics model grounded in the 
Forrester approach. The study contributes both conceptually and 
methodologically by linking digital inequality, pedagogical quality, 
and institutional dynamics within a unified simulation framework. 
This provides evidence to support public policy design aimed at 
promoting equity and sustainability in digital education.

This article is organized as follows: Section 2 presents the 
theoretical background; Section 3 details the methodology and model 
structure; Section 4 reports the simulation results; and Section 5 
discusses their implications for policy and practice.

2 Digital inequality and educational 
continuity: conceptual foundations

Unequal access to digital platforms in education has been 
consistently documented as both a symptom and a driver of structural 
inequalities. Socioeconomic status and geographic location remain 
among the strongest determinants of students’ ability to connect, 
participate, and benefit from online learning opportunities 
(Olanrewaju et al., 2021; Stewart, 2021). The COVID-19 pandemic 
further intensified these disparities, exposing the fragility of digital 
infrastructures and deepening existing social divides (Plage et 
al., 2022).

However, digital inequality extends beyond connectivity or device 
ownership. It operates through intermediate mechanisms—such as 
teachers’ digital competence, pedagogical quality, and family 
mediation—that determine whether technological access translates 
into meaningful learning (Tomczyk, 2020; Stewart, 2021). This 
multidimensional view shifts the discussion from technology 
provision to educational justice, where access, use, and outcomes are 
mediated by human and institutional capacities (Ainscow, 2016; 

Jacovkis et al., 2024). Within this framework, the capacity to sustain 
learning through digital means depends on the interaction between 
individual motivation, school-level support, and broader 
policy environments.

From a systemic perspective, unequal access to digital platforms 
should not be viewed as a purely technical or logistical problem, but 
as an expression of structural social inequities. Families’ material 
conditions, schools’ organizational capacities, and the State’s 
investment and regulatory roles determine the extent to which digital 
transformation promotes or hinders educational continuity (Ainscow, 
2016; Jacovkis et al., 2024). Persistent inequality in access and digital 
competence reinforces cumulative disadvantage: those with greater 
economic, cognitive, and institutional resources are more capable of 
benefiting from digital opportunities, while others remain excluded 
from their educational potential.

Although numerous studies have identified socioeconomic and 
institutional determinants of digital inequality and its consequences 
for access and participation (Olanrewaju et al., 2021; Stewart, 2021; 
Johnson et al., 2024; Jacovkis et al., 2024), most have adopted 
descriptive or correlational designs. Such approaches are valuable for 
mapping disparities but are limited in explaining how inequalities 
evolve over time. They often overlook the dynamic and feedback-
driven nature of educational continuity, where cumulative advantages 
and disadvantages reinforce each other across educational cycles. 
Variables such as household income, teacher digital skills, institutional 
mediation, and public policy interact dynamically in ways that cannot 
be fully captured through static analyses—a gap that calls for models 
capable of representing systemic complexity (Sterman, 2000; Bala et 
al., 2017).

The importance of adopting dynamic lens (Bianchi, 2016) is 
underscored by international evidence. The UNESCO Institute for 
Statistics and Global Education Monitoring Report (2024) estimates 
that about 30% of the global school-aged population faces difficulties 
with educational continuity. In regions such as North Africa and 
South and Central Asia, only 86% of males and 89% of females aged 
15–24 demonstrate basic reading comprehension. These disparities 
illustrate how educational and digital divides intersect with geography, 
gender, and socioeconomic status, shaping long-term social outcomes 
including employability, health, and civic participation.

Educational persistence—defined as students’ ability to progress 
through successive educational levels—is influenced by the interaction 
of personal, institutional, economic, and policy-related factors 
(Barragán Moreno et al., 2025). Among these, the digital divide has 
emerged as a key determinant of early educational interruption, both 
in high-and low-income contexts (Johnson et al., 2024; Seok and 
DaCosta, 2020). As Rogers (2001) observed, technological innovations 
tend to produce cumulative advantages for some while generating 
persistent barriers for others. Figure 2 illustrates the complex 
interactions among logistical, socioeconomic, political, individual, 
and institutional variables that combine to perpetuate or deepen 
educational disparities.

At the same time, digital platforms offer opportunities to 
transform educational processes when designed and implemented 
within inclusive and pedagogically sound frameworks. They enable 
personalization, continuous assessment, and adaptation to diverse 
learning paces and styles (Jacovkis et al., 2022). Nonetheless, this 
potential is contingent upon institutional capacity, pedagogical 
intentionality, and ethical governance. Sosa Alonso et al. (2023) 
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warned that a purely technocratic view of digital efficiency risks 
creating dependency on private service providers and undermining 
the human-centered mission of education—a tension also highlighted 
by Calderón-Garrido et al. (2023).

In this context, addressing digital inequality requires an 
integrated systemic approach that combines technological, 

pedagogical, and social dimensions. System Dynamics 
methodology provides tools to model and simulate such complex 
interactions, helping to identify leverage points and anticipate 
system behavior under alternative policy scenarios (Sterman, 2000; 
Bala et al., 2017). By incorporating feedback loops, accumulations, 
and time delays, this approach captures the evolving nature of 

FIGURE 2

Systemic variables explaining the digital divide in education.
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educational processes and supports the design of adaptive, equity-
oriented public policies.

While previous studies have examined the digital divide in 
education primarily through cross-sectional or descriptive analyses 
(e.g., Rogers, 2001; Van Dijk, 2020; Selwyn, 2004), few have explored 
its dynamic and feedback-driven nature. This study offers a novel 
contribution by applying a System Dynamics Forrester-type model to 
simulate the long-term interactions among access, usage, and outcome 
inequalities within Colombia’s education system. Beyond 
methodological innovation, this research also advances the theoretical 
understanding of digital inequality by integrating the three-layered 
structure of access, usage, and outcomes into a unified System 
Dynamics framework. Unlike prior studies that have treated these 
dimensions separately, the proposed model captures their 
interdependencies and feedback mechanisms, linking digital access, 
pedagogical quality, and institutional capacity to long-term patterns 
of educational continuity and equity. This dual contribution—
methodological and conceptual—positions the study as a step forward 
in modeling the systemic behavior of digital inequality in 
educational contexts.

3 Methodology

To simulate the influence of inequality in access to digital 
platforms on the educational continuity of students in early childhood, 
primary, and secondary education, this study adopted a systemic and 
complex approach, in line with the principles of General Systems 
Theory (von Bertalanffy and Sutherland, 1974). As discussed in the 
theoretical framework, digitally mediated educational phenomena 
cannot be understood in isolation but require a comprehensive 
perspective that recognizes the dynamic interaction of multiple 
structural, individual, institutional, and political-economic variables 
(Cosenz, 2014).

Under this premise, System Dynamics was selected as the central 
methodological framework, as it enables the representation, modeling, 
and simulation of complex systems characterized by feedback loops, 
accumulations, and time delays (Sterman, 2000; Bianchi, 2016; 
Bianchi and Salazar Rua, 2022). This methodology has been widely 
applied in public policy and educational research due to its capacity 
to anticipate systemic behaviors and evaluate future scenarios (Aracil 
and Gordillo, 1997; Bala et al., 2017).

3.1 Study design

This is an applied, exploratory, explanatory, and prospective study. 
The goal was to design and validate a dynamic model that simulates 
educational policy scenarios aimed at reducing digital inequalities 
affecting school continuity at the basic education level.

A mixed-methods approach was adopted, following the 
distinction proposed by Anguera et al. (2018), for whom mixed 
methods require the integration of qualitative and quantitative 
components to address a single research question. In the first stage, a 
causal loop diagram (CLD) was developed to qualitatively identify 
feedback structures and formulate dynamic hypotheses about how 
digital inequality affects educational trajectories. In the second stage, 
these qualitative insights were operationalized through a 

Forrester-type stock-and-flow model, which formalized the system 
using equations linking level variables, flow variables, and auxiliary 
relationships. The integration between the CLD and the quantitative 
simulation model constitutes the core of the mixed-methods design, 
as the qualitative structure is directly embedded and transformed into 
a mathematical representation that enables system-level analysis 
(Aracil and Gordillo, 1997; Bala et al., 2017).

3.2 System boundaries and scope

Simulations were conducted over a 10-year time horizon, enabling 
the analysis of cumulative effects of various policies and structural 
conditions. Although the model is structured for generalizability, its 
parameterization was based on official data from the Colombian 
context, following methodological recommendations for operational 
model validation (Landriscina, 2013).

Key stakeholders considered in the system included students and 
their families, educational institutions, teachers, and government 
entities. These actors play direct or indirect roles in access, mediation, 
training, and decision-making regarding the educational use of digital 
technologies (Ainscow, 2016; San Martín Alonso and del García Dujo, 
2016; Area-Moreira et al., 2020; Peirats Chacón et al., 2022; 
Gil-Fernández and Calderón-Garrido, 2023; Jacovkis et al., 2024).

3.3 Model structure and variables

The System Dynamics model was designed to simulate structural 
relationships that explain how digital inequality influences educational 
continuity. The System Dynamics architecture was designed to 
represent the causal relationships among digital inequality, 
institutional capacity, and educational continuity (see Figure 1). This 
conceptual framework guided the identification of structural variables 
and the development of the causal loop and stock–flow diagrams 
presented in later sections. The model integrates three interdependent 
subsystems (access, usage, and outcomes) which correspond to the 
first, second, and third levels of the digital divide. These subsystems 
interact dynamically through feedback loops that connect economic, 
pedagogical, and institutional dimensions, consistent with the socio-
technical perspective proposed by Rogers (2001) and later refined by 
Area-Moreira et al. (2020), Peirats Chacón et al. (2022), Jacovkis et al. 
(2024), and Barragán Moreno and Guzmán Rincón (2025).

	•	 Access divide (first digital divide): This subsystem captures 
disparities in the physical availability of digital devices and in 
Internet connectivity quality. Factors such as household income, 
geographic location, and institutional infrastructure were 
included as determinants. Following Rogers (2001), access 
inequality is represented as a nonlinear function of 
socioeconomic status, where small increases in income produce 
disproportionately higher gains in device acquisition and 
connectivity. In the model, this is implemented through a lookup 
function named Connectivity (Table 1). The data used for 
calibration were obtained from national statistics (Ministerio de 
Educación Nacional de Colombia, 2024a, 2024b) and 
complemented by the findings of Area-Moreira et al. (2020), who 
demonstrated that low-income families face greater barriers to 
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TABLE 1  Model variables by type, and quality dimension.

Variable Equation Interpretation Source

Acquisition
Digital platform availability × Acquisition rate + 0.4 × Digital 

platform demand

Growth of available digital 

platforms through acquisition and 

demand.

Bebell and Kay (2010), 

Elmunsyah (2012) and Area-

Moreira et al. (2020)

Pedagogical quality Economic resources availability × Teacher digital skills × 0.7
Educational quality level based on 

resources and teachers’ skills.

Gil-Fernández and Calderón-

Garrido (2023) and San Martín 

Alonso and del García Dujo 

(2016)

Train teachers Training hours × Training effectiveness rate
Number of teachers trained 

annually.

Gil-Fernández and Calderón-

Garrido (2023) and UNESCO 

Institute for Statistics and 

Global Education Monitoring 

Report (2024)

School-family collaboration
INTEG (Increase in collaboration - Decrease in collaboration, 

0.4)

Degree of collaboration between 

school and family in educational 

support.

Ainscow (2016) and Owen et al. 

(2023)

Connectivity
WITH LOOKUP (Normalized household income, ([(0,0)-

(1,1)], (0,0), (0.1,0.1), (0.3,0.25), (0.5,0.4), (0.75,0.6), (1,0.8)))

Access to quality connectivity 

depending on household income.

Ministerio de Educación 

Nacional de Colombia (2024a, 

2024b) and Rogers (2001)

Educational continuity
Preschool continuity + Primary continuity + Graduation to 

university

Total number of students 

continuing in the educational 

system.

Ministerio de Educación 

Nacional de Colombia (2024a, 

2024b)

Preschool continuity

MIN (Potential child population, Preschool students × 

0.67) + SMOOTH (MIN(1, MAX(0, Student 

motivation)) × 0.002, 1)

Transition of preschool students.

Johnson et al. (2024) and 

Ministerio de Educación 

Nacional de Colombia (2024a)

Primary continuity

MIN (Preschool students, Primary students × 

0.62) + SMOOTH (MIN(1, MAX(0, Student 

motivation)) × 0.003, 1)

Transition of primary students.

Johnson et al. (2024) and 

Ministerio de Educación 

Nacional de Colombia (2024a)

Digital platform demand
MIN (Demand limit, 0.7 × Total students + 0.3 × Trained 

teachers)

Combined demand of students and 

teachers for digital platforms.
Peirats Chacón et al. (2022)

Preschool dropout
MIN (1, MAX(0, Preschool dropout rate)) × Preschool 

students

Number of students dropping out of 

preschool.

Ministerio de Educación 

Nacional de Colombia (2024a)
Primary dropout MIN (1, MAX(0, Primary dropout rate)) × Primary students

Number of students dropping out of 

primary school.

Secondary dropout
MIN (1, MAX(0, Secondary dropout rate)) × Secondary 

students

Number of students dropping out of 

secondary school.

Decrease in collaboration 0 × School-family collaboration
Annual loss of school-family 

collaboration.

Assumption (conservative 

baseline); Ainscow (2016)

Devices by family income Household income × 0.05
Devices that families can acquire 

depending on their income.

Peirats Chacón et al. (2022) and 

Jacovkis et al. (2024)

Devices per platform Digital platform availability × 0.55
Devices provided by available digital 

platforms.

De María and Bartesaghi (2023) 

and Bebell and Kay (2010)

Device availability
MIN (Device limit, Devices by family income + Devices per 

platform)
Combined access to digital devices.

Peirats Chacón et al. (2022) and 

De María and Bartesaghi (2023)

Digital platform availability INTEG (Acquisition - Obsolescence, 7)
Accumulated total of available 

digital platforms.

Bebell and Kay (2010) and 

Area-Moreira et al. (2020)

Economic resources availability Governmental investment × 0.3 Funds available for education.

Ministerio de Educación 

Nacional de Colombia (2024a, 

2024b)

(Continued)
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TABLE 1  (Continued)

Variable Equation Interpretation Source

Effect of pedagogical quality on 

enrollment

WITH LOOKUP (Pedagogical quality, ([(0,0)-(1,1)], (0,0), 

(0.2,0.34), (0.4,0.56), (0.6,0.79), (0.7,0.84), (1,0.93)))

Impact of pedagogical quality on 

student enrollment.

Gil-Fernández and Calderón-

Garrido, 2023 and San Martín 

Alonso and del García Dujo 

(2016)

Preschool students
INTEG (New students - Preschool continuity - Preschool 

dropout, 2,700)

Accumulation of preschool 

students.

Ministerio de Educación 

Nacional de Colombia (2024a) 

(initialization range); calibrated

Primary students
INTEG (Preschool continuity - Primary continuity - Primary 

dropout, 2,300)
Accumulation of primary students.

Secondary students
INTEG (Primary continuity - Secondary dropout - Graduation 

to university - Graduation to other areas, 2050)

Accumulation of secondary 

students.

New students
Potential child population × Enrollment rate + Effect of 

pedagogical quality on enrollment × 0.01

Annual incorporation of new 

students.

FINAL TIME 10 Simulation horizon.

Graduation to university

Secondary students × MIN(1, MAX(0, Graduation to 

university rate)) + SMOOTH(MIN(1, MAX(0, Student 

motivation)) × 0.089, 1)

Number of students transitioning to 

university.

Johnson et al. (2024) and 

Ministerio de Educación 

Nacional de Colombia (2024a)

Graduation to other areas Graduation to other areas rate × Secondary students
Number of students graduating to 

non-university paths.

Ministerio de Educación 

Nacional de Colombia (2024a)

Teacher digital skills Trained teachers/Total teachers
Level of teachers’ digital 

competences.

Gil-Fernández and Calderón-

Garrido (2023) and UNESCO 

Institute for Statistics and 

Global Education Monitoring 

Report (2024)

Training hours 40
Annual hours dedicated to teacher 

training.

Ministerio de Educación 

Nacional de Colombia (2024a) 

and UNESCO Institute for 

Statistics and Global Education 

Monitoring Report (2024)

Increase in collaboration
0.2 × Connectivity + 0.5 × (Device availability/1,000) × (1 - 

School-family collaboration)

Improvements in school-family 

collaboration due to greater 

technological access.

Ainscow (2016), Owen et al. 

(2023) and Seok and DaCosta 

(2020)

Household income 1,500 Average household income value.

Calibrated (contextual 

baseline); Ministerio de 

Educación Nacional de 

Colombia (2024a)

Normalized household income Household income/4,000
Scaling household income on a 0–1 

scale.

Assumption for normalization; 

Rogers (2001)

Governmental investment Digital education policies × 3,200,000
State resources allocated to digital 

education.

Ministerio de Educación 

Nacional de Colombia (2024a, 

2024b)

INITIAL TIME 0 Start time of the simulations.

Demand limit 1,000
Maximum number of demanded 

platforms. Assumption/calibration 

(capacity cap)
Device limit 1,000

Maximum number of available 

devices.

Maximum expected budget 3,200,000
Maximum expected value of the 

digital investment budget.

Ministerio de Educación 

Nacional de Colombia (2024a, 

2024b)

(Continued)
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reliable connectivity. This variable serves as the model’s entry 
point, influencing subsequent digital engagement and 
learning potential.

	•	 Usage and skills divide (second digital divide): Beyond access, 
digital inequality manifests through differences in digital 
competence and in the quality of technology use (Barragán 

Moreno and Guzmán Rincón, 2025). This subsystem includes 
two critical variables: teachers’ digital competence and family 
digital mediation. Teachers’ digital competence was 
operationalized as a dynamic stock variable representing the 
proportion of trained teachers over the total teaching staff, with 
inflows determined by annual training programs and outflows by 

TABLE 1  (Continued)

Variable Equation Interpretation Source

Student motivation
MIN(1, MAX(0, 0.4 × Pedagogical quality + 0.2 × Learning 

obstacles + 0.4))

Average student motivation to 

remain in the system.

Johnson et al. (2024), Tomczyk 

(2020), Peirats Chacón et al. 

(2022) and Kleeberg-Niepage et 

al. (2023)

Obsolescence 0.2 × Digital platform availability
Annual loss of platforms due to 

aging or damage.

Bebell and Kay (2010) and 

Area-Moreira et al. (2020)

Learning obstacles

0.2 × School-family collaboration + 

0.6 × (Obsolescence/1,000) + 0.3 × (Economic resources 

availability/Maximum expected budget)

Factors that hinder educational 

continuity.

Ainscow (2016), Segar and 

Asmawi (2024) and Jacovkis et 

al. (2024)

Potential child population 5,730,000
Child population base potentially 

entering the education system.

Ministerio de Educación 

Nacional de Colombia (2024a) 

(population base); calibrated

Digital education policies 0.27
Implementation level of digital 

education policies.

Ministerio de Educación 

Nacional de Colombia (2024a, 

2024b)

Total teachers 125
Total number of teachers considered 

in the system.
Assumption (model scale)

Trained teachers INTEG (Train teachers, 23)
Accumulation of teachers trained in 

digital skills.

Gil-Fernández and Calderón-

Garrido (2023) and UNESCO 

Institute for Statistics and 

Global Education Monitoring 

Report (2024)

Acquisition rate
0.017 × (Economic resources availability/Maximum expected 

budget)

Speed of acquiring new digital 

platforms.

Ministerio de Educación 

Nacional de Colombia (2024a) 

and Elmunsyah (2012)

Primary dropout rate 0.03
Annual percentage of primary 

school dropouts Ministerio de Educación 

Nacional de Colombia (2024a)
Secondary dropout rate 0.05

Annual percentage of secondary 

school dropouts

Training effectiveness rate 0.67
Efficiency of training hours in 

forming teachers.

Gil-Fernández and Calderón-

Garrido (2023) and UNESCO 

Institute for Statistics and 

Global Education Monitoring 

Report (2024)

Graduation to other areas rate 0.22
Graduation percentage to non-

university paths.

Ministerio de Educación 

Nacional de Colombia (2024a)

Graduation to university rate 0.41
Graduation percentage to university 

studies

Enrollment rate 0.78
Enrollment percentage of the child 

population

Preschool dropout rate 0.04
Annual percentage of preschool 

dropouts

Total students Preschool students + Primary students + Secondary students
Accumulated total of students in the 

educational system.
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staff turnover. The relationship follows Gil-Fernández and 
Calderón-Garrido (2023), who emphasized that professional 
development in digital education increases effective pedagogical 
integration. Family digital mediation, grounded in Peirats 
Chacón et al. (2022), represents how families regulate and guide 
students’ digital use. Families with lower socioeconomic levels 
tend to allow more entertainment-oriented and less supervised 
use, resulting in what these authors term “digital mediation gaps.” 
Consistent with Rogers (2001), this subsystem shows how an 
access divide can evolve into a learning divide or content divide 
when digital skills and purposes of use differ.

	•	 Outcome divide (third digital divide): The final layer model 
inequality in the capacity to transform digital use into tangible 
educational benefits, such as improved learning outcomes or 
sustained engagement. Jacovkis et al. (2024) suggested individuals 
and institutions with greater resources are better positioned to 
capitalize on digitalization. In the model, learning outcomes 
depend on both pedagogical and socioeconomic factors: 
Pedagogical quality was defined as a reinforcing function of 
economic resources, teacher digital competence, and 
organizational support, inspired by the socio-technical 
perspective of San Martín Alonso and del García Dujo (2016) 
and the concept of formative justice proposed by Sosa Alonso et 
al. (2023).

For the operationalization and quantification of variables, each 
structural variable was parameterized using a combination of official 
national datasets and literature-derived coefficients. For example, 
household income was normalized between 0 and 1 to represent 
economic capacity. Teachers’ digital competence was dynamically 
calculated through integration functions that capture training inflows 
and attrition outflows. Connectivity and device availability were 
calibrated using lookup functions informed by empirical distributions. 
All variables were scaled annually over a 10-year simulation horizon 
to ensure temporal consistency. The last column of Table 1 includes 
the data sources used for each variable.

3.4 Design of the causal loop diagram and 
simulation model

Based on the identification of relevant variables (Ainscow, 2016; 
San Martín Alonso and del García Dujo, 2016; Area-Moreira et al., 
2020; Peirats Chacón et al., 2022; Gil-Fernández and Calderón-
Garrido, 2023; Jacovkis et al., 2024; Barragán Moreno et al., 2025), 
causal structures were built in the form of feedback loops. These 
illustrate how one variable influence another, and how, over time, this 
influence returns to affect the original variable, creating reinforcing or 
balancing effects (Aracil and Gordillo, 1997; Bala et al., 2017). These 
loops formed the basis for the Forrester Diagram, which models the 
dynamics of accumulations (levels), rates of change (flows), and 
intermediate relationships (auxiliary variables). The model was 
implemented using Vensim PLE software.

3.4.1 Model validation and sensitivity analysis
The simulation model was validated following the guidelines 

proposed by Bala et al. (2017) through two main stages. First, 

structural validation verified the causal consistency between the 
model and the relationships described in the reviewed scientific 
literature. Second, historical behavior testing compared the model’s 
outputs with empirical patterns observed in official data from 
Colombia’s education system. For model calibration and parameter 
estimation, data from national educational databases were combined 
with relationships derived from previous research (Rogers, 2001; 
Area-Moreira et al., 2020; Gil-Fernández and Calderón-Garrido, 2023; 
Jacovkis et al., 2024).

To evaluate the robustness and structural stability of the 
model, a sensitivity analysis was conducted using the 
Sensitivity2All tool in Vensim PLE. This procedure applied one-at-
a-time (OAT) perturbations of ±10% to all endogenous variables 
of type level, rate, and auxiliary. The objective was to identify 
which parameters exerted the greatest influence on the system’s 
main outcomes. During execution, the software displayed 
warnings for exogenous variables (e.g., Household income, Digital 
education policies, Training effectiveness rate, Graduation to 
university rate, and Maximum expected budget), since the 
sensitivity tool is restricted to internal variables. The analysis 
focused on detecting nonlinear behaviors, amplification effects, 
and parameter dominance within the model’s feedback loops. The 
resulting patterns were used to identify the most influential 
variables and assess the overall robustness of system behavior. 
Figures 3, 4 depict the causal-loop and Forrester-type structures 
of the model, while Table 1 details the variables, equations, and 
data sources.

The choice of System Dynamics was grounded in its suitability 
for modeling complex educational systems characterized by feedback 
loops and time delays. Unlike previous descriptive approaches, this 
method enables the analysis of long-term cumulative effects of 
digital inequality. Rather than sampling individuals, the model was 
parameterized using national-level datasets that represent the 
population of Colombian schools, complemented with coefficients 
derived from prior literature. Following Bala et al. (2017), the 
model’s validity and reliability were confirmed through structural 
validation, historical behavior testing, and sensitivity analyses in key 
parameters. Each causal relationship in the model was theoretically 
supported by the reviewed literature, ensuring conceptual and 
empirical coherence.

3.4.2 Simulation scenarios
A total of 13 simulations were developed, organized into five 

scenario groups:

	 1	 Baseline scenario: represents the current trajectory of 
educational continuity under existing conditions of digital 
inequality, without intervention.

	 2	 Socioeconomic scenarios: simulate variations in average 
household income.

	 3	 Teacher-related scenarios: simulate changes in the effectiveness 
rate of teacher training.

	 4	 Policy-institutional scenarios: simulate variations in the level 
of implementation of digital education policies.

	 5	 Combined scenarios: explore the interaction between key 
variables (household income, public policy, and teacher 
effectiveness) to simulate more complex system dynamics.
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3.4.3 Ethical considerations
The study was conducted using secondary, aggregated, and 

publicly available data. No personal or institutional data was collected 
or manipulated. The research adhered to ethical standards for data 
usage, model transparency, and proper citation of all scientific and 
institutional sources.

4 Results

4.1 Causal structure of the system

Based on the conceptual framework, a causal loop diagram 
(Figure 3) was developed to represent the dynamic relationships 
among structural inequality, access to digital platforms, pedagogical 

effectiveness, public policy, institutional conditions, and 
educational continuity.

The model identifies four systemic feedback loops:

	 1	 A reinforcing loop, associated with household income as a 
structural determinant of access: Higher levels of educational 
continuity reduce inequality in access to digital platforms, 
thereby fostering educational equity. This equity, in turn, 
improves the quality of pedagogical practices, which 
strengthens school–family collaboration. As collaboration 
increases, student motivation is reinforced, further supporting 
educational continuity. This loop highlights how systemic 
improvements in access conditions and relational practices can 
generate cumulative positive effects on student retention.

FIGURE 3

Causal loop diagram of the educational system under digital inequality. Source: Own elaboration using Vensim PLE based on Ainscow (2016), San 
Martín Alonso and del García Dujo (2016), Area-Moreira et al. (2020), Peirats Chacón et al. (2022), Gil-Fernández and Calderón-Garrido (2023), Cañón 
Ospina et al. (2024), Jacovkis et al. (2024), and Barragán Moreno et al. (2025).

FIGURE 4

Sensitivity analysis for the most representative variables. (a) Educational continuity. (b) Device availability. (c) School–family collaboration.
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	 2	 A balancing loop, related to the role of digital education 
policies in mitigating inequality: Greater educational equity 
contributes to better pedagogical practices and stronger 
school–family collaboration. This supportive environment 
fosters students’ educational continuity, which gradually 
reduces digital inequality, as sustained participation in 
schools enhances access to institutional digital resources. As 
inequality decreases, educational equity is reinforced, closing 
a balancing loop that tends to stabilize the system. This cycle 
underscores how investment in equity can offset 
technological disparities and prevent the widening of 
digital gaps.

	 3	 An institutional loop, focused on school infrastructure and 
family support a wider socioeconomic gap reduces both 
device availability and connectivity, intensifying digital 
inequality. This increase in inequality weakens educational 
equity, which in turn perpetuates or even enlarges the initial 
socioeconomic gap by limiting learning opportunities and 
social mobility. This loop reflects the persistence of 
structural deficits in economic and technological conditions, 
showing how disadvantages tend to reproduce unless 
compensatory policies are implemented to break the 
vicious cycle.

	 4	 A pedagogical loop, linked to teacher training and technological 
mediation: Higher quality pedagogical practices stimulate 
stronger school–family collaboration, creating an environment 
of shared responsibility that supports learning. This 
collaboration enhances educational continuity by reducing 
dropouts and academic lag. Greater continuity, in turn, reduces 
inequality in access to digital platforms, as sustained 
participation ensures exposure to institutional digital resources. 
Lower inequality strengthens educational equity, which feeds 
back into the improvement of pedagogical practices. This 
reinforcing loop illustrates how improvements in teaching 
quality can drive positive systemic changes in digital and 
social equity.

Overall, the set of loops illustrates how structural, pedagogical, 
and relational factors are interconnected in ways that can either 
generate self-reinforcing improvements or sustain persistent 
inequalities. The causal diagram underscores that digital inequality 
cannot be addressed through isolated actions; rather, it requires 
systemic strategies that strengthen positive feedback mechanisms 
linked to equity and continuity, while counteracting the balancing 
dynamics that tend to reproduce exclusion.

4.2 Structural representation of the system

From the causal diagram, a Forrester-type simulation model was 
developed (Figure 4), composed of stocks, flows, and auxiliary 
variables. The model considers the number of students, enrollment 
flows, dropout and retention rates, and socio-institutional variables 
that influence Educational continuity and Graduation to university. In 
this context, the final Educational continuity is understood as the 
value of the continuity indicator at year 10 of the simulation horizon, 
while the final Graduation to university refers to the annual flow of 
students entering higher education at year 10.

4.3 Model variables

Table 1 classifies the model variables by type (constants, 
stocks, flows, auxiliaries), and the dimension of educational 
quality they affect (access, equity, relevance, efficiency, or 
learning outcomes).

4.4 Baseline scenario: educational 
continuity without intervention

An initial simulation of the baseline scenario was carried out, with 
no policy interventions or improvements in income or teacher 
training. The baseline scenario (SIM1) illustrates the system’s reference 
behavior over the 10-year simulation horizon. Figure 5a shows 
Educational continuity, which increases rapidly during the first 4 years 
as preschool, primary, and secondary student stocks expand, and then 
stabilize at approximately 10.5  million students by year 10. This 
dynamic reflects the capacity of the system to absorb new enrollments 
and gradually reach an equilibrium between student inflows and 
outflows. Figure 5b presents Graduation to university, which exhibits 
a delayed growth in the first 2 years, followed by a sharp acceleration 
and subsequent stabilization at around 2.5 million students per year 
by year 10. This lag is explained by the smoothing function in the 
model, which captures motivational and quality effects before 
students’ transition to higher education. Together, these results 
provide a reference trajectory against which alternative policy, 
socioeconomic, and teacher-training scenarios can be compared.

4.5 Sensitive analysis results

The sensitivity analysis served to examine how variations in key 
structural parameters influence the dynamic behavior of the system, 
particularly the variables associated with educational continuity. This 
procedure allowed identifying the degree to which changes in access, 
pedagogical, and socioeconomic factors affect the stability of the 
modeled relationships. By observing the magnitude and direction of 
the simulated responses, the analysis provided evidence on which 
parameters act as leverage points within the system. The results 
revealed that the model maintains internal stability and logical 
coherence under moderate perturbations, while clearly distinguishing 
those subsystems—such as technological access, pedagogical 
mediation, and social collaboration—that exert the greatest influence 
on overall system performance.

Table 2 summarizes the results of the sensitivity analysis 
performed on the main endogenous variables of the model. The table 
highlights the parameters that most influenced the system’s behavior 
when perturbed by ±10%, together with their corresponding 
interpretations. The results show that certain parameters—such as 
Digital education policies, Enrollment rate, and Household income—
exerted a greater impact on the system’s dynamics, revealing the 
structural dependencies that link technological, pedagogical, and 
socioeconomic dimensions. In contrast, variables like Governmental 
investment and Digital platform demand exhibited nearly linear 
responses, indicating structural stability and a lower degree of 
sensitivity. Collectively, these findings provide a concise overview of 
how changes in specific parameters propagate through the system, 
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FIGURE 5

Forrester simulation model of unequal access to digital platforms.

TABLE 2  Sensitivity analysis results (±10%).

Analyzed variable 
(output)

Most influential parameters 
(±10%)

Main interpretation

Economic resources 

availability
Digital education policies

The availability of economic resources is highly sensitive to changes in the implementation of 

digital education policies, reflecting the strong dependence between public investment and 

systemic capacity.

Educational continuity

Enrollment rate, Graduation to 

university rate, Potential child 

population

Educational continuity is primarily shaped by enrollment and transition rates, confirming the 

central role of demographic and institutional dynamics.

Effect of pedagogical 

quality on enrollment

Total teachers, Digital education policies, 

Training effectiveness rate

Pedagogical quality depends on teacher capacity and training effectiveness, reinforcing the 

influence of human capital on student enrollment.

Governmental investment Digital education policies
Investment shows a near-linear response to policy variation, validating the internal consistency of 

the policy–financing loop.

Learning obstacles
Maximum expected budget, Demand 

limit, Household income

Learning barriers are particularly sensitive to budget constraints and technological demand, 

highlighting the interplay between fiscal limitations and digital inequality.

Device availability
Demand limit, Device limit, Household 

income

Device access depends mainly on technological supply and household income, illustrating how 

economic inequality amplifies access disparities.

Digital platform 

availability

Demand limit, Maximum expected 

budget

The number of digital platforms depends on aggregated demand and budget limits, underscoring 

the structural link between infrastructure and financial capacity.

Digital platform demand Demand limit
The relationship between potential and actual demand remains stable, confirming structural 

balance within the subsystem.

Teacher digital skills
Total teachers, Training effectiveness 

rate, Training hours

Teachers’ digital competence exhibits moderate sensitivity; improvements in training duration or 

effectiveness substantially enhance pedagogical quality.

School–family 

collaboration

Household income, Demand limit, 

Device limit

Collaboration between schools and families is strongly influenced by socioeconomic conditions 

and access to technology, reaffirming the social dimension of educational continuity.
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shaping educational continuity and the broader equilibrium of 
the model.

Figures 4a–c illustrate the results of the sensitivity analysis for 
the three most representative variables of the model: Educational 
continuity, Device availability, and School–family collaboration. 
These variables were selected because they capture the 
technological, pedagogical, and social dimensions of the system 
and exhibited the highest responsiveness to 
parameter perturbations.

Figure 4a shows the sensitivity analysis of Educational continuity, 
the main output variable of the model. Small variations in the 
Enrollment rate, Graduation to university rate, and Potential child 
population produced proportional and stable changes in continuity, 
confirming the internal coherence of the model. This pattern 
demonstrates that educational trajectories are mainly governed by 
demographic and institutional factors interacting through reinforcing 
feedback loops.

Figure 4b presents the sensitivity analysis of Device availability, 
which represents the structural component of technological access. 
The results reveal a high sensitivity to changes in the Demand limit, 
Device limit, and Household income, indicating that economic 
inequality directly constrains the capacity of families to access and 
maintain digital devices. The shape of the sensitivity curve reflects 
nonlinear behaviors when limits of demand or supply are reached, 
illustrating the propagation of digital inequality through the system.

Finally, Figure 4c displays the sensitivity analysis of School–family 
collaboration, which functions as a mediating variable between access 
and educational outcomes. The results show strong sensitivity to 
Household income and technological availability, suggesting that 
improvements in access rapidly enhance collaboration, while 
reductions in income or device availability cause asymmetric declines. 
This nonlinear behavior highlights the resilience of social collaboration 
once established and its critical role in mitigating the negative effects 
of digital inequality.

4.6 Simulation results by variable

This section summarizes the results of the 13 scenarios obtained 
from the Forrester Diagram presented in Figure 5. The simulations 
allowed the exploration of system behavior under different conditions 
of economic inequality, digital public policies, and teacher training 
effectiveness. Each scenario highlights how structural, pedagogical, 
and institutional determinants interact to influence students’ 
educational continuity.

SIM1: Baseline scenario: The baseline represents the reference 
mode (Table 3) without any policy or pedagogical interventions. The 
model depicts a vulnerable educational system where digital inequality 
constrains student progression and limits upward transitions across 
educational levels. Figures 6a,b display the trajectories of Educational 
continuity and Graduation to university under baseline conditions. 
Both variables follow a characteristic S-shaped growth pattern: an 
initial acceleration during the first 5 years, driven by incremental 
improvements in access, school–family collaboration, student 
motivation, and reduced dropout; followed by a deceleration and 
stabilization phase between years five and 10, typical of systems 
approaching saturation or equilibrium. The leveling observed in both 
curves suggests that, in the absence of systemic interventions, 
educational continuity and graduation rates reach a steady state 
constrained by structural inequalities and limited digital capacity.

SIM2: Socioeconomic scenarios: These simulations modified 
household income levels (Table 3). Results show that higher Family 
income improves access to connectivity and devices, generating steady 
gains in continuity and transitions to higher education. Moderate 
increases in income (USD 2,000–3,000) produce noticeable 
improvements, while very high-income levels (USD 4,000) create 
conditions for full digital access and greater retention.

SIM3: Teacher-related scenarios: These scenarios explored 
variations in the effectiveness rate of teacher training (Table 3). Higher 
training effectiveness (0.5) substantially enhances pedagogical quality, 

TABLE 3  Summary of simulation scenarios and observed systemic effects.

Variable modified Simulated scenario Change in educational 
continuity

Most affected 
educational level

Systemic effect

Household income Decrease 25%
Sharp contraction, especially in 

secondary
Secondary Contractive

Household income No modification Stagnation at low levels Secondary Stagnant

Household income Increase 25%
Significant improvement, 

especially in primary
Primary and lower secondary Expansive

Training effectiveness rate Decrease 20% Moderate reduction in retention Primary Mildly contractive

Training effectiveness rate No modification Limited stability Primary Stagnant

Training effectiveness rate Increase 20%
Partial improvement in early 

years
Primary Moderately expansive

Digital education policies Reduction 40%
Progressive decline in upper 

secondary levels
Upper secondary Contractive

Digital education policies No modification Stagnation Upper secondary Stagnant

Digital education policies Increase 40%
Gradual and sustained 

improvement
Upper secondary Expansive

Combined scenario Income ↑ + Teacher ↑ + Policy ↑
Sustained improvement across all 

levels
All Strongly expansive
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raising both educational continuity and the number of students 
transitioning to university. Conversely, reductions in training 
effectiveness (0.4 or 0.3) reveal significant declines, showing how 
weaknesses in teacher professional development translate into 
systemic educational losses.

SIM4: Policy–institutional scenarios: Here, the level of 
implementation of digital education policies was adjusted (Table 3). 
Limited policies (0.4) led to low impacts on infrastructure and 
training, reducing continuity. Intermediate policies (0.6) promoted 
better access and pedagogical quality, fostering smoother transitions 
between levels. High-investment policies (0.8) generated the strongest 
outcomes, reinforcing every subsystem and signaling a high level of 
governmental commitment to technology in education.

SIM5: Combined scenarios: Finally, combinations of household 
income, digital policy levels, and teacher training effectiveness were 
tested (Table 3). Results demonstrate that synergies between variables 
amplify positive effects. For example, medium household income 
(USD 3,000) combined with intermediate digital policies (0.6) achieved 
strong equilibrium between access and quality, favoring continuity. By 
contrast, low investment in policies combined with moderate teacher 
training produced significant limitations in capacity and retention. 
Interestingly, strong digital policies (0.8) partially compensated for low 
family income (USD 1,000), illustrating the balancing role of state 
intervention in mitigating socioeconomic disadvantages.

Taken together, the scenarios confirm that digital inequality is not 
determined by a single factor but emerges from the interaction 
between economic conditions, pedagogical quality, and policy 
implementation. The system responds nonlinearly: small 
improvements in one area can be offset by deficits in another, while 
combined interventions create multiplier effects that significantly 
strengthen educational continuity and transitions to higher education.

5 Discussion

5.1 Discussion of results

The results of the system dynamics simulations demonstrate that 
educational continuity is strongly conditioned by structural factors 

such as family income, device availability, and the implementation of 
digital public education policies. These findings are consistent with 
Olanrewaju et al. (2021) and Stewart (2021), who emphasized that 
socioeconomic inequalities—particularly in rural or low-income 
settings—limit access to connectivity and digital devices, thereby 
significantly reducing opportunities for remote or hybrid learning.

However, the simulations also reveal that while access to digital 
platforms is essential, it is not sufficient on its own. Educational 
continuity critically depends on intermediate variables such as student 
motivation, pedagogical quality, and teachers’ digital skills. These 
results align with Johnson et al. (2024) and Tomczyk (2020), who 
underscore the central role of pedagogical and human dimensions in 
ensuring sustained educational trajectories. Furthermore, the model 
identified feedback loops that connect public investment and digital 
inclusion policies with educational continuity outcomes, echoing the 
system-oriented approaches proposed by Bala et al. (2017) and 
Sterman (2000).

The simulated scenarios also show that strengthening digital 
education policies—particularly when combined with medium or 
high family income—produces a multiplier effect on educational 
outcomes. This effect is reflected in increased platform availability, 
enhanced school–family collaboration, and higher progression rates 
toward higher education. Comparable experiences have been 
documented by De María and Bartesaghi (2023) and Segar and 
Asmawi (2024), who found that sustained state investment in digital 
infrastructure can reduce the digital divide and foster continuous 
educational trajectories.

It is equally important to highlight that the effectiveness of digital 
policies is closely tied to pedagogical and organizational dimensions. 
Consistent with San Martín Alonso and del García Dujo (2016), this 
study stresses that digital transformation requires profound cultural 
and instructional changes within educational institutions. As also 
emphasized by Peirats Chacón et al. (2022) and Gil-Fernández and 
Calderón-Garrido (2023), digital literacy initiatives should include not 
only teachers but also families, whose participation has become crucial 
to sustaining educational engagement and reducing discontinuity.

Moreover, this study reinforces the persistent challenges faced by 
regions with limited technological access (UNESCO Institute for 
Statistics and Global Education Monitoring Report, 2024). Although 

FIGURE 6

(a) Educational continuity and (b) Graduation to university behavior in the baseline scenario without intervention.
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large-scale digital education policies can partially compensate for 
these deficiencies, the findings indicate the need for integrated 
approaches grounded in social and educational equity, active student 
and teacher participation, and the principles of educational justice 
(Jacovkis et al., 2024; Kleeberg-Niepage et al., 2023; Ainscow, 2016).

In summary, addressing the digital divide in education requires a 
systemic vision that connects technological access, inclusive 
pedagogical strategies, strong school–family collaboration, and 
sustainable digital public education policies. This study contributes 
original empirical evidence and a simulation-based methodological 
framework that supports the design of policy interventions aimed at 
promoting educational equity and continuity over time.

5.2 Theoretical implications

Beyond its empirical findings, the model contributes to the 
theoretical understanding of the nexus between technology and equity 
in education. By using System Dynamics, the study demonstrates that 
digital access cannot be conceptualized as a static resource gap but as 
part of an evolving system in which reinforcing and balancing 
feedback loops shape long-term outcomes. This perspective advances 
equity theory by showing that technological resources acquire 
meaning only when mediated by pedagogical quality, teacher 
competencies, and institutional collaboration. In this sense, equity is 
not a direct consequence of providing devices or connectivity, but the 
result of systemic interactions where social, economic, and 
pedagogical dimensions converges. The model thus enriches existing 
debates by positioning digital equity as a dynamic construct, 
highlighting the importance of feedback processes, cumulative 
advantages, and thresholds that either amplify or mitigate educational 
inequalities over time.

5.3 Implications for policy and practice

The findings of this study offer concrete guidance for the design, 
monitoring, and evaluation of public policies in contexts where the 
digital divide persists. First, digital inclusion policies should prioritize 
investments in technological infrastructure to ensure equitable access 
to devices and connectivity, particularly in vulnerable populations. 
Second, teacher training programs must go beyond technical 
instruction and focus on developing pedagogical skills for digital 
mediation, especially in settings with low technological availability. 
Lastly, effective collaboration among schools, families, and local 
governments emerges as a critical component for sustaining complete 
educational trajectories. This underscores the need for more 
integrative, multi-actor governance frameworks.

5.4 Limitations and recommendations for 
future research

This study presents some limitations that should be acknowledged. 
First, the System Dynamics model was parameterized with structural, 
institutional, and pedagogical variables for which reliable data were 
available. While this choice increases robustness, it also implies the 

exclusion of other relevant dimensions (particularly cultural, 
psychosocial, and motivational factors) that are harder to quantify and 
incorporate into a formal model. Elements such as family expectations, 
students’ self-efficacy, gender norms, or the influence of peer networks 
may also play critical roles in shaping educational continuity but could 
not be explicitly represented here.

Second, the model simplifies reality by focusing on three main 
determinants—household income, teacher training effectiveness, and 
digital policy implementation. Although these variables capture the 
structural dynamics of digital inequality, they do not encompass the 
full range of contextual heterogeneity across regions, schools, and 
social groups. As a result, the simulations should be interpreted as 
prospective scenarios rather than predictive forecasts.

Finally, the model assumes relatively stable conditions of 
technological and policy development. Rapid changes in digital 
platforms, evolving teacher training frameworks, or unexpected policy 
reforms may generate behaviors that differ from those projected here.

Future research should aim to:

	•	 Incorporate primary empirical data from real educational 
institutions to improve model calibration.

	•	 Analyze the differentiated impact of the digital divide across 
educational levels and geographic contexts (urban vs. rural).

	•	 Explore the role of artificial intelligence as a pedagogical 
compensation tool in low-connectivity environments.

	•	 Evaluate the longitudinal effects of combined public policies 
(technological, social, and educational) on school retention 
and graduation.

6 Conclusion

This study simulated the influence of inequality in access to digital 
platforms on educational continuity at the early childhood, primary, and 
secondary education levels, using a System Dynamics model. The results 
helped identify causal structures and nonlinear relationships that shape 
student access, retention, and progression within the educational system.

First, the findings confirmed that structural variables such as 
household income, device availability, and the implementation of 
public digital education policies play a decisive role in educational 
continuity. However, the simulations also revealed that technological 
access alone does not guarantee complete educational pathways. 
Intermediate factors such as pedagogical quality, student motivation, 
teachers’ digital skills, and school–family collaboration act as 
mediators and amplifiers of the impact of digital policies.

Second, the simulations showed that scenarios involving greater 
state investment in digital education, combined with more favorable 
socioeconomic conditions, can activate virtuous cycles that increase 
educational continuity, reduce school dropout, and promote access to 
higher education. These findings reinforce the importance of 
comprehensive public policy approaches that integrate technological, 
pedagogical, organizational, and social dimensions.

Finally, this study highlights the value of modeling and simulation 
as prospective tools for understanding the complexity of the digital 
divide in education and its systemic effects. Simulations allow 
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policymakers and researchers to anticipate the cumulative impact of 
various decisions and to design more effective and context-sensitive 
interventions. Consequently, future research should deepen the use of 
dynamic models and interdisciplinary approaches to inform evidence-
based educational decision-making.
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