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Abstract
The increasing demand for efficient and proactive facility management in healthcare has driven global interest in advanced digital technologies such as hospital digital twins virtual, real-time replicas of physical hospital systems used for predictive maintenance and operational optimization. However, the readiness of Nigerian health institutions to adopt such technologies remains unclear. This study evaluated the technological, infrastructural, and organizational preparedness of selected Nigerian hospitals for digital-twin integration.
A descriptive survey design was adopted, involving 436 healthcare professionals, facility managers, biomedical engineers, ICT personnel, and administrative staff across hospitals in Enugu, Lagos, and Abuja. Data were collected using a validated and reliable electronic questionnaire (Cronbach alpha: 0.82 and 0.85). Descriptive statistics answered the research questions, while one-sample t-tests determined readiness against a benchmark mean of 2.50.
Findings revealed low technological and infrastructural readiness, with a grand mean of 2.39, significantly below the readiness threshold (t = –4.87, p < 0.001). Hospitals lacked adequate IoT-enabled devices, stable internet, power reliability, digital maintenance systems, and system interoperability core requirements for digital-twin deployment. Although digital competence showed relative strength (grand mean = 2.49), key organizational dimensions such as management commitment, change readiness, and budgetary allocation remained insufficient, with no significant evidence of exceeding the readiness benchmark (t = –1.13, p = 0.128). The study concludes that Nigerian health institutions are not yet equipped technologically or organizationally to implement hospital digital twins for predictive facility management, despite moderate staff digital literacy and collaborative potential. To enhance readiness, strengthened ICT infrastructure, increased funding, improved power stability, strategic leadership commitment, expanded IoT deployment, and continuous staff capacity building are essential. These findings provide a foundation for policy formulation, investment planning, and future digital transformation initiatives in Nigeria’s healthcare system.

Keywords:
Digital Twins; Predictive Facility Management; Healthcare Infrastructure; Digital Health Readiness; Nigerian Health Institutions.



Introduction 
The growing complexity of healthcare delivery and the rapid deterioration of infrastructure in many developing countries have intensified the need for innovative technologies capable of improving facility management, reducing operational downtime, and enhancing patient safety. Hospitals are increasingly adopting digital innovations to strengthen predictive maintenance, optimize resource utilization, and achieve sustainable operational efficiency. According to the World Health Organization (WHO, 2020), digital technologies play a critical role in strengthening health systems, particularly in infrastructure monitoring, data-driven decision-making, and real-time resource management.
One of the emerging technologies transforming modern facility management is the concept of digital twins a real-time, virtual representation of physical assets, powered by data from sensors, machine learning algorithms, and simulation models. Fuller et al. (2020) highlight that digital twins enable continuous monitoring and predictive analytics, thereby improving asset lifecycle management across various sectors, including healthcare. In advanced health systems, hospital digital twins have been successfully applied to forecast energy consumption, model patient flow, optimize space utilization, and predict stress points in facility infrastructure, contributing to reduced operational costs and enhanced efficiency (Tao et al., 2019; Jones et al., 2022).
In contrast, many developing countries, including Nigeria, still rely predominantly on reactive maintenance approaches that address equipment failure only after breakdowns occur. This reactive model often results in high repair costs, prolonged service disruptions, and increased risks to patient safety. The Federal Ministry of Health (FMoH, 2021) reports persistent challenges in Nigerian hospitals, including inadequate maintenance culture, ageing medical equipment, inconsistent electricity supply, inadequate data systems, and limited adoption of digital tools for facility management. These issues contribute to frequent equipment failures and inefficiencies that significantly impact healthcare delivery.
As global healthcare continues to transition toward smart facility management driven by IoT sensors, automation, cloud computing, and predictive analytics assessing Nigeria’s readiness for such advanced technologies becomes increasingly crucial. Digital twins require robust digital infrastructure, reliable real-time data, system interoperability, skilled technical personnel, and strong institutional preparedness. Prior studies have shown that the successful implementation of digital health and Industry 4.0 technologies is heavily dependent on organizational readiness, ICT infrastructure maturity, staff digital competence, and institutional leadership (Al-Kahtani et al., 2023; Marques & Ferreira, 2020).
However, in the Nigerian context, there is limited empirical research examining the readiness of healthcare institutions to adopt digital-twin technologies. Existing literature largely focuses on e-health adoption, telemedicine deployment, and the use of electronic health records (Oluoch et al., 2022; Akinyele & Soyinka, 2021), with minimal attention given to advanced digital innovations such as hospital digital twins. This gap underscores the need for a systematic evaluation of Nigeria’s preparedness technologically, financially, institutionally, and in terms of human resources to integrate digital twin systems into hospital facility management.
Given the substantial benefits of digital twins ranging from reduced equipment downtime and optimized energy management to improved patient safety and predictive maintenance evaluating readiness becomes essential for guiding policymakers, hospital administrators, and technology developers. Understanding the readiness level of Nigerian health institutions will provide insight into existing gaps, infrastructural limitations, personnel needs, financing requirements, and potential implementation risks. It will also inform strategies and policy frameworks necessary for effective digital transformation in the healthcare sector. Therefore, this study investigates the readiness of Nigerian health institutions to integrate hospital digital twins for predictive facility management. The findings would support evidence-based decision-making and contribute meaningfully to ongoing national discussions on the digital modernization of healthcare in Nigeria.
Statement of Problem
Effective facility management is vital for ensuring uninterrupted healthcare delivery; however, many Nigerian hospitals continue to suffer from frequent equipment breakdowns, infrastructural deterioration, and inconsistent maintenance practices that compromise service quality and patient safety. National assessments by the Federal Ministry of Health (FMOH, 2021) and the World Bank (2021) reveal persistent challenges such as outdated hospital equipment, unreliable power supply, limited monitoring systems, and inadequate maintenance funding. Despite global advancements in predictive maintenance particularly the adoption of hospital digital twins for real-time monitoring, simulation-based analysis, and proactive decision-making most Nigerian health facilities still rely on reactive maintenance, addressing faults only after failure occurs. This approach contributes to prolonged equipment downtime, increased operational costs, inefficient resource utilization, and avoidable clinical disruptions.
In advanced health systems, digital twins have been widely recognized for their ability to improve equipment reliability, optimize asset lifespan, support early detection of faults, and enhance operational efficiency (Haleem & Javaid, 2022; Fuller et al., 2020). However, there is no documented evidence that Nigerian hospitals currently possess the technological infrastructure, data systems, IoT capabilities, or digital governance structures required to support such advanced technologies. Reports from the International Telecommunication Union (ITU, 2020) and World Bank Digital Economy Diagnostics (2019) consistently highlight gaps in broadband connectivity, sensor deployment, cybersecurity frameworks, and digital-skills capacity across Nigeria's public-sector institutions including the health sector.
Moreover, existing research on digital health transformation in Nigeria has predominantly focused on electronic health records (EHRs), telemedicine, mobile health technologies, and digital data reporting systems (Federal Ministry of Health, 2021; WHO, 2020). There remains a notable absence of empirical studies examining institutional readiness for emerging technologies such as digital twins, which require higher levels of ICT maturity, interoperability, and workforce digital competence. This lack of evidence-based assessment creates a major barrier for policymakers, hospital administrators, and infrastructure managers seeking to modernize hospital operations through predictive facility management.
Without a clear understanding of current readiness levels particularly in areas such as ICT infrastructure, availability of IoT sensing devices, staff digital literacy, organizational willingness, and financial investment health institutions cannot make informed decisions regarding the adoption of digital twins. The absence of such insights risks widening the technological gap between Nigerian hospitals and global best practices, potentially limiting opportunities for operational efficiency, cost reduction, and enhanced patient safety.
Therefore, the problem this study seeks to address is the uncertainty surrounding the technological, infrastructural, and organizational readiness of Nigerian health institutions to integrate hospital digital twins for predictive facility management a knowledge gap that must be filled to guide effective strategic planning, investment decisions, and policy development in Nigeria’s healthcare sector.
Objectives of the study
The main objective of this study is to evaluate the readiness of Nigerian health institutions for the integration of hospital digital twins for predictive facility management.
The study is guided by the following key objectives:
· To assess the level of technological and infrastructural readiness of Nigerian health institutions for the integration of hospital digital twins.
· To evaluate the digital competence and organizational preparedness of healthcare personnel and management for adopting digital-twin-based predictive facility management.
Research Questions
The following research questions guided the study:
· What is the level of technological and infrastructural readiness of Nigerian health institutions for hospital digital twin integration?
· To what extent are healthcare personnel and management digitally competent and organizationally prepared for the adoption of digital-twin-based predictive facility management?
Research Hypotheses
The following research hypotheses were tested at 0.05 significance level
· There is no significant level of technological and infrastructural readiness in selected Nigerian health institutions for the integration of hospital digital twins for predictive facility management.
· There is no significant level of digital competence and organizational preparedness among healthcare personnel and management in selected Nigerian health institutions for the adoption of digital-twin-based predictive facility management.
Significance of the Study
This study provides empirical insight into the readiness of Nigerian health institutions to adopt hospital digital twins, a technology that is transforming facility management and operational efficiency in modern healthcare systems. As many hospitals in Nigeria continue to face challenges such as equipment breakdowns, infrastructural decay, and inefficient maintenance practices, assessing readiness for digital-twin-based predictive management offers a pathway toward improved service delivery and reduced operational risks. The findings would guide policymakers, hospital administrators, and government agencies in making informed decisions on digital investment priorities, capacity-building initiatives, and infrastructural upgrades necessary for integrating advanced technologies in healthcare. In addition, the study contributes to the limited body of literature on digital twin adoption in African healthcare systems, providing a foundation for further academic inquiry, innovation planning, and future implementation frameworks. The research would support evidence-based strategies for transitioning Nigerian hospitals from reactive maintenance approaches to data-driven, predictive facility management systems capable of enhancing efficiency, reliability, and sustainability.
LITERATURE REVIEW
Origins and Evolution of Digital Twins
The concept of the digital twin (DT) originated in the engineering and aerospace sectors, where virtual models were employed to simulate physical systems, enhance reliability, and support mission-critical decision-making. One of the earliest documented practical uses of DT-like systems occurred during NASA’s Apollo program, in which engineers relied on “mirrored” spacecraft models on Earth to diagnose faults and simulate operational scenarios to support astronauts in real time (Glaessgen & Stargel, 2012; NASA, 2018). Although the term digital twin had not yet been formally coined at that time, NASA’s use of high-fidelity replicas laid the conceptual foundation for modern DT systems.
The formal articulation of the digital-twin concept emerged in the 2000s when Michael Grieves introduced the idea as part of Product Lifecycle Management (PLM), describing a virtual representation that mirrors a physical asset throughout its lifecycle (Grieves, 2005). This definition was later refined to include a computational model that is continuously updated with data from the physical system, thereby enabling simulation, monitoring, prediction, and optimization (Grieves & Vickers, 2017).
Advancements in enabling technologies such as the Internet of Things (IoT), cloud computing, and artificial intelligence further accelerated DT development across industries. IoT sensors now provide continuous, real-time data streams from physical assets, while AI and machine-learning algorithms allow twins to forecast future states and recommend optimized interventions (Fuller et al., 2020). These technological shifts have transformed DTs from static digital models into dynamic, data-driven systems capable of autonomous learning and predictive analytics.
In contemporary definitions, a digital twin is widely understood as a real-time, virtual representation of a physical process, system, or object that synchronizes continuously through data inputs such as sensor readings, simulation outputs, operational logs, and machine-learning predictions (Jones et al., 2020; Tao et al., 2019). Modern DT frameworks typically include three interconnected components: the physical system, the virtual model, and the data/communication link that enables synchronization (Tao et al., 2019). These components allow organizations to conduct real-time monitoring, scenario simulation, and failure prediction across domains including manufacturing, smart cities, supply chains, and increasingly, healthcare.
The evolution of DTs has also been shaped by the growing demand for predictive analytics and intelligent automation. Research shows that digital twins now play a central role in Industry 4.0 and cyber-physical systems, where they enable enhanced decision-making, process optimization, and lifecycle management of complex physical assets (Kritzinger et al., 2018). As DT capabilities expand, their application has moved beyond engineering machinery to include buildings, large-scale infrastructures, and human-centered domains such as personalized medicine and hospital operations (Corral-Acero et al., 2020; Björnsson et al., 2020).
The evolution of digital twins from NASA’s early mirrored models to today’s AI-powered, real-time cyber-physical systems illustrates a trajectory of increasing sophistication driven by advances in connectivity, data science, simulation, and automation.
Digital Twins in Healthcare
The concept of the digital twin (DT) has grown rapidly within the healthcare sector, expanding from patient-specific clinical models to comprehensive operational and facility-level applications. Recent reviews confirm that hospital digital twins are being used to simulate building performance, predict equipment failure, optimize environmental conditions, and enhance overall resource utilization (Haleem & Javaid, 2022; Dias et al., 2023). The integration of enabling technologies particularly Internet of Things (IoT) sensors, Building Information Modelling (BIM), cyber-physical systems, cloud platforms, and artificial intelligence has substantially strengthened the viability of DTs in smart-hospital environments by enabling continuous data collection and real-time simulation (Greco et al., 2023; Catalão et al., 2024). For example, recent work combining BIM-IoT-AI models for hospital HVAC optimization demonstrated that digital twins can dynamically regulate indoor air quality and energy use based on occupancy patterns (Wang et al., 2024). In parallel, predictive-maintenance frameworks using digital twins for air-handling units and mechanical systems have shown improved fault detection and reduced downtime in facility management operations (Mousa et al., 2024).
Beyond technical feasibility, successful deployment of digital twins in hospitals—especially in low- and middle-income countries (LMICs) depends on institutional and infrastructural readiness. Systematic reviews of digital-health adoption in LMICs reveal persistent barriers: unreliable connectivity and electricity, insufficient data governance, limited workforce digital literacy, and financial constraints affecting procurement and long-term maintenance (Boateng et al., 2021; Afolayan & Pinnington, 2022). A recent meta-analysis highlights that “facilitating conditions” such as availability of digital infrastructure, technical support, and organizational readiness significantly influence health-worker adoption of digital technologies (OlaOlorun et al., 2024). This aligns with broader LMIC systems research showing that despite progressive digital-health strategies, implementation gaps remain due to inadequate resourcing and weak operational capacities (Dugani et al., 2024). Studies on health-facility maintenance in Nigeria further demonstrate challenges poor documentation, manual tracking systems, and limited use of computerized maintenance management systems creating a strong case for digital-twin-enabled maintenance and lifecycle management (Abubakar & Lawal, 2023).
Consequently, emerging scholarship proposes structured readiness frameworks to support DT adoption in resource-constrained health systems. These models emphasize five readiness pillars: 
i. digital infrastructure and IoT sensor capacity, 
ii. Data governance and interoperability,
iii. Workforce skills and organizational culture, 
iv. Sustainable financing and procurement models, and 
v. Regulatory and cybersecurity safeguards (Mukherjee et al., 2023; Serrano et al., 2022). 
A pilot-first approach is widely recommended; in which hospitals begin with targeted use-cases such as HVAC optimization or predictive equipment maintenance before scaling to full building-level digital twins (Nguyen et al., 2024). Evidence from recent hospital case studies show that such pilots generate measurable returns, including reduced downtime, improved environmental comfort, and better decision support for facility managers (Silva et al., 2024). As LMIC health systems increasingly pursue digital transformation, context-specific DT readiness assessments and capacity-building strategies will be essential to ensure equitable, sustainable, and scalable adoption.
Predictive Facility Management in Modern Healthcare
Predictive facility management (PFM) represents a shift from reactive or schedule-based maintenance to data-driven, predictive analytics enabled by continuous sensor monitoring. IoT devices embedded in facility equipment collect real-time performance data, allowing systems to detect anomalies, identify impending failures, and initiate early interventions (Lee et al., 2020).
Digital twins are increasingly recognized as the most advanced tool enabling predictive facility management. Empirical studies report that DT-based PFM can reduce equipment downtime by 30–40% and extend asset lifespan through simulation-based optimization (Abbas et al., 2021).
In hospital environments where reliable functioning of HVAC systems, medical gas lines, imaging equipment, water supply, power distribution, and elevators is critical PFM significantly improves patient safety and operational continuity (Sacks et al., 2020).
High-income countries have already integrated digital twins into building-management systems, energy monitoring, and infrastructure oversight. However, successful adoption is dependent on robust ICT infrastructure, high-quality data, and mature interoperability standards conditions that remain limited in many developing health systems (Rausch et al., 2021).
Readiness for Digital Health Technologies
Organizational readiness refers to the extent to which an institution possesses the technological, human, financial, and governance capacity required for digital transformation (Scott et al., 2020).
The WHO Global Strategy on Digital Health 2020–2025 emphasizes that successful digital transformation depends on:
· Interoperable digital systems
· Reliable broadband connectivity
· Skilled human resources
· Sustainable funding and governance structures
· High-quality, secure data environments (WHO, 2020).
Low- and middle-income countries typically score low in these readiness dimensions. A continental assessment by the World Bank (2021) and ITU (2020) found persistent infrastructural deficiencies such as weak ICT systems, inadequate broadband coverage, and limited digital-skills development across African health sectors.
In Nigeria, readiness challenges are amplified by:
· Unstable electricity supply (World Bank, 2021)
· Limited broadband penetration (ITU, 2020)
· Weak data governance structures (Federal Ministry of Health, 2021)
· Insufficient financial investment in digital health ecosystems (World Bank, 2019).
Organizational factors have been shown to influence digital transformation more strongly than hardware availability. Leadership willingness, change-management capacity, and staff acceptance are critical predictors of success (Kotter, 1996; Lal & Mane, 2022).
Technological and Infrastructural Requirements for Hospital Digital Twins
Digital twin deployment requires a multilayer technological ecosystem that integrates sensors, computing architecture, software, and interoperable systems.
1. IoT and Sensor Networks
IoT sensors embedded in hospital assets power systems, HVAC units, elevators, plumbing, and biomedical equipment generate the continuous, real-time data required for digital-twin simulation. Studies confirm that without robust sensor networks, digital twins cannot function effectively (Shahzad et al., 2022).
2. High-Performance Computing (HPC) and Cloud/Edge Platforms
Digital twins demand substantial processing power for real-time analytics, simulation, and data storage. Hybrid architectures that combine cloud computing with edge computing for low-latency responses are now considered best practice for healthcare digital-twin environments (Fuller et al., 2020).
3. Interoperable Systems and Data Standards
Digital twins integrate data from diverse hospital systems, including:
· Building Management Systems (BMS)
· Electronic Health Records (EHRs)
· Medical device networks
· IoT platforms
Interoperability remains a global challenge. The WHO and HL7 have repeatedly emphasized the importance of standardized data formats, particularly in low-resource settings (WHO, 2020; HL7 International, 2021).
4. ICT Infrastructure and Power Supply
Stable power supply, secure networks, and reliable broadband internet are fundamental. Nigerian hospitals often face infrastructural weaknesses such as power instability and limited digital infrastructure, which are major barriers to digital-twin adoption (World Bank, 2021).
5. Human Resource and Organizational Preparedness
Digital twins require a digitally literate workforce, including ICT specialists, facility managers, biomedical engineers, and data scientists. Workforce digital competence is a primary determinant of successful digital transformation (Scott et al., 2020).
Organizational preparedness must include:
· Leadership commitment
· Adequate funding
· Clear digital strategy
· Effective governance
· Interdepartmental collaboration
Without these institutional supports, advanced technologies rarely achieve sustainability or scale.
Digital Transformation in Nigerian Healthcare
Digital transformation within Nigeria’s healthcare system has progressed steadily over the past decade; however, multiple empirical studies and national assessments reveal that the country still faces significant structural and institutional barriers that limit the effective adoption of advanced digital-health technologies. The Federal Ministry of Health (2021) notes that Nigeria’s digital-health ecosystem is characterized by fragmented ICT infrastructure, inadequate broadband penetration, and limited availability of enterprise-level digital systems across public hospitals. Many health facilities still rely on paper-based processes, with only partial or uneven deployment of electronic health systems.
A recurring challenge is the lack of robust ICT infrastructure, including insufficient networking equipment, outdated computer systems, and poor server capacity. These infrastructural gaps significantly affect the integration of high-demand technologies such as digital twins, which require stable connectivity, IoT sensor coverage, and high-performance computing (Federal Ministry of Health, 2021). Supporting this, the International Telecommunication Union (ITU, 2020) reports that Nigeria’s digital maturity is constrained by limited deployment of sensor-based monitoring systems, low IoT penetration, and inadequate digital-security measures across public institutions. These deficiencies inhibit the real-time data collection and interoperability necessary for advanced cyber-physical systems.
Another barrier to digital transformation is poor maintenance culture. According to the World Bank (2021), Nigerian hospitals face chronic challenges in equipment maintenance, including frequent breakdowns, lack of preventive-maintenance frameworks, and reliance on reactive repairs. This pattern is incompatible with digital-twin-driven predictive maintenance, which depends on continuous performance monitoring, fault detection, and asset lifecycle management.
The governance environment for digital health is also underdeveloped. While Nigeria launched the National Digital Health Strategy and eHealth Policy, their implementation remains slow due to weak coordination, inadequate regulatory enforcement, and inconsistent data standards (Federal Ministry of Health, 2021). These governance gaps create significant barriers to data interoperability and undermine the establishment of integrated digital infrastructures required for smart hospital systems. This challenge is echoed in WHO’s Global Digital Health Strategy, which highlights governance and data standards as critical weaknesses in many low- and middle-income countries (WHO, 2020).
Furthermore, low digital literacy among healthcare workers poses a major obstacle to digital-health adoption. WHO (2020) and other studies emphasize that many Nigerian health workers lack adequate training in digital systems, data management, and cybersecurity practices skills critical for managing emerging digital technologies. Although ICT training initiatives exist, they are often sporadic, donor-driven, and not systematically integrated into institutional capacity-building structures.
Financial investment in healthcare digitalization is another limiting factor. The World Bank Digital Economy Diagnostic Report (2019) highlights Nigeria’s underinvestment in hospital infrastructure modernization, noting that digital-health initiatives receive limited government funding and are often dependent on external partners. This financial constraint affects the procurement and deployment of digital infrastructure, cloud systems, and IoT-enabled monitoring tools required for digital-twin technologies.
Despite these challenges, Nigeria has made some progress in areas such as electronic health record (EHR) deployment, telemedicine, and mobile health applications. Studies indicate increasing adoption of EHRs in tertiary hospitals and the use of telemedicine during the COVID-19 pandemic to support remote consultations (Oluoch et al., 2022). However, these initiatives remain fragmented and limited mostly to urban tertiary institutions. There is no documented evidence of digital-twin deployment in any Nigerian hospital to date. This absence highlights the widening technological gap between Nigeria and technologically advanced health systems where digital twins are increasingly used for predictive maintenance, resource optimization, and facility operations.
The current landscape suggests that Nigeria is still in the early stages of digital health transformation, lacking the advanced digital ecosystem required for the integration of hospital digital twins. To bridge this gap, significant investment, strategic governance reforms, workforce capacity-building, and structured national digital-health frameworks are essential.
Conceptual Framework: Dimensions of Readiness for Hospital Digital Twin Adoption
This study adopts a multidimensional readiness framework to assess the capacity of Nigerian health institutions to implement hospital digital twins advanced cyber-physical systems that combine IoT data, artificial intelligence, real-time analytics, and virtual simulation to support predictive facility management. The framework draws from internationally recognized digital-health readiness models (WHO, 2021), ICT infrastructure assessments in LMICs (World Bank, 2019), and empirical studies on the technical and workforce requirements of digital-twin systems (Fuller et al., 2020; Jones et al., 2020). It is also informed by recent evidence on Nigeria’s digital-health transformation challenges, including infrastructural, governance, and skill-related constraints (Ojo & Adebayo, 2025; Pate, 2024; Federal Ministry of Health, 2024).
The conceptual framework identifies four core readiness dimensions essential for hospital digital-twin adoption: Technical Infrastructure, Human Resource Capacity, Funding & Financial Commitment, and Governance & Data Standards. These dimensions collectively reflect the institutional, technological, and organizational foundations required to support digital-twin implementation.
1. Technical Infrastructure Readiness
Technical readiness refers to the availability, stability, and functionality of ICT systems that enable real-time data collection and integration. Digital twins rely heavily on IoT sensors, electronic monitoring devices, high-bandwidth connectivity, server capacity, and interoperable digital platforms, all of which are necessary to synchronize physical hospital systems with their virtual counterparts (Fuller et al., 2020).
Evidence from Nigerian health facilities shows that poor connectivity, inadequate hardware, and limited digital integration remain widespread (Ojo & Adebayo, 2025), making technical infrastructure the foundational determinant of digital-twin feasibility.
2. Human Resource and Digital Skills Readiness
A hospital’s ability to adopt digital-twin systems depends on the competencies of its workforce particularly IT personnel, biomedical engineers, facility managers, and clinical staff who must be able to operate, interpret, and troubleshoot advanced digital tools. Low digital literacy has been repeatedly identified as a significant barrier to digital-health adoption in Nigeria (Pate, 2024; Oluoch et al., 2022).
This dimension therefore assesses workforce expertise in data management, digital systems operation, and technology-supported maintenance. Without adequate training and capacity-building programs, digital-twin technologies cannot be sustainably implemented or maintained.
3. Funding and Financial Readiness
Digital-twin solutions require substantial financial investment, including procurement of sensors, upgrades to hospital ICT infrastructure, acquisition of analytics platforms, development of data centres, and on-going workforce training. Studies of emerging technologies in Nigeria confirm that financial barriers and inconsistent investment in maintenance systems are among the strongest constraints to adopting advanced digital tools (Olawumi & Akintan, 2024).
This dimension therefore examines the availability of dedicated budgets, long-term financing mechanisms, and institutional financial planning frameworks necessary to support digital-twin lifecycle deployment and maintenance.
4. Governance, Policy, and Data Standards Readiness
Digital-twin implementation requires robust governance structures to ensure cybersecurity, data privacy, interoperability, regulatory compliance, and institutional accountability. Weak coordination and system fragmentation within Nigeria’s digital-health ecosystem have been repeatedly highlighted in national policy reviews (Federal Ministry of Health, 2024).
The WHO (2021) emphasizes that strong governance and standardized data architectures are essential for integrating complex digital systems across health institutions. Therefore, this dimension evaluates policy alignment, leadership support, data-governance structures, and adherence to national digital-health strategies critical conditions for secure and coordinated digital-twin adoption.
The conceptual framework provides a structured lens for assessing hospital readiness for digital-twin adoption, guiding the development of the study’s instruments and shaping the analysis of institutional gaps. It also directly aligns with the diagram “Dimensions of Readiness for Hospital Digital Twin Adoption,” enabling a visual and analytical interpretation of the multidimensional factors influencing adoption within the Nigerian healthcare context.
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Fig 1: Dimensions of Readiness for Hospital Digital Twin Adoption
Methodology
This study adopted a descriptive survey research design to assess the readiness of Nigerian health institutions for the integration of hospital digital twins for predictive facility management. The descriptive survey design was considered appropriate because it allows for the systematic collection and analysis of data from a large population to describe existing conditions, perceptions, and institutional capabilities without manipulating any variables (Creswell & Creswell, 2018; Nworgu, 2015). It is particularly suitable for technology adoption research, where the main objective is to evaluate the current state of technological infrastructure, staff competence, and organizational preparedness. The design also facilitates generalization of findings across multiple institutions and regions. The study was conducted in selected public and private health institutions located in Enugu, Lagos, and Abuja, representing major geopolitical zones and ensuring diversity in operational and infrastructural characteristics.
The population of the study comprised healthcare professionals and facility management personnel with direct knowledge of hospital operations and infrastructure. This included hospital administrators, biomedical engineers, ICT personnel, facility managers, maintenance officers, and senior clinical staff. A sample size of 450 respondents was determined to ensure adequate representation across the selected institutions, and 436 completed questionnaires were correctly returned, representing a high response rate of 96.9%, which enhances the reliability and validity of the findings.
Data were collected using a structured electronic questionnaire, designed based on established frameworks for assessing digital health readiness and predictive facility management. The questionnaire was divided into two main sections corresponding to the two key research objectives: (1) Technological and infrastructural readiness and (2) Digital competence and organizational preparedness. Items were measured on a four-point Likert scale ranging from Strongly Agree (4) to Strongly Disagree (1).
To ensure the validity of the instrument, the questionnaire underwent content and face validation by three experts in Health Informatics, Biomedical Engineering, and Research Methodology. Their evaluation ensured that items were clear, relevant, and aligned with the study’s objectives. Reliability was established through a pilot study conducted among 20 health workers in a hospital not included in the main study. Using the Cronbach Alpha method, the two sections yielded the following reliability coefficients: 0.82 for technological and infrastructural readiness and 0.85 for digital competence and organizational preparedness, indicating high internal consistency and confirming the instrument’s suitability for large-scale data collection.
Data collection was carried out electronically to facilitate rapid response, allow wide access across multiple institutions, and ensure convenience for participants. Respondents were informed about the purpose of the study, and confidentiality of their responses was assured. Data were analyzed using SPSS (Statistical Package for the Social Sciences), where descriptive statistics such as frequencies, percentages, mean scores, and standard deviations were generated to address the research questions. A benchmark mean of 2.50 was adopted as the threshold for determining readiness levels. To test the research hypotheses, one-sample t-tests were conducted in SPSS to assess whether the observed mean scores for each construct were significantly higher than the benchmark, thereby providing statistical evidence for accepting or rejecting the null hypotheses. Results were presented in tables for clarity, and, where necessary, comparisons were made across institutions to highlight variations in readiness levels. This study adhered strictly to established ethical standards for research involving human participants. Ethical approval was obtained from the appropriate Institutional Health Research Ethics Committee (HREC) of the selected hospitals prior to data collection. Permission was also sought from the management of all participating health institutions in Enugu, Lagos, and Abuja to ensure institutional compliance and cooperation.
Participation in the study was entirely voluntary. Respondents were informed about the purpose, significance, and procedures of the study through an introductory statement attached to the electronic questionnaire. Informed consent was obtained from all participants before they proceeded to complete the survey. They were clearly informed that they had the right to decline participation or withdraw from the study at any stage without any consequences.
Confidentiality and anonymity were strictly maintained throughout the study. The questionnaire did not request any personally identifying information such as names, staff IDs, or contact details. All data collected were stored securely and used solely for academic purposes. Access to the raw data was restricted to the research team to prevent unauthorized use.
Research Question 1: What is the level of technological and infrastructural readiness of Nigerian health institutions for hospital digital twin integration?
Table 1: Technological and Infrastructural Readiness of Nigerian Health Institutions
Descriptive statistics were used to evaluate respondents’ perceived level of technological and infrastructural readiness for digital-twin integration.
	Item
	SA (%)
	A (%)
	D (%)
	SD (%)
	Mean
	Remark

	Availability of IoT-enabled devices
	76 (17.4)
	112 (25.7)
	148 (33.9)
	100 (22.9)
	2.37
	Not Ready

	Reliability of hospital internet connectivity
	64 (14.7)
	108 (24.8)
	160 (36.7)
	104 (23.9)
	2.30
	Not Ready

	Stability of power supply
	52 (11.9)
	102 (23.4)
	170 (39.0)
	112 (25.7)
	2.22
	Not Ready

	Existence of digital maintenance systems
	80 (18.3)
	124 (28.4)
	140 (32.1)
	92 (21.1)
	2.44
	Not Ready

	Availability of data centres and servers
	98 (22.5)
	136 (31.2)
	124 (28.4)
	78 (17.9)
	2.58
	Ready

	Interoperability of digital systems
	72 (16.5)
	132 (30.3)
	150 (34.4)
	82 (18.8)
	2.45
	Not Ready


The grand mean for technological and infrastructural readiness of nigerian health institutions is 2.39
Research Question 2: To what extent are healthcare personnel and management digitally competent and organizationally prepared for the adoption of digital-twin-based predictive facility management?
Table 2: Digital Competence and Organizational Preparedness
This section assesses healthcare personnel's digital literacy and management preparedness.
	Item
	SA (%)
	A (%)
	D (%)
	SD (%)
	Mean
	Remark

	Staff digital literacy level
	96 (22.0)
	140 (32.1)
	124 (28.4)
	76 (17.4)
	2.59
	Ready

	Availability of ICT training programmes
	82 (18.8)
	134 (30.7)
	140 (32.1)
	80 (18.3)
	2.50
	Ready

	Management commitment to digital transformation
	70 (16.1)
	130 (29.8)
	148 (33.9)
	88 (20.2)
	2.42
	Not Ready

	Organizational readiness for change
	78 (17.9)
	128 (29.4)
	150 (34.4)
	80 (18.3)
	2.46
	Not Ready

	Budgetary allocation for digital projects
	68 (15.6)
	108 (24.8)
	166 (38.1)
	94 (21.6)
	2.35
	Not Ready

	Interdepartmental collaboration
	100 (22.9)
	142 (32.6)
	120 (27.5)
	74 (17.0)
	2.61
	Ready


The grand mean for organizational preparedness and digital competency is 2.49
Research hypothesis test 1: There is no significant level of technological and infrastructural readiness.
Table 3: One-Sample t-Test for Technological and Infrastructural Readiness
	Variable
	Benchmark (μ₀)
	Mean (μ)
	SD
	t-value
	p-value
	Decision

	Technological & infrastructural readiness
	2.50
	2.39
	0.62
	–4.87
	0.000
	Reject H₀



Technological and infrastructural readiness is significantly below the required threshold for digital-twin adoption.
Research hypothesis test 2: There is no significant level of digital competence and organizational preparedness.
Table 4: One-Sample t-Test for Digital Competence & Organizational Preparedness
	Variable
	Benchmark (μ₀)
	Mean (μ)
	SD
	t-value
	p-value
	Decision

	Digital competence & organizational preparedness
	2.50
	2.49
	0.58
	–1.13
	0.128
	Fail to Reject H₀



There is no significant evidence that digital competence and organizational preparedness exceed the readiness benchmark.
DISCUSSION OF FINDINGS
I. Technological and Infrastructural Readiness of Nigerian Health Institutions
Findings from Table 1 indicate that Nigerian health institutions are not technologically ready for the adoption of hospital digital twins. The grand mean score of 2.39, which falls below the benchmark of 2.50, denotes insufficient readiness. This conclusion is further supported by the one-sample t-test, which shows a statistically significant deviation below the readiness threshold (t = –4.87, p < 0.001).
The availability of IoT-enabled devices scored a mean of 2.37, indicating that most hospitals lack the sensor networks required for real-time monitoring. This aligns with findings from the International Telecommunication Union (ITU, 2020), which reported that IoT adoption in low- and middle-income countries including Nigeria remains significantly low due to infrastructural and investment gaps. Digital twin systems rely heavily on accurate and continuous data acquisition, making this infrastructural weakness a critical barrier.
Similarly, the reliability of hospital internet connectivity (mean = 2.30) and digital system interoperability (mean = 2.45) were rated inadequate. These findings correspond with the World Health Organization’s Global Strategy on Digital Health 2020–2025 (WHO, 2020), which emphasizes that connectivity and interoperability are foundational elements for advanced digital systems such as digital twins. Without stable internet and integrated data systems, digital-twin models cannot function effectively.
Power supply stability was identified as a major challenge (mean = 2.22). Frequent power interruptions disrupt real-time data flows and impair digital infrastructure. This finding aligns with data from the World Bank (2021), which highlighted recurrent power outages in Nigeria’s healthcare sector as a major impediment to the deployment of digital technologies.
Although a moderate percentage of respondents acknowledged the availability of digital maintenance systems (mean = 2.44), this still falls below the readiness threshold. Similar observations were made by Akanbi et al. (2021), who reported that Nigerian hospitals largely depend on reactive rather than predictive maintenance, making them ill-prepared for data-driven technologies such as digital twins.
The results show that Nigerian hospitals lack the foundational digital ecosystem needed for digital-twin deployment. This is consistent with infrastructural assessments documented in the Federal Ministry of Health’s Nigeria Health Sector Digital Transformation Strategy (FMOH, 2021) and the World Bank Nigeria Digital Economy Diagnostic Report (World Bank, 2019), both of which highlight major deficiencies in IoT infrastructure, power supply, broadband penetration, and health information system integration.
II. Digital Competence and Organizational Preparedness of Healthcare Personnel
Results from Table 2 show a mixed level of readiness in terms of digital competence and organizational preparedness. The grand mean of 2.49, slightly below the benchmark, suggests marginal readiness, while the t-test result (t = –1.13, p = 0.128) indicates no significant deviation from the benchmark. This implies that the institutions are neither significantly ready nor unprepared.
Digital literacy scored relatively high (mean = 2.59), indicating that a reasonable proportion of staff possess basic digital competence. The availability of ICT training programmes (mean = 2.50) also shows moderate investment in workforce development. This contrasts with the broader findings of the OECD (2021) and WHO (2020), which reported that digital literacy among healthcare workers in many low-resource settings is still evolving but gradually improving due to increased exposure to digital systems.
Despite moderate digital competence, organizational preparedness was low. Management commitment to digital transformation scored 2.42, while organizational readiness for change scored 2.46. These results align with the framework of Kotter (1996) and empirical evidence from Adewale et al. (2022), who emphasized that leadership commitment and institutional culture significantly influence digital health adoption in Nigerian healthcare organizations.
Budgetary allocation for digital projects scored 2.35, indicating limited financial commitment. This is consistent with the Nigeria Health Financing Landscape (World Bank, 2020), which shows that digital health receives minimal budgetary prioritization in most public health institutions.
Interestingly, interdepartmental collaboration scored relatively high (mean = 2.61). This suggests willingness among hospital departments to collaborate a positive indicator because multidisciplinary coordination among ICT units, engineers, clinicians, and administrators is essential for digital-twin implementation. This observation corresponds with findings from Blanchet et al. (2021), who noted that collaborative structures support digital innovation in health systems.
Implication of Findings
The findings reveal that while digital competence and organizational preparedness are moderate, technological and infrastructural readiness remains inadequate, creating a major gap that limits Nigerian hospitals' ability to adopt hospital digital twins. This readiness gap is consistent with broader assessments of digital-health preparedness in Nigeria documented by WHO (2020) and the World Bank (2019, 2021).
Digital twins are revolutionizing facility and asset management in high-income countries by supporting predictive maintenance, optimizing equipment lifespan, and reducing operational downtime. Research such as Jones et al. (2020) and Tao et al. (2019) demonstrates the transformative potential of digital-twin technology in healthcare. However, the results of this study indicate that Nigerian health institutions remain in a preparatory phase characterized by infrastructural deficiencies but modest potential in human resource capacity.
For Nigeria to benefit from digital-twin technologies, major infrastructural investment is required in:
· IoT sensor deployment
· Broadband and internet capacity
· High-performance computing
· Reliable energy systems
· Integration of digital maintenance platforms
The moderate digital competence among staff suggests that with proper digital leadership and targeted training, institutions may improve rapidly once the technological infrastructure is in place.
Bridging the gap will require a coordinated approach involving:
· Government investment in digital infrastructure
· Strengthening ICT training and workforce development
· Policy frameworks that promote system interoperability
· Increased institutional funding for digital transformation
· Strong leadership commitment in healthcare organizations
These efforts will enable a transition from reactive maintenance to predictive, data-driven facility management enabled by hospital digital twins.
Limitations of the Study
This study provides a critical insight into the readiness of Nigerian health institutions for the integration of hospital digital twins, several limitations must be acknowledged to guide the interpretation and generalization of findings. Firstly, the study adopted a descriptive survey design, which relies heavily on self-reported data. Responses from healthcare professionals, ICT personnel, and facility managers may be affected by subjective perceptions, social desirability bias, or limited awareness of advanced technologies such as digital twins. As a result, some readiness indicators particularly those related to organizational commitment, digital competence, and infrastructural adequacy may not reflect actual on-ground technical capacity.
Also, the study focused on hospitals located in three urban centres (Enugu, Lagos, and Abuja). While these cities represent major geopolitical zones and contain some of the most developed health facilities in Nigeria, they may not fully represent hospitals in rural areas, smaller states, or under-resourced regions. Therefore, the findings may not be generalized to all Nigerian health institutions, especially those operating in remote locations where infrastructural deficits may be even more pronounced.
Lastly, readiness for digital-twin integration involves complex technological components such as IoT sensor networks, high-performance computing, cloud architecture, and interoperable digital systems. However, the study measured these elements using perception-based questionnaire items rather than objective technical audits. The absence of physical assessment of digital infrastructure, sensor deployment, server capacity, or network reliability may limit the precision of the findings.
Conclusion
This study evaluated the readiness of Nigerian health institutions for the integration of hospital digital twins as an innovative approach to predictive facility management. Findings from the empirical data reveal that, although digital transformation is increasingly recognized as essential for improving hospital operations globally, Nigerian health institutions are not yet fully prepared to adopt digital-twin technology. The technological and infrastructural components required for digital twins such as IoT-enabled devices, stable broadband connectivity, robust power supply, interoperable systems, and digital maintenance platforms were found to be largely insufficient across the surveyed institutions. The grand mean score of 2.39 for technological and infrastructural readiness, supported by a statistically significant one-sample t-test, clearly indicates that Nigerian hospital environments lack the foundational infrastructure necessary for digital-twin deployment.
On the human-capacity and organizational side, the results show a more mixed picture. While staff digital literacy and interdepartmental collaboration recorded mean scores above the readiness benchmark, critical areas such as management commitment, change readiness, and budgetary allocation fell below the acceptable threshold. The overall mean score for digital competence and organizational preparedness (2.49) suggests that personnel and institutional structures are approaching readiness but remain insufficiently aligned for the complexities associated with digital-twin adoption. The hypothesis test confirms that these capabilities do not significantly surpass the minimum readiness requirement.
These findings highlight that Nigerian health institutions are at a preliminary stage of digital transformation, with notable strengths in workforce literacy but significant deficiencies in foundational infrastructure, strategic leadership, and financial investment. To fully benefit from hospital digital twins particularly for predictive maintenance, asset optimization, and improved operational efficiency there is a need for targeted interventions in infrastructure strengthening, ICT capacity-building, energy stability, and system interoperability.
From a policy standpoint, the results underscore the urgent need for national frameworks that define standards for smart hospital technologies, digital readiness assessments, and integration of IoT and cyber-physical systems within healthcare infrastructure. Policymakers must prioritize digital-health investments in the national budget, institutionalize digital governance structures, and develop regulatory guidelines that support data-sharing, interoperability, cybersecurity, and device standardization. These policy actions will provide the enabling environment required for sustainable digital-twin implementation.
Regarding implementation planning, the findings suggest the necessity for a phased and context-sensitive deployment strategy. Hospitals should begin with foundational upgrades—such as improving ICT infrastructure, expanding sensor-based monitoring, and strengthening digital maintenance systems before advancing to full digital-twin integration. Implementation plans should also incorporate human-resource development, including continuous digital-skills training, technical support structures, and leadership capacity-building. Moreover, pilot projects in selected tertiary hospitals could help refine implementation models and provide evidence for national scale-up.
In conclusion, while Nigerian health institutions demonstrate emerging readiness in human resource competence, they are not yet technologically or organizationally positioned to integrate hospital digital twins. Bridging this readiness gap will require coordinated policy action, strategic investment decisions, and well-structured implementation plans that combine infrastructural development, institutional commitment, and capacity-building efforts. Such a comprehensive approach is critical for the successful adoption of advanced digital technologies capable of transforming facility management and improving healthcare service delivery nationwide.
Recommendations
Based on the findings of this study, which revealed low technological and infrastructural readiness and moderate but insufficient digital competence and organizational preparedness for digital-twin adoption in Nigerian health institutions, the following recommendations are made:
1. Government and hospital management should prioritize investment in modern ICT infrastructure, including high-speed broadband internet, reliable data centres, interoperable digital systems, and high-performance computing resources. This will provide the technological foundation required for real-time simulation, data analytics, and digital-twin operations.
2. Hospitals should begin gradual deployment of IoT-enabled sensors on critical equipment such as HVAC systems, power units, elevators, water lines, and biomedical devices. These sensors are essential for continuous data acquisition, which forms the backbone of digital-twin predictive maintenance models.
3. Since digital-twin systems require uninterrupted power for real-time operation, government ministries, private investors, and hospital administrators should explore alternative energy solutions such as solar hybrid systems, dedicated power lines, and energy-efficient backup technologies to minimize downtime and ensure system stability.
4. Federal, state, and private health institutions should allocate dedicated budgets for digital transformation projects. Funding models should be expanded through partnerships, grants, and public–private collaborations to support digital-twin deployment, ICT upgrades, and continuous system maintenance.
5. Structured and continuous ICT capacity-building programmes should be implemented for facility managers, biomedical engineers, ICT personnel, and administrative staff. This will enhance digital literacy, improve readiness, and equip the workforce with the skills needed to manage and interpret digital-twin systems.
6. Hospital leadership must demonstrate stronger commitment toward digital innovation by establishing digital transformation units, developing strategic digital-health roadmaps, and promoting organizational cultures that support technological adoption. Active leadership engagement will accelerate managerial readiness and foster smoother system integration.
7. National and institutional policies should focus on developing standardised data governance frameworks that ensure secure data sharing, interoperability, privacy, and compliance with global digital-health standards. Interoperability is essential for integrating data from IoT devices, maintenance systems, and hospital management platforms.
8. Hospitals should strengthen multidisciplinary collaboration among ICT departments, facility management units, biomedical engineering teams, clinical units, and administrative leadership. Such collaboration is necessary for coordinating digital-twin implementation and managing the complex workflows required for predictive facility management.
9. Government agencies and research institutions should pilot digital-twin initiatives in selected tertiary hospitals to test feasibility and develop contextual implementation frameworks for Nigerian settings. Lessons learned from these pilots can guide national adoption strategies.
10. The Federal Ministry of Health should develop a national policy on smart hospital technologies, including digital twins. This policy should outline infrastructure standards, funding mechanisms, implementation guidelines, and capacity-building expectations for health institutions.
RECOMMENDATIONS FOR FUTURE RESEARCH
Based on the findings of this study, several important areas for future research emerge, particularly regarding the practical implementation and policy-level adoption of hospital digital twins in Nigeria. Because digital-twin technology is still in its infancy within African healthcare systems, further empirical work is necessary to generate contextual evidence that can inform national strategies, investment priorities, and operational frameworks.
1. Future research should focus on pilot digital-twin deployments in selected tertiary hospitals to assess real-world feasibility, infrastructural requirements, cost implications, and operational outcomes. Such pilot studies will provide practical insights into the technical, financial, and organizational challenges associated with implementing digital twins in Nigerian health facilities.
2. There is need for research that evaluates the economic viability of digital twins by comparing costs of deployment with savings from reduced downtime, improved predictive maintenance, enhanced patient safety, and better resource utilization. These analyses will equip policymakers with data required for large-scale investment decisions.
3. Future studies should investigate the policy prerequisites for digital-twin integration, including data-governance structures, interoperability standards, cybersecurity policies, and national digital-health regulations. Evaluating policy gaps and proposing structured policy frameworks will support the development of a national roadmap for digital-twin adoption.
4. Future research should examine the current state of sensorization in Nigerian hospitals because digital twins depend on real-time data from IoT sensors,. Studies can identify which equipment or building components are most feasible for early-stage sensor integration and what technological upgrades are needed to support digital-twin functionality.
5. Future research should extend beyond basic digital literacy to assess advanced workforce skills required for digital-twin management, including data analytics, simulation modelling, cyber-physical systems management, and AI-based predictive analytics. These findings will inform national training and professional development programmes.
6. Comparative studies with other developing countries that are piloting or adopting digital twins (e.g., India, Brazil, South Africa) could help identify transferable strategies, best practices, and implementation lessons relevant to Nigeria.
7. There is a need for research that designs context-specific digital-twin architecture suitable for low-resource hospital environments. This includes energy-efficient models, low-bandwidth simulation systems, and modular digital-twin components that can be deployed in phases.
8. Given the low scores on management commitment and organizational readiness in this study, future research should focus on the role of leadership, change management, and governance structures in enabling or hindering digital-twin adoption.
9. Research is needed to explore long-term sustainability, including maintenance strategies, funding models, system upgrades, and integration into national digital-health ecosystems. Findings from such studies will help governments and institutions plan for large-scale deployment.
10. Since digital-twin adoption will require significant workflow changes, studies should examine staff attitudes, acceptance levels, and behavioural factors that may influence the success of digital-twin implementation.
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