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Abstract
Background: Smart hospitals are technologically integrated healthcare systems, which incorporate advances in biomedical engineering, intelligent automation, patient monitoring systems, and digital healthcare infrastructures to enhance healthcare delivery and clinical efficiency.
Aim: The main objective of this review was to critically analyze biomedical engineering innovations contributing to smart hospitals, focusing on the automation of the healthcare system, the use of advanced technologies in monitoring, and the development of digital healthcare ecosystems.
Method: A Narrative review method was used to synthesize data from peer-reviewed articles and publications on healthcare technology. These were accessed from main scientific databases such as PubMed, Scopus, ScienceDirect, and Google Scholar. The findings were critically analyzed and thematically organized to explore literature on healthcare automation, AI-assisted diagnostics, IoMT systems, robotic healthcare technologies, telemedicine, predictive monitoring systems, digital healthcare infrastructures, and cybersecurity challenges.
Findings: The review highlighted that the field of biomedical engineering technologies has significantly contributed to intelligent healthcare delivery by enabling automation of clinical workflows, the use of wearable and implantable biosensors, robotic-assisted systems, predictive analytics, and interoperable healthcare communication networks. The findings indicated that AI and digital monitoring tools could enhance real-time clinical monitoring, diagnostics, and personalized care management. Despite these advantages, there are also significant challenges that need to be overcome to enable broad adoption of smart hospital systems, such as interoperability issues, cybersecurity threats, clinician adoption, infrastructure costs, algorithmic bias, privacy concerns, and scalability concerns.
Conclusion: The review concludes that the successful integration of secure, explainable, interoperable, affordable, and human-centered biomedical engineering systems will be the future of smart hospitals. The need for sustainable innovation, ethical governance, and equitable deployment of healthcare technology will continue to be crucial for the future of intelligent healthcare ecosystems globally.
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Introduction
Healthcare systems have shifted from traditional hospital settings to smart hospitals that are integrated with digital technologies, including automation, smart monitoring, and data-driven clinical decision making (Marques & Ferreira, 2020; Rabiei et al., 2025). Traditional hospitals heavily depended on manual documentation, isolated medical devices, delayed communication systems and clinician dependent workflows. But, the progress in biomedical engineering, artificial intelligence (AI), Internet of Medical Things (IoMT), robotics, and cloud computing has changed healthcare delivery to a connected and automated system (Stephanie & Sharma, 2020).
AI is being adopted in radiology, pathology, clinical decision support and predictive healthcare analytics (Carrigan et al., 2023). AI algorithms could help doctors identify diseases at an earlier stage and be more accurate. Likewise, IoMT technologies enable interconnection of medical devices and biosensors that can obtain patient data and relay them in real-time (Jamil et al., 2020). Smart wearable devices, wireless cardiac monitors, smart infusion pumps and remote patient surveillance systems are now commonly used in the modern healthcare setting (Kwon et al., 2022).
Robotic technology is also critical in smart hospitals, such as in surgery, rehabilitation, medication management, and hospital logistics (Klinker et al., 2020). Cloud computing also enhances the capabilities of smart healthcare infrastructures by facilitating the integration of electronic health records (EHRs), telemedicine, and the centralization of large clinical datasets (Stephanie & Sharma, 2020). Smart healthcare technologies became more prominent during the COVID-19 pandemic. Hospitals quickly deployed telemedicine systems, remote monitoring platforms, automated screening systems and digital communication tools to minimize contact and enhance continuity of care (Carrigan et al., 2023). This period exposed the weaknesses of conventional healthcare systems and reinforced the trend of smart healthcare systems investment worldwide (Rabiei et al., 2025).
The latest statistics show the quick advancement of smart healthcare technologies. Recent years saw the global smart hospital market worth more than USD 45 billion, and it is expected to grow at a significant rate in the coming years owing to the growing demand for automated healthcare systems (Rabiei et al., 2025). Furthermore, the global artificial intelligence in healthcare market is projected to surpass USD 180 billion by the end of the decade and the IoMT market has showcased an impressive growth rate due to the rising adoption of connected monitoring devices and wearable biosensors (Jamil et al., 2020). The number of surgical procedures performed with the assistance of robots has also increased worldwide and millions of surgeries have already been carried out with the help of smart robotic platforms (Klinker et al., 2020). The trends suggest the increasing penetration of biomedical engineering technologies into hospital systems.
Given its multidisciplinary nature, smart hospital has been defined as smart healthcare environments that incorporate digital technologies to enhance the care provided to patients, hospital efficiency, and the communication of healthcare (Rajaei et al., 2024). The emphasis in this definition is on interoperability, automation and real-time clinical management.
Other studies define smart hospitals as cyber-physical healthcare systems in which physical medical devices are connected to computational and communication technologies (Yao et al., 2011). This view is dedicated to embedded systems, networked biosensors, physiological monitoring devices and automated control systems that are constantly sharing healthcare data.
Other definitions describe smart hospitals as the clinical ecosystems of the future that are built on the basis of artificial intelligence, machine learning, big data analytics and cloud platforms for the purposes of predictive diagnostics, clinical decision making and personalized medicine (Rabiei et al., 2025). In this context, AI can serve as the backbone of healthcare automation and smart analysis.
Although these definitions differ, there is no consensus at the moment on a framework for smart hospitals (Rajaei et al., 2024). Some definitions are primarily focused on digital infrastructure, others are more about smart automation or AI integration, or even patient-centred healthcare delivery (Marques & Ferreira, 2020). The absence of a standard makes it difficult to assess the maturity of the smart hospital and to compare the healthcare systems from different environments.
Biomedical Engineering as the Foundation of Smart Hospitals
Smart hospitals are built upon the technological foundation provided by biomedical engineering, which involves the creation of diagnostic, monitoring, automation and communication systems (Kouhalvandi et al., 2023). Biomedical engineering can be used to create biosensors that will be able to continuously measure the physiological parameters of the human body, including heart rate, blood oxygen saturation, glucose concentration, respiratory rate and temperature. These sensors typically are embedded in wearable monitoring devices and bedside medical equipment (Kwon et al., 2022).
Embedded systems also power automated medical devices like ventilators, infusion pumps, patient monitoring devices, and smart imaging devices (Yao et al., 2011). These systems enable real-time data collection and control of devices in healthcare settings.
Physiological monitoring technologies have advanced patient monitoring by using wireless communication technologies to allow the continuous monitoring of critically ill patients (Lihou et al., 2025). Real-time monitoring could help to detect patient deterioration early and enhance emergency response. Biomedical engineering has also made great strides in medical imaging systems such as magnetic resonance imaging, computed tomography, ultrasound, and digital radiography. Clinicians could benefit from the use of AI-assisted imaging systems that would enhance diagnostic accuracy and shorten interpretation time (Carrigan et al., 2023).
Some of the areas where robotics engineering is helping include robotically assisted surgery, rehabilitation technologies, hospital automation systems, and smart disinfection robots (Klinker et al., 2020). Also, AI-based diagnostic systems are gaining popularity to interpret images, predict diseases and make clinical decisions (Rabiei et al., 2025).
Biomedical engineering has enabled the development of healthcare communication systems that facilitate telemedicine, wireless healthcare communication, interoperable medical devices, and secure electronic health record (EHR) systems (Stephanie & Sharma, 2020). These technologies improve healthcare coordination and facilitate digital healthcare delivery.
Smart healthcare systems are also contributing to sustainable hospital management through technologies such as IoT-enabled biomedical waste monitoring systems that improve waste handling efficiency and environmental safety (Ishaq et al., 2025).
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Figure 1: Evolution from traditional to digital to smart hospital
2. Methodology
This study is a narrative review of the biomedical engineering innovations related to smart hospitals, focusing on automation systems, advanced healthcare monitoring technologies, and digital healthcare ecosystems. Major scientific databases such as PubMed, Scopus, ScienceDirect and Google Scholar were used to obtain relevant literature.
The literature search was directed towards publications on smart hospitals, biomedical engineering technologies, healthcare automation, artificial intelligence in healthcare, Internet of Medical Things (IoMT), biosensors, telemedicine, robotic healthcare systems, digital healthcare infrastructures and intelligent patient monitoring systems. The following combinations of keywords were used in searches: smart hospitals, digital healthcare, healthcare automation, AI in healthcare, IoMT, biosensors, robotic surgery, telemedicine, predictive monitoring, and healthcare cybersecurity.
Peer-reviewed articles, published papers, and recent review articles covering the past decade or so have been emphasized to include the latest technological advances. Classical and foundational studies were also incorporated when deemed necessary to give historical and conceptual background. The selection of the articles was based on their relevance to the biomedical engineering innovations in the field of intelligent healthcare systems and their role in enabling automation, monitoring and integration of digital healthcare.
The review was structured according to the thematic domains of intelligent healthcare automation, advanced monitoring technologies, digital healthcare ecosystems, implementation barriers and future innovative opportunities. Critical evaluation was conducted to evaluate the clinical relevance, technological limitations, scalability, ethical concerns, and challenges for translation of smart hospital systems. Technological advances were not the only focus, but also the constraints of practical implementation in the healthcare sector.

3. Robotics in Smart Hospitals
Robotics is one of the fastest-growing biomedical engineering innovations in smart hospitals (Elendu et al., 2023). In surgery, rehabilitation, hospital logistics and environmental disinfection, robotic systems are increasingly being used to improve healthcare delivery and operational efficiency (Robins et al., 2025).
3.1 Surgical Robotics
The surgical robotics revolution has changed the way minimally invasive surgery is performed by enhancing precision, dexterity and visualization (Elendu et al., 2023). Robotic-assisted surgical systems enable surgeons to execute very complex surgeries with enhanced control and less hand tremor. These systems can help to minimize surgical trauma, blood loss, post-surgical complications, and recovery periods. A number of surgical areas, such as urology, cardiothoracic surgery, gynecology and neurosurgery, are increasingly using robotic surgery (Zhang et al., 2023).
But, high acquisition and maintenance costs are still linked to surgical robotics (Robins et al., 2025). Other factors, such as technical issues, software failure, and specialized training requirements can also influence clinical implementation. Furthermore, complex intraoperative situations cannot be completely replaced by robotic systems, which still require human judgment (Elendu et al., 2023).

3.2 Rehabilitation Robotics
The use of rehabilitation robots in physical therapy and neurological rehabilitation is becoming more common (Robins et al., 2025). These systems help patients improve their movement training, muscle strengthening, gait recovery, and motor coordination after stroke, spinal cord injury or orthopedic disorders. Robotic rehabilitation systems could allow for repetitive and standardized therapeutic exercises and facilitate continuous performance monitoring (Mousavi et al., 2023).
While the use of rehabilitation robots could enhance the uniformity of therapy, there are also significant challenges such as adapting the patient to the robot and ensuring the device is affordable (Elendu et al., 2023). Other patients may also feel pain or have problems using robotic rehabilitation systems.
3.3 Logistics and Delivery Robots
In hospitals, autonomous logistics robots are increasingly being used for the delivery of medicines, transport of laboratory samples, inventory management and the distribution of supplies (Kumar et al., 2025). These robots could make healthcare workers' tasks easier and improve operational efficiency. Robots can also help to reduce direct contact between healthcare workers and infected patients during infectious disease outbreaks (Robins et al., 2025).
However, there are also some obstacles to the efficient use of hospital logistics robots, such as navigation problems, infrastructure limitations and maintenance requirements (Kumar et al., 2025). They may also be less effective in highly populated clinical settings.
3.4 Autonomous Disinfection Systems
Autonomous disinfection robots are designed to disinfect the hospital environment using ultraviolet radiation, hydrogen peroxide vapor and other automated disinfection technologies (Bratu et al., 2024). During the COVID-19 pandemic, these systems were especially significant in minimizing exposure of healthcare workers to infectious pathogens (Elendu et al., 2023). Smart disinfection systems can enhance infection prevention and decrease the risk of hospital-acquired infections.
Although the advantages are many, autonomous disinfection systems can be expensive and require regular technical maintenance (Bratu et al., 2024). However, disinfection may also be less effective due to environmental challenges and inadequate surface exposure.
In general, the use of robotics in smart hospitals can enhance clinical accuracy and efficiency in healthcare, but challenges related to maintenance, cost, and human-robot interaction still exist and influence the broader adoption of these technologies (Robins et al., 2025).
3.5 Intelligent Operating Rooms and Smart Clinical Environments
Smart operating rooms combine biomedical engineering technologies, biomedical sensor systems, imaging platforms and automated control systems into a single surgical environment (Özsoy et al., 2026). In sensor-integrated operating rooms, patient physiological parameters, the performance of surgical equipment, the environment, and surgical workflow are continuously monitored (Lama et al., 2025).
Surgical precision and accurate anatomical visualization during surgery are achieved through the use of real-time imaging systems, including image-guided navigation systems, fluoroscopy and intraoperative magnetic resonance imaging (Oh et al., 2026). These technologies can help minimize surgical risks and enhance the outcomes of surgical procedures. Temperature, humidity, air filtration, lighting and infection control parameters are controlled by automated systems in the operating room (Özsoy et al., 2026). The use of smart environmental systems could contribute to patient safety and optimize the working conditions of surgeons.
Smart intensive care units (ICUs) also employ integrated monitoring systems that continuously monitor patient vital signs, ventilator performance, infusion systems, and laboratory parameters (Lama et al., 2025). AI-powered ICU systems can help facilitate early warning of patient deterioration and support critical care management (Oh et al., 2026).

4. BIOMEDICAL ENGINEERING INNOVATIONS IN ADVANCED HEALTHCARE MONITORING
The need for wearable, implantable, and ambient biosensors has increased significantly in modern healthcare systems (Tamura, 2025). Patient monitoring has seen tremendous improvement with the development of ambulatory, implantable and biomedical sensors that continuously monitor physiological and biochemical signals of patients (Ahmed et al., 2025). In smart hospitals, these technologies are used for real-time health assessment, early disease detection, and long-term patient monitoring.
4.1 Wearable, Implantable, and Ambient Biosensors
4.1.1 ECG Monitoring Systems
One of the most commonly used biosensing technologies in smart healthcare is the electrocardiogram (ECG) monitoring system (Lago, 2025). Wearable ECG devices continuously monitor cardiac electrical activity for the detection of arrhythmias, myocardial ischemia, and other cardiovascular abnormalities. In today's digital era, wireless ECG technology enables the transmission of cardiac signals from various locations to a central monitoring system, enhancing swift clinical intervention and comprehensive cardiovascular care (Tamura, 2025).
4.1.2 SpO₂ Sensors
Peripheral oxygen saturation (SpO₂) sensors use photoplethysmography technology to measure the amount of oxygen in the blood (Ahmed et al., 2025). These sensors became especially vital in respiratory monitoring and hypoxia detection during the COVID-19 pandemic. Smart SpO₂ monitoring systems are frequently embedded in wearable devices, bedside monitors, and intensive care systems for ongoing respiratory evaluation (Shang et al., 2025).
4.1.3 EEG Systems
EEG systems are used in neurological disorders such as epilepsy, stroke, sleep disorders and traumatic brain injuries (Lago, 2025). Newer EEG systems are becoming increasingly wireless and integrated with artificial intelligence to process electrical signals and provide real-time brain monitoring. Portable EEG technologies also support continuous neurological assessment and remote patient monitoring (Ribeiro et al., 2025).
4.1.4 Glucose Monitoring Systems
Continuous glucose monitoring systems have become a major advancement in diabetes management by enabling real-time glucose level tracking (Ahmed et al., 2025). Glucose biosensors can be worn or implanted into the body and can automatically take glucose readings, potentially decreasing the need for repeated finger-prick testing. Smart glucose monitoring systems can also be integrated with insulin delivery devices to enable automated glycemic control (Tamura, 2025).
4.1.5 Flexible and Nanomaterial-Based Sensors
In the last decade, new developments in biomedical engineering have enabled the use of flexible biosensors and nanomaterial-based sensing systems to enhance signal sensitivity, biocompatibility and patient comfort (Tamura, 2025). Flexible sensors can be attached to the body surface and continuously measure physiological parameters during daily activities. Nanomaterial-based sensors also exhibit higher electrical conductivity, faster detection and greater biochemical sensitivity for disease monitoring (Ahmed et al., 2025). Wearable technologies have also shown benefits in monitoring vulnerable populations, including elderly individuals and patients with neurodegenerative disorders (Comai et al., 2023; Shang et al., 2025).

4.2 Internet of Medical Things (IoMT) in Patient Monitoring
The Internet of Medical Things (IoMT) is a network of medical devices and healthcare systems that are connected and communicate through wireless networks and cloud infrastructures (Pournik et al., 2023). In smart hospitals, IoMT technologies facilitate real-time patient monitoring, automatic data transmission and clinical surveillance, among other functions.
Healthcare devices such as wearable sensors, infusion pumps, ventilators, cardiac monitors and imaging systems are interconnected and continuously communicate healthcare data across integrated digital networks (Lakshmipriya & Gopinath, 2025). Wireless sensor networks can enable mobility, remote monitoring and seamless communication between healthcare devices and centralized healthcare systems. One of the most critical uses of IoMT technologies is real-time patient monitoring (Alshehri et al., 2025). Smart monitoring platforms can continuously evaluate patient physiological data and provide automatic alerts when patients are deteriorating. Smart ICU ecosystems also combine monitoring systems, ventilators, infusion systems and AI-powered analytics into a single critical care environment that can facilitate rapid clinical intervention (Pournik et al., 2023).
While IoMT technologies have the potential to enhance healthcare efficiency and patient outcomes, challenges such as data security, interoperability and network reliability persist in their implementation (Alshehri et al., 2025).
4.3 Continuous and Remote Patient Monitoring Systems
In smart hospitals, continuous patient monitoring systems are increasingly being used to enable long-term monitoring of critically ill patients and individuals with chronic illnesses (Pournik et al., 2023). These systems enable healthcare professionals to continuously track physiological variations beyond regular clinical evaluations.
4.3.1 Tele-ICU Systems
Tele-intensive care unit (Tele-ICU) systems use remote monitoring, audiovisual communication and centralized critical care platforms to support the care and management of critically ill patients (Alshehri et al., 2025). With these systems, intensivists can remotely monitor patients in ICUs across multiple healthcare facilities. Tele-ICU systems can enhance access to specialized care, especially in underserved or rural healthcare environments.
4.3.2 Home-to-Hospital Monitoring Integration
Home-based monitoring systems are increasingly facilitating continuous communication between patients and hospital systems (Pournik et al., 2023). Physiological data can be transmitted wirelessly from monitoring stations or wearable devices directly to healthcare providers for continuous evaluation. Home-to-hospital integration could help reduce hospitalization rates, support early detection of disease exacerbation and improve continuity of care (Alshehri et al., 2025).
4.3.3 Chronic Disease Management Platforms
Remote monitoring systems are commonly applied in chronic disease management for conditions such as cardiovascular disease, diabetes mellitus, chronic respiratory disease and hypertension (Pournik et al., 2023). These platforms enable long-term patient monitoring, medication adherence tracking and early clinical intervention. Chronic disease monitoring programs could help patients achieve better health outcomes while lowering healthcare system costs associated with repeated hospitalizations (Sriram et al., 2022).
4.4 AI-Enhanced Predictive Monitoring
By analyzing vast amounts of physiological data and real-time clinical information, AI has made substantial strides in predictive monitoring within smart hospitals (Cai et al., 2025).
AI-powered sepsis prediction systems can detect early physiological signs of sepsis even before clinical symptoms become severe. Early prediction models could help improve patient survival outcomes when interventions are initiated promptly (Li et al., 2026). Likewise, AI algorithms are increasingly being used to predict cardiac events such as arrhythmias, heart failure progression and myocardial infarction risk (Cai et al., 2025).
Continuous monitoring of vital signs, laboratory values and physiological trends may also support predictive monitoring for critically ill patients. Mortality prediction models employ machine learning techniques to estimate patient mortality risk and assist in clinical decision-making (Lekadir et al., 2025).
Despite the benefits of predictive monitoring systems, there are significant limitations. The performance of AI models in terms of sensitivity and specificity can vary considerably depending on the patient population and the specific model used (Lekadir et al., 2025). False alarm generation also remains a major clinical concern because excessive alarms can reduce clinician responsiveness and increase healthcare workload (Li et al., 2026).

5. BIOMEDICAL ENGINEERING INNOVATIONS IN DIGITAL HEALTHCARE ECOSYSTEMS
5.1 Digital Healthcare Transformation in Smart Hospitals
The adoption of electronic health systems, cloud computing and data-driven healthcare technologies is transforming hospitals into smart healthcare organizations at the core of digital transformation (Rabiei et al., 2025). Healthcare systems have increasingly shifted from paper-based to digital infrastructures, facilitating effective communication, automation of records and real-time patient management (Jovy-Klein et al., 2024).
One of the key elements in digital healthcare ecosystems is the electronic health record (EHR) system (Kumar et al., 2026). EHRs enable the efficient management of patient data, including medical records, laboratory results, imaging studies, medication orders and clinical notes, which can then be accessed, stored and shared from a centralized platform. These systems can enhance healthcare continuity, minimize documentation errors and support coordinated patient care across various healthcare departments (Rabiei et al., 2025).
Cloud healthcare systems further strengthen digital healthcare infrastructures by providing remote access to clinical information, scalable data storage and telemedicine integration (Kumar et al., 2026). Cloud platforms enable fast data sharing between hospitals, laboratories, pharmacies and healthcare professionals while minimizing reliance on local storage solutions. These technologies are increasingly important for healthcare data management and remote healthcare delivery (Chow et al., 2025).
With the advent of data-driven medicine, clinical practice in smart hospitals has also changed significantly (Bures et al., 2023). Biomedical engineering technologies continuously produce massive amounts of physiological, imaging and clinical data that can be analyzed to enhance diagnosis, treatment planning and healthcare prediction. Data-driven approaches enable precision medicine, population health analysis and evidence-based clinical decision-making (Chow et al., 2025).
5.2 Artificial Intelligence and Clinical Data Analytics
In smart hospitals, artificial intelligence (AI) and clinical data analytics have made significant strides in healthcare diagnostics, disease prediction and clinical workflow management (Sun et al., 2025).
5.2.1 Machine Learning in Diagnostics
The use of machine learning algorithms for diagnostic interpretation based on laboratory, physiological and clinical data is growing in importance (Varayil et al., 2025). These systems can detect hidden patterns associated with disease progression and assist in early diagnosis. Machine learning applications are increasingly used in oncology, cardiology, neurology and infectious disease management (Kiryu, 2023).
5.2.2 Deep Learning in Medical Imaging
Deep learning technologies have become particularly important in medical imaging analysis (Sun et al., 2025). Convolutional neural networks (CNNs) are widely used for the interpretation of radiographic images, computed tomography scans, magnetic resonance imaging and histopathological slides. Deep learning systems can enhance lesion detection, image classification and diagnostic accuracy while reducing the time clinicians spend on interpretation (Fandaros et al., 2024).
5.2.3 Predictive Analytics
Predictive analytics systems use extensive health information to forecast disease occurrence, patient deterioration, hospital readmission and treatment outcomes (Zhang et al., 2025). Such systems can enable preventive healthcare measures and improve resource optimization in hospitals.
5.2.4 AI-Assisted Clinical Decision-Making
AI-assisted clinical decision systems integrate patient data, diagnostic information and predictive models to support treatment recommendations and healthcare planning (Varayil et al., 2025). These systems can improve decision consistency and reduce human error in complex clinical environments. Despite these advancements, several concerns remain regarding the implementation of healthcare AI (Lekadir et al., 2025). Explainability remains a major challenge because many AI systems function as “black-box” models with limited transparency regarding how decisions are generated. Lack of transparency may reduce clinician trust and limit clinical adoption.
Reproducibility is also an important concern since AI performance can vary across healthcare environments and patient populations (Sun et al., 2025). Additionally, nonrepresentative datasets can compromise the reliability of healthcare AI systems, potentially leading to inequitable or inaccurate outcomes for different demographic groups. Fairness and accountability therefore remain critical ethical considerations in the responsible deployment of AI in healthcare (Bures et al., 2023).
5.3 Telemedicine and Virtual Healthcare Platforms
Telemedicine technologies are a crucial component of the smart hospital digital healthcare ecosystem (Kumar et al., 2026). These systems facilitate healthcare delivery through remote communication platforms and digital consultation systems.
Through remote consultations, healthcare providers can assess, diagnose and monitor patients remotely without requiring in-hospital visits (Rabiei et al., 2025). Teleconsultation systems became especially important during the COVID-19 pandemic because they helped limit infection exposure while ensuring continuity of healthcare services (Jovy-Klein et al., 2024). Virtual wards further support remote patient management by enabling hospital-level monitoring within the home environment (Kumar et al., 2026). These systems deploy wearable devices, wireless monitoring systems and telecommunication technologies to remotely evaluate patient conditions. Tele-intensive care unit (Tele-ICU) systems also allow intensivists to remotely monitor critically ill patients across multiple healthcare facilities through centralized monitoring platforms and audiovisual communication tools (Chow et al., 2025).
Mobile health systems, commonly referred to as mHealth technologies, include mobile applications, wearable technologies and wireless healthcare platforms that allow patients to record physical activity, receive medication reminders, monitor chronic conditions and access health education resources (Rabiei et al., 2025). Mobile healthcare technologies can improve patient engagement and healthcare accessibility. However, the adoption of telemedicine services may be constrained by limited internet connectivity, digital illiteracy, regulatory concerns and unequal access to technological resources (Jovy-Klein et al., 2024).
5.4 Big Data, Edge Computing and Cloud Integration
Smart hospitals continuously generate large amounts of clinical, imaging, physiological and operational data that require advanced computational systems for storage and processing (Ghani et al., 2024). Consequently, big data technologies are critical for healthcare analytics and intelligent clinical management. Healthcare analytics systems process large healthcare datasets in real time, enabling healthcare providers to make rapid decisions and predictions based on data-driven insights (Chow et al., 2025). These systems can enhance clinical responsiveness and improve healthcare efficiency.
The edge–fog–cloud architecture has emerged as an important computational paradigm in smart hospitals (Kumar et al., 2026). In healthcare, edge computing involves the use of local processing power at medical devices or monitoring systems to reduce latency and bandwidth consumption. Fog computing acts as an intermediary layer between local devices and cloud-based platforms, offering additional storage and enhanced analytical capabilities (Ghani et al., 2024). This distributed computational structure can improve scalability, processing speed and real-time clinical responsiveness (Fandaros et al., 2024). However, scalability and latency remain critical technical considerations because healthcare systems require rapid data processing and minimal communication delays.
5.5 Standards for Interoperability and Smart Data Exchange
Interoperability is essential for effective communication among healthcare technologies in smart hospitals (Rabiei et al., 2025). Multiple standards and protocols are used in biomedical engineering systems to facilitate seamless healthcare data exchange. Health Level Seven (HL7) standards are commonly used to exchange healthcare information electronically between hospital systems, laboratories and healthcare providers (Kumar et al., 2026). HL7 standardizes the structure of healthcare communication, making integration between different healthcare systems easier.
Fast Healthcare Interoperability Resources (FHIR) is a modern interoperability standard designed to facilitate efficient healthcare data sharing through web technologies and application programming interfaces (APIs) (Chow et al., 2025). FHIR supports the rapid integration of mobile healthcare systems and cloud-based healthcare applications. Digital Imaging and Communications in Medicine (DICOM) standards are specifically used for the storage, transmission and management of medical imaging data such as radiographs, computed tomography (CT) images and magnetic resonance imaging (MRI) scans (Fandaros et al., 2024).
6. CRITICAL CHALLENGES, LIMITATIONS, AND IMPLEMENTATION BARRIERS
6.1 Technical Challenges
Although there have been considerable developments in smart hospital technologies, several technical challenges still hinder the implementation and scalability of these systems (Rabiei et al., 2025). Interoperability between healthcare devices, software platforms and communication systems is one of the most critical issues facing smart hospitals (Zhao et al., 2025). Many smart hospital technologies are based on proprietary architectures and incompatible data standards, which restrict seamless integration between departments and institutions. Lack of interoperability can lead to fragmented clinical data, delayed communication and inefficiencies in healthcare systems (Lin et al., 2024).
Infrastructure complexity adds another major challenge to smart hospital implementation because modern healthcare ecosystems integrate AI platforms, wireless sensor networks, cloud systems, robotics and IoMT devices into a single operational environment (Ziwei et al., 2024). Coordinating these multiple technologies requires sophisticated system architecture and technical expertise.
Reliability is another critical concern as smart hospitals heavily depend on robust network infrastructures for real-time monitoring, cloud communication and automated clinical systems (Rabiei et al., 2025). Disruptions in network connectivity can interrupt patient monitoring, delay healthcare responses and compromise automated clinical workflows.
6.2 Clinical and Human Factors Challenges
The successful implementation of smart hospitals is strongly influenced by clinical and human factors (Jovy-Klein et al., 2024). Resistance from clinicians remains a significant obstacle because some healthcare professionals may perceive intelligent systems as disruptions to established clinical workflows or threats to professional autonomy. Additionally, skepticism regarding the reliability and transparency of AI tools may reduce clinician confidence in these systems (Lin et al., 2024). The increasing complexity of healthcare technologies also intensifies training requirements for healthcare personnel (Rabiei et al., 2025). Poor training may lead to suboptimal device utilization, reduced clinical productivity and increased operational errors.
Importantly, technical sophistication does not always translate into improved clinical outcomes (Jovy-Klein et al., 2024). Many healthcare technologies demonstrate strong technical performance during pilot studies but fail to achieve measurable long-term improvements in mortality, patient satisfaction or healthcare efficiency after large-scale implementation. This highlights that smart hospital implementation is not only a technological challenge but also a practical challenge involving successful integration into real clinical environments and patient care systems.
6.3 Economic and Operational Constraints
Economic limitations remain one of the greatest barriers to smart hospital development (Rabiei et al., 2025). Advanced healthcare technologies such as robotics, AI platforms, smart monitoring systems, cloud infrastructures and cybersecurity frameworks require substantial financial investment. The cost of implementation may be prohibitive, especially in low- and middle-income countries where healthcare budgets are constrained (Lin et al., 2024).
Maintenance burdens also affect operational sustainability because smart hospital systems require continuous software updates, equipment servicing, cybersecurity management and technical support (Ziwei et al., 2024). Operating high-technology biomedical systems may exceed the financial and technical capacity of many healthcare organizations. Disparities in healthcare technology access further contribute to global inequities in smart hospital development (Jovy-Klein et al., 2024). While developed countries can more readily upgrade healthcare infrastructures to advanced digital standards, resource-constrained regions may face limitations related to electricity supply, internet connectivity, technical expertise and biomedical engineering support.
6.4 Ethical, Legal and Regulatory Challenges
Ethical and legal concerns remain central to the implementation of smart hospitals (Rabiei et al., 2025). One major ethical issue is AI bias because biased or nonrepresentative training datasets can result in discriminatory healthcare outcomes. AI systems that are not designed to ensure fairness may disproportionately affect vulnerable patient populations and compromise healthcare equity (Zhao et al., 2025).
Informed consent also becomes more complicated within smart hospitals due to the extensive use of patient data in continuous monitoring systems and AI-driven analytics (Lin et al., 2024). Patients may not fully understand how their physiological data are collected, stored, analyzed and shared within digital healthcare systems. Medical liability represents another major challenge (Jovy-Klein et al., 2024). Legal responsibility for clinical decisions involving AI systems, robotic procedures or automated monitoring technologies remains unclear in many healthcare settings. This uncertainty may limit the adoption of autonomous healthcare technologies.
6.5 Cybersecurity and Privacy Risks
With the growing digitization of healthcare systems, cybersecurity threats in smart hospitals have become increasingly severe (Ziwei et al., 2024). The healthcare sector is a frequent target for ransomware attacks because hospitals manage highly valuable patient data while also depending on uninterrupted clinical operations. Ransomware attacks can disrupt hospital services, delay patient care and compromise patient safety (Rabiei et al., 2025).
Cloud-based healthcare systems are also associated with major security concerns due to the increasing amount of patient data stored on remote infrastructures (Lin et al., 2024). Data breaches, insecure communication protocols and inadequate access control mechanisms can compromise patient confidentiality and weaken public trust in digital healthcare systems. Unauthorized data access remains a constant risk in highly interconnected healthcare environments (Zhao et al., 2025). The continuous exchange of information among hospitals, laboratories, mobile devices and cloud-based systems creates additional opportunities for privacy violations and misuse of patient health information.
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Figure 2. Critical challenges, limitations, and implementation barriers affecting the adoption and sustainability of smart hospital systems.
7. Future directions and emerging innovative opportunities
7.1 Human-Centered Smart Hospital Design
Smart Hospitals of the future are expected to be more and more focused on human-centred rather than technology-centred healthcare design. Engineering approaches that are patient-centred can enhance comfort, accessibility, safety and usability of healthcare technologies. Adaptive interfaces and personalized healthcare environments, which react to individual patient needs, are likely to be part of the future biomedical systems (Kaldoudi, 2023; Jovy-Klein et al., 2024). AI systems that incorporate healthcare professionals into the decision-making process could also play a role in enhancing healthcare acceptance. Collaborative human–AI systems are not meant to replace healthcare providers completely, but rather to assist with clinical decision-making (Wu et al., 2024). The availability of user-friendly health technologies will also gain increasing significance since complicated systems can result in a decrease in the efficiency of healthcare services even with state-of-the-art technical features. Simplified interfaces and technologies that match the work flow can then enable a higher level of successful implementation (Hu et al., 2024).
7.2 Ethical and Trustworthy Use of Artificial Intelligence
Explainable AI will be a significant area of smart hospitals of the future. Clinicians might be able to comprehend how the algorithm is making predictions and recommendations for diagnosis and treatment with interpretable clinical AI models. Better explainability may help build clinicians' trust and facilitate safer clinical decision making (Wu et al., 2024; Jovy-Klein et al., 2024).
Clear decision-making systems will also be anticipated to enhance regulatory adherence and moral responsibility. Going forward, fairness, reproducibility, transparency, and ongoing validation in a broad range of patient populations will be key to future healthcare AI frameworks (Kaldoudi, 2023).
As governments and healthcare organizations implement new regulations for clinical AI deployment and patient safety monitoring, regulatory-compliant AI systems may also become imperative (Hu et al., 2024).

7.3 Edge AI, Ultra-Low Latency Healthcare Systems, and 6G
The future of healthcare communication systems will greatly benefit from 6G wireless technologies and edge AI architectures. Real-time remote surgery, intelligent emergency response systems, and autonomous healthcare communication infrastructure are some of the applications that can be enabled by ultra-low latency communication networks (Jovy-Klein et al., 2024). Clinical data could be analyzed locally at edge AI systems, instead of relying fully on central cloud systems. This method may help decrease communication delays and enhance the responsiveness of healthcare in critical care settings (Wu et al., 2024). The integration of ambulances and EDs, wearable monitoring systems and hospital infrastructure, with the efficiency of clinical coordination, is also predicted to be enhanced by autonomous healthcare communication networks (Tao et al., 2023).
7.4 Digital Twins and Precision Smart Hospitals
Digital twin technologies are anticipated to be significant components of future precision health care systems. Clinical data can be used to drive virtual patient models to simulate physiological responses, disease progression and therapeutic outcomes in real time (Jovy-Klein et al., 2024; Kaldoudi, 2023). Digital twins can be used to create predictive healthcare ecosystems that can help with early disease detection, treatment optimization, and individual healthcare planning. Personalized treatment simulation can also help with the selection of the most suitable medication and lower the risk of side effects on the patient's health (Huang et al., 2025).
Digital twin technologies are still expensive, but further developments in biomedical computing and AI could make them more feasible in the future (Hu et al., 2024).
7.5 Smart Hospitals in Low- and Middle-Income Countries
The development of smart hospitals in LMICs is an important healthcare priority of the future. In many situations where resources are scarce, it may be difficult to implement highly sophisticated technologies due to financial and infrastructural constraints (Kaldoudi, 2023). Therefore, low-cost systems that can be scaled are more viable solutions for these areas. Wearable monitoring devices, mobile healthcare systems, telemedicine platforms and cloud-based healthcare services can help to make healthcare more accessible without the need for high investment in infrastructure (Tao et al., 2023; Xintarakou et al., 2022).
Infrastructure adaptation is also key as health technologies need to be designed to suit the local electricity supply, internet connectivity, technical skills, and capacity of the healthcare workforce. Context-specific biomedical engineering solutions, therefore, will be necessary to ensure equitable healthcare innovation and not simply replication of high-income healthcare solutions (Wu et al., 2024).
7.6 Future Innovative Possibilities
There are also a number of evolving technologies that could shape the future of smart hospitals even more. AI-driven hospitals might be able to handle administrative tasks, patient care and resource allocation on their own, without too much human involvement (Jovy-Klein et al., 2024).
Self-calibrating biosensors could also eliminate the need for manual calibration, potentially increasing the precision of long-term monitoring by changing the biosensor's performance based on physiological and environmental conditions (Wang et al., 2023).
Medical analytics with the aid of quantum computing could also be used to improve the speed of computing for complex biomedical data analysis and predictive modeling (Hu et al., 2024). Healthcare robots with emotional intelligence capabilities could enhance patient interaction and psychological care by detecting patient emotions and behaviors. Advanced telemedicine and virtual surgical collaboration through holographic systems would enable the possibility of working over distance (Wu et al., 2024; Jovy-Klein et al., 2024).
The seamless integration of bio-integrated wearable systems with biological systems and tissues can further enhance continuous physiological monitoring (Tao et al., 2023). Global health networks that are fully interoperable can also enable data sharing, disease monitoring and joint clinical research all over the world (Xintarakou et al., 2022).

Conclusion
Smart hospitals represent a major transformation in modern healthcare through the integration of biomedical engineering innovations, intelligent automation systems, advanced monitoring technologies, and digital healthcare infrastructures. This review demonstrated that technologies such as artificial intelligence, IoMT systems, wearable biosensors, robotic platforms, cloud computing, predictive analytics, and telemedicine have significantly improved healthcare connectivity, real-time monitoring, workflow efficiency, and clinical decision-making within contemporary healthcare environments. Biomedical engineering has emerged as the foundational discipline driving the development of intelligent healthcare systems through innovations in physiological monitoring, embedded medical systems, medical imaging, healthcare communication technologies, and AI-assisted diagnostics. These technologies may improve patient safety, support precision medicine, reduce manual clinical workload, and facilitate continuous healthcare delivery beyond traditional hospital environments. Despite these advancements, several unresolved challenges continue to limit large-scale implementation of smart hospital systems. Interoperability limitations, cybersecurity vulnerabilities, high implementation costs, infrastructural complexity, algorithmic bias, clinician resistance, and data privacy concerns remain major barriers to sustainable adoption. Importantly, technological sophistication alone does not always guarantee improved clinical outcomes, particularly when healthcare technologies are poorly integrated into existing clinical workflows or implemented without adequate human-centered design. The future of intelligent healthcare systems will likely depend on the development of explainable artificial intelligence, privacy-preserving healthcare analytics, interoperable communication standards, sustainable biomedical technologies, and equitable healthcare innovation for low-resource settings. Emerging technologies including digital twins, edge AI, federated learning, bio-integrated sensors, and ultra-low latency communication systems may further redefine future smart hospital ecosystems. Overall, the successful evolution of smart hospitals will require balanced integration between technological innovation, clinical practicality, ethical governance, cybersecurity protection, economic sustainability, and patient-centered healthcare delivery.
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Figure 2. Evolution from traditional to digital to smart hospital.
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