
Biomaterials Connect
ISSN: 3105-0387
2026, Article ID. 2026.0027, Cite as: https://doi.org/10.69709/BIOMATC.2026.190009

Review Article

Digital Twin Applications in Biomaterials Science:
Toward Predictive Design and Personalized
Healthcare

Amudhavalli VictorB* Rakshita HariB Habeeba RihanaB

Department of Pharmaceutical Chemistry, School of Pharmacy, Sathyabama Institute of Science and Technology, Jeppiar Nagar, Chennai 600119,
Tamilnadu, India

Article History
Received: October 25, 2025 Accepted: April 28, 2026 Published: May 20, 2026

Abstract
The term “Digital Twin” (DT) is widely used to describe a dynamic digital replica of a real-world system, process, or object. Its active,
bidirectional connection with its physical counterpart enables real-time data updates. It is not merely an upgrade of software systems,
but a fundamental transformation in how an organization operates and delivers value to its customers. Digital twin technology is
emerging as a transformative paradigm in biomaterials science, bridging the gap between computational modeling and real-world
clinical applications. This paper explores the integration of Digital Twins (DTs) to move beyond traditional “one-size-fits-all”
approaches toward predictive design and personalized healthcare. DT technology enables the prediction of disturbances or changes
in physical systems, biological processes, and clinical conditions. With the potential to transform patient diagnosis and treatment, the
applications of Digital Twins (DTs) in healthcare and medicine are highly promising. However, achieving their intended objectives
remains challenging due to issues such as biological heterogeneity, ethical considerations, and technical limitations. Some of these
challenges may be addressed through advances in multimodal deep learning, real-time data integration, and intelligent simulation
frameworks. This paper outlines the fundamental concepts underlying Digital Twins (DTs), the requirements for their application
in medicine, and their current and future roles in healthcare. This review highlights how advancing DT maturity can enable a shift
from reactive medical interventions to proactive, data-driven approaches, ultimately improving patient outcomes and accelerating
the translation of laboratory-scale innovations into clinical practice.

Keywords:
digital twins; personalized medicine; precision diagnosis; clinical optimization; biological heterogeneity; physical modeling

1. Introduction

The demand for healthcare services is increasing due to
growing public awareness of healthy living, preventive
care, and overall well-being. To meet the demand for ear-
lier, faster, more accurate, and more personalized diag-
nosis and treatment, healthcare professionals are increas-
ingly exploring advanced digital technologies and data-
driven approaches. Digital Twin technology represents a
cutting-edge strategy with transformative potential in the
medical field [1–3].

The term “digital twin” refers to a dynamic virtual
representation of a real-world system, process, or entity

that is continuously updated through data integration, sen-
sor inputs, and computational modeling. These models
are continuously updated based on operational data and
the current state of the corresponding physical system.
Digital Twins, as opposed to static simulations, represent
the current operational state of their physical counterparts.
They support proactive interventions, system optimiza-
tion, and informed decision-making bymodeling and fore-
casting the state, performance, and potential outcomes of
the corresponding physical system. Additionally, they can
contribute to extending service life [4–6]. Digital Twin
technology has gained widespread adoption due to con-
tinuous advancements in information technology and has
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progressively expanded across multiple sectors, including
manufacturing, urban planning, and healthcare [Figure 1].

In healthcare, Digital Twin technology can provide
a deeper understanding of human physiological dynamics
by integrating patient-specific data with predictive mod-
els. It enables healthcare professionals to develop virtual
representations of organs, biological systems, and, poten-

tially, entire individuals. These models can be used to pre-
dict how a patient will respond to treatment, simulate dis-
ease progression, and evaluate the outcomes of medical in-
terventions before they are administered to a real patient.
As a result, care pathways are optimized, individualized
treatment plans are developed, and more informed clini-
cal decisions are made.

Figure 1: Prevalent healthcare applications of digital twin.

By enabling proactive health interventions and con-
tinuous monitoring based on real-time data from virtual
models, Digital Twins enhance patient management in
healthcare. In this context, the physical entity corresponds
to the patient under study in real life and integrates en-
vironmental, lifestyle, physiological, and molecular data
over time, while the virtual entity serves as a digital replica
of the patient or, in some cases, a virtual environment rep-
resenting multiple digital patients. Because these repli-
cas incorporate key patient-specific characteristics, data
from the physical system can be used to simulate biologi-
cal processes and predict disease progression. The physi-
cal and virtual entities interact through a bidirectional con-
nection, enabling continuous updates to parameters repre-
senting the state of the physical system. Amedical Digital
Twin can function as a virtual environment in which clini-
cal decisions are evaluated before implementation in real
patients, thereby supporting personalized therapy through
dynamicmodeling of biochemical pathways, cells, tissues,
diseases, and potentially whole-body systems in real time.
By considering patients at an individual level, DTs of-
fer opportunities to deliver more personalized treatments
and preventive strategies. Developing a medical Digital
Twin requires the integration of diverse data sources, in-
cluding clinical records, real-time physiological changes,
and individual omics data [Figure 2]. For instance, Digi-
tal Twins (DTs) may enable the generation of customized,
on-demand risk profiles for chronic diseases, facilitate per-
sonalized lifestyle recommendations to reduce these risks,
issue alerts for preventive diagnostic testing, and provide

warnings regarding imminent health hazards. They may
also allow prediction of the efficacy and potential side ef-
fects of specific medications, as well as assessment of indi-
vidual patient responses to treatment. Thus, Digital Twins
may serve as an important technological foundation for ad-
vancing individualized medicine [7–15].

Digital Twin technology leverages machine learning
algorithms and patient data analysis to enable predictive
analytics and preventive interventions. Digital Twins can
identify high-risk individuals, forecast disease progres-
sion, and recommend preventive actions. This proactive
approach enhances patient safety, long-term outcomes,
and resource allocation within healthcare systems [16].
Consequently, Digital Twin technology may significantly
improve healthcare systems through real-time data inte-
gration, advanced analytics, and virtual simulation. Pre-
dictive analytics, training simulations, clinical operations,
and patient care can all be enhanced through its appli-
cation. This review focuses on how Digital Twins in
healthcare may improve patient outcomes, operational ef-
ficiency, and overall healthcare quality.

In recent years, the concept of the Digital Twin
has attracted increasing interest from researchers and aca-
demics. As commercial and academic research advances,
the distinction between Digital Twins and related con-
cepts, such as simulations, digital models, and cyber-
physical systems, requires clearer definition. Initially,
the scope of the Digital Twin encompassed both physical
and virtual entities, along with the interactions between
them [17].
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Figure 2: Digital twin in drug discovery through clinical trials.

Rapid advancements in big data analytics, sen-
sor technology, communication systems, the Internet of
Things (IoT), and simulation technologies have driven the
evolution of this concept [18]. The Internet of Things
(IoT) refers to a network of physical objects — “things”—
embedded with sensors, software, and other technologies
that enable them to connect and exchange data with other
devices and systems over the internet. This technologi-
cal growth has significantly stimulated research on Digital
Twins.

The concept was later extended to health and well-
being, where a Digital Twin may represent the digital
counterpart of a living or non-living physical entity [19].
A Digital Twin is a dynamic concept that represents a vir-
tual model of human organs, tissues, cells, or microenvi-
ronments, continuously adapting to real-time data and pre-
dicting future states [20]. However, with advances in tech-
nology, a Digital Twin has evolved beyond a simple digi-
tal model connected to its physical counterpart. Through
a closed-loop interaction between the digital and physi-
cal environments, it becomes an intelligent and continu-
ously evolving model capable of forecasting future states,
including defects, damage, and failures, as well as opti-
mizing processes.

In general, the technologies required for Digital
Twins can be categorized into two main approaches: one
integrates data and knowledge across multiple scales into
a physics-based or mechanical model, while the other em-
ploys a data-driven statistical model [21,22]. The nu-
merical model is used to compute structural performance,
whereas the analytical model supports structural analysis.
In real time, structural insights are extracted from sensor
data using artificial intelligence (AI) models trained on

numerical simulations and empirical datasets. Artificial
Intelligence (AI) refers to the simulation of human intel-
ligence by machines, particularly computer systems. It
involves the development of algorithms that enable com-
puters to perform tasks that typically require human cog-
nition, such as learning, reasoning, and problem-solving.

Large companies have adopted Digital Twin technol-
ogy to enhance production and identify system issues, as
it is significantly transforming multiple industries. The
healthcare sector is also increasingly embracing this inno-
vative technology. In this context, patients can be repre-
sented through Digital Twins as virtualized, standalone en-
tities that can be utilized across various healthcare applica-
tions [23,24]. This approach holds considerable potential
for improving both hospital operations and individual pa-
tient care and diagnosis.

A Digital Twin in healthcare is a computerized
model of a real-world entity or process, such as a patient,
the human body, or a hospital environment. The develop-
ment of core technologies such as the Internet of Things
(IoT) and Artificial Intelligence (AI), along with the in-
creasing availability of diverse, accurate, and accessible
data sources—including behavioral, biometric, emotional,
cognitive, and psychological data—has driven growing in-
terest in the study and application of Digital Twins within
the healthcare sector [25]. Digital twin technology has the
potential to significantly enhance patient care through the
use of real- time data integration, advanced analytics, and
tailored insights.

Electronic Health Records (EHRs), wearable tech-
nologies, medical devices, and genetic data are among the
key sources of patient information that can be collected
and analyzed using these tools [26]. Digital Twins provide
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a comprehensive view of the patient by integrating and
analyzing this diverse data, enabling healthcare profes-
sionals to design personalized treatment plans [17,20,27].
This approach may improve treatment outcomes by con-
sidering each patient’s unique characteristics, medical his-
tory, genetic profile, and real-time physiological data
when tailoring therapies and medications [28–30].

Digital Twins can assist medical personnel in mak-
ing accurate and timely diagnoses [31]. By simulating
different diagnostic scenarios through the analysis of pa-
tient data and symptoms, Digital Twins can support differ-
ential diagnosis and enable the identification of patterns
that may not be detected through conventional diagnostic
methods alone [26,32]. This leads to more effective and
targeted treatments by improving diagnostic accuracy, re-
ducing errors, and enabling earlier intervention. Contin-
uous patient monitoring is made possible through the in-
tegration of Digital Twins with real-time data from wear-
able technologies, remote monitoring systems, and Inter-
net of Things (IoT) devices [33]. Digital Twins can iden-
tify early indicators of deterioration or abnormalities by
continuously monitoring vital signs, physiological param-
eters, and other health-related data. This enables health-
care professionals to take preemptive measures, prevent
complications, and optimize treatment strategies. Patients
with chronic illnesses benefit most from real-time moni-
toring through Digital Twins, as it supports remote patient
management and reduces the need for frequent hospital
visits [26,34,35].

Patients can take an active role in their own care
with the help of Digital Twins [36]. Access to Digital
Twin data, including treatment plans, lifestyle modifica-
tions, and self-management strategies, enables patients to
take greater responsibility for their health management, re-
sulting in improved engagement [37]. Additionally, Digi-
tal Twins can enhance communication and collaboration
between patients and healthcare professionals, thereby
promoting shared decision-making and patient-centered
care [38].

To predict disease progression and treatment out-
comes, these technologies utilize machine learning algo-
rithms and predictive analytics [28]. Digital Twins can
identify high-risk individuals, forecast potential complica-
tions, and recommend preventive measures by analyzing
patient data and historical trends. Ultimately, this proac-
tive approach may improve patient safety and long-term
outcomes by helping healthcare providers anticipate ad-
verse events, optimize treatment plans, and intervene ear-
lier [39].

Digital Twins can facilitate seamless continuity of
care by securely sharing patient data across various health-
care settings and providers [35]. By ensuring that all in-

volved healthcare professionals have access to the most
current and comprehensive patient information, this ap-
proach supports coordinated care, reduces unnecessary du-
plication of tests, and minimizes medical errors. Digital
Twins may also enhance collaboration and communica-
tion among healthcare teams, thereby improving overall
patient care [38,40].

2. Digital Twin Technology for the
Identification of Health Risks

Digital Twin technology holds significant potential for
predictive analytics and preventive healthcare interven-
tions by integrating real-time data with advanced ana-
lytical methods. Digital Twins can help forecast dis-
ease progression, identify potential health risks, and sup-
port pre-emptive interventions by integrating patient data
with machine learning algorithms and predictive mod-
eling [17]. Texture analysis methods may further sup-
port Digital Twin applications by improving the interpre-
tation and characterization of biological and medical im-
ages [41].

A holistic view of an individual’s health can be
achieved by integrating and analyzing diverse patient data,
including medical history, lifestyle factors, genetic infor-
mation, and real-time physiological measurements [34].
Digital Twins can identify patterns, correlations, and
anomalies in data by leveraging machine learning algo-
rithms and advanced analytics. This capability enables
healthcare professionals to detect health risks at an early
stage, including the onset of chronic diseases, potential
adverse drug reactions, and possible complications.

Early detection enables effective mitigation and
management of these risks by allowing timely interven-
tions and preventive measures [42]. By utilizing patient
data and historical patterns, Digital Twins can model dis-
ease progression [20]. They can also develop predictive
models to forecast disease trajectories by analyzing pat-
terns, treatment outcomes, and individual patient charac-
teristics. Healthcare professionals can use these insights
to anticipate potential side effects, adjust treatment reg-
imens, and optimize therapies to slow or prevent disease
progression. By accounting for each patient’s unique char-
acteristics, including genetic makeup, lifestyle, and prior
treatment responses, Digital Twins enable individualized
disease modeling, resulting in more accurate predictions
and personalized treatment strategies [43]. Digital Twins
can support risk stratification by classifying patients into
different risk groups based on their health data and predic-
tive models [44].

Healthcare professionals can allocate resources
more effectively, prioritize preventive care, and imple-
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ment targeted interventions by identifying high-risk in-
dividuals. Digital Twins provide valuable insights into
which patients are most likely to benefit from specific
interventions, lifestyle modifications, early screening, or
preventive measures. This targeted approach reduces
costs, improves patient outcomes, and enhances the effi-
cient allocation of healthcare resources [45]. By provid-
ing real-time alerts regarding potential health risks, Dig-
ital Twins can facilitate proactive interventions and pre-
ventive care [46]. Through continuous monitoring of pa-
tient data, Digital Twins can identify early warning indi-
cators, detect deviations from normal health parameters,
and support timely clinical interventions. Digital Twin–
based preventive care may include lifestyle modification
recommendations, medication adherence support, screen-
ing reminders, and personalized health guidance [44].

Disease prevalence patterns can be identified
through predictive analytics applied to these data. By
leveraging Digital Twins, healthcare professionals can de-
velop population-level preventive strategies and targeted
interventions, including community-based programs, im-
munization campaigns, and public health initiatives. This
population health approach aims to prevent disease onset,
improve health outcomes, and reduce the overall burden
on healthcare systems [47,48].

3. Digital Twins for Addressing
Clinical Bottlenecks and
Optimizing Healthcare Operations

Digital Twin technologies have significant potential to en-
hance clinical operations within healthcare systems. By
creating virtual representations of physical systems and
integrating real-time data, Digital Twins enable health-
care providers to improve resource allocation, analyze and
optimize workflows, and increase overall operational ef-
ficiency [31]. Digital twins provide healthcare profes-
sionals with a comprehensive representation of clinical
workflows, enabling the evaluation and optimization of
healthcare procedures. By integrating data from multi-
ple sources, including administrative systems, medical de-
vices, and electronic health records, digital twins facil-
itate the identification of bottlenecks, operational ineffi-
ciencies, and areas requiring improvement [27].

Through such analyses, healthcare practitioners can
improve the efficiency of clinical operations by streamlin-
ing workflows, reducing delays, and eliminating unneces-
sary tasks. Furthermore, by analyzing patient data, his-
torical trends, and real-time information, digital twins en-
able healthcare systems to optimize resource allocation
through insights into patient volumes, demand patterns,
and resource utilization [49]. This facilitates the effi-

cient distribution of personnel, equipment, and facilities,
thereby ensuring optimal resource utilization and reduc-
ing patient wait times. Additionally, digital twins sup-
port capacity planning by enabling healthcare institutions
to anticipate future demand and make well-informed de-
cisions about resource investments and infrastructure ex-
pansion. By applying machine learning algorithms and
predictive analytics, digital twins further enhance opera-
tional decision-making capabilities. They analyze data
from multiple sources, including patient flow, staffing
levels, and equipment utilization, to predict future oper-
ational scenarios [16]. This enables healthcare practition-
ers to implement proactive measures, such as reschedul-
ing procedures, optimizing bed allocation, and adjusting
staffing schedules, in order to maximize resource utiliza-
tion and improve patient care [16]. By continuously moni-
toring key performance indicators, patient flow, and oper-
ational data, digital twins can rapidly identify deviations
from expected patterns and generate timely alerts [50,51].
This capability minimizes operational disruptions and en-
sures continuity of care by enabling healthcare profession-
als to promptly address issues such as equipment malfunc-
tions, staffing shortages, and patient bottlenecks.

In addition, digital twins contribute significantly to
patient safety and quality improvement initiatives within
clinical operations [52]. Through the analysis of adverse
events, near misses, and process variations, digital twins
help identify areas for improvement. Healthcare providers
can utilize digital twins to standardize procedures, imple-
ment evidence-based practices, and monitor adherence to
established protocols. Consequently, this approach en-
hances patient safety, reduces the likelihood of errors, and
fosters a culture of continuous improvement within health-
care operations.

Digital Twins can create a shared virtual platform
that facilitates communication among departments and
healthcare professionals, supports collaborative patient-
care planning, and enables real-time data sharing [49,53].
By providing a unified digital environment, digital twins
enhance real-time data exchange and teamwork, leading
to more efficient communication and coordinated care de-
livery. This ultimately improves clinical operations and
patient outcomes by strengthening interdisciplinary col-
laboration, reducing delays, and enhancing care coordina-
tion. Furthermore, digital twins enable continuous mon-
itoring and iterative improvement of clinical processes
by collecting and analyzing operational data over time,
thereby providing insights into performance trends. Based
on real-time feedback, healthcare providers can evaluate
the impact of process modifications, identify patterns, and
refine operational strategies. This iterative improvement
approach allows healthcare organizations to eliminate in-
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efficiencies, adapt to changing demands, and continuously
enhance clinical operations.

4. Digital Twin Technology for
Advanced Healthcare Simulation
and Training

In the healthcare industry, digital twin technology can pro-
vide valuable training and simulation opportunities [54].
By creating virtual representations of real-world systems
integrated with real-time data and advanced simulation
models, digital twins offer healthcare professionals a safe
and realistic environment in which to practice complex
procedures, develop clinical skills, and improve decision-
making abilities.

This section examines the role of Digital Twins in
healthcare training and simulation [55].

Digital twins enable surgeons and other medical pro-
fessionals to practice and refine their surgical skills within
a simulated environment [56]. By replicating surgical pro-
cedures and modeling a range of clinical scenarios, digi-
tal twins allow clinicians to evaluate different techniques,
gain practical experience, and enhance procedural profi-
ciency without exposing real patients to risk. This immer-
sive form of training supports the development of hand–
eye coordination, technical surgical skills, and clinical
decision-making abilities, ultimately contributing to im-
proved patient outcomes and enhanced patient safety.

Digital twins provide medical professionals with a
platform for modeling and evaluating various medical
treatments [17]. By simulating both invasive and non-
invasive procedures, digital twins enable clinicians to
practice and refine their techniques across a range of inter-
ventions, including catheter insertions, ultrasound-guided
procedures, and other clinical applications. By providing
a realistic virtual environment, Digital Twins can help im-
prove clinical confidence, procedural competence, and pa-
tient safety during surgical and diagnostic procedures.

Thus, digital twins may be particularly valuable for
training healthcare professionals in emergency response
situations [57]. By simulating critical events such as car-
diac arrests, trauma cases, or mass-casualty incidents, dig-
ital twins enable healthcare professionals to practice re-
sponse protocols, teamwork, and decision-making under
high-stress conditions. This form of training enhances
preparedness for real-world emergencies, strengthens in-
terdisciplinary coordination, and improves crisis manage-
ment capabilities, ultimately contributing to better patient
outcomes.

Healthcare professionals can develop and refine clin-
ical decision-making skills by using Digital Twins to sim-
ulate complex clinical scenarios. By integrating patient
data, medical history, and real-time monitoring informa-
tion, digital twins provide healthcare professionals with
realistic cases for analysis, diagnosis, and treatment plan-
ning. These interactive simulations offer a valuable edu-
cational experience, enabling clinicians to enhance diag-
nostic reasoning, evaluate multiple treatment options, and
make informed clinical decisions within a risk-free envi-
ronment.

Digital Twins may also support interprofessional
collaboration by providing a shared virtual platform
for communication, coordination, and multidisciplinary
decision-making [58]. Through this platform, health-
care providers can efficiently coordinate patient care, ex-
change information, and engage in interdisciplinary team-
work. This improves patient outcomes, strengthens col-
laborative practice, and enhances understanding of each
professional’s role by supporting comprehensive and well-
coordinated care delivery. In addition, Digital Twins can
support continuous professional development by enabling
scenario-based learning, self-paced training, and repeated
practice [Table 1]. By enabling self-paced learning and
ongoing training, they promote lifelong learning, support
professional growth, and ensure that healthcare profes-
sionals remain well-prepared to deliver high-quality care.

Table 1: Classes of digital twin in healthcare (Modified from the reference [59]).

Physical Entity Mechanism EndPoint

Lung Runs simulations of blood and oxygen flow Predict ventilation requirements

Heart Simulates the structure and physiologic
function of the heart

Customization and optimization of cardiac
devices

Heart Simulates the structure and physiologic
function of the heart Cardiac resynchronization

Heart simulated TAVR implantations with different
aortic prosthesis Surgical planning
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Table 1: Cont.

Physical Entity Mechanism EndPoint

Spine
Predict Vertebral Fracture after Stereotactic
Body
Radiotherapy

Optimal radiation plan to minimize treatment
side effects

Alzheimer’s disease Predicting the individual outcome in
neurological diseases

DT of controls of clinical trial and ultimately
clinical interventions

Breast lesions Image based virtual patients comparing
digital mammography to tomosynthesis

Determine which imaging tool is better at
detecting breast lesions

Oropharyngeal cancer Optimal treatment selection Determine optimal treatment plan for
oropharyngeal cancer

Type 2 Diabetes Disease reversal in type 2 diabetes Randomized control trial examining twin
precision treatment vs. standard of care

Biomanufacturing
Adjust input conditions Key and Critical
Process
Parameters

Predictive biomanufacturing

Digital twins can also serve as valuable tools for
healthcare innovation and research [59,60]. They enable
researchers to conduct hypothesis testing, perform sim-
ulations, and carry out data analysis. These technolo-
gies allow researchers to simulate diverse patient popula-
tions, treatment modalities, and disease scenarios, generat-
ing insights that may support evidence-based practice and
healthcare innovation.

5. Conclusions
In conclusion, Digital Twin technology holds considerable
promise for enhancing patient care and improving health-
care systems. By combining real-time data, advanced ana-
lytics, and virtual simulations, digital twins enable person-
alized treatment planning, predictive analytics, improved
clinical operations, and immersive training opportunities.
Using Digital Twins, medical professionals may monitor
patients in real time, support more accurate diagnosis, and
take pre-emptive action to reduce the risk of adverse out-
comes. Additionally, this approach promotes collabora-
tive decision-making between patients and healthcare pro-
fessionals and empowers individuals to actively partici-
pate in their own care.

Furthermore, digital twins enhance operational ef-
ficiency, improve resource allocation, and streamline
healthcare operations. The healthcare industry stands to
gain significantly from digital twin technology, with po-
tential improvements in patient outcomes, safety, and in-
novation. However, successful implementation requires
addressing challenges related to data privacy, interoper-
ability, data quality, ethics, resource intensity, workflow
integration, validation, education, scalability, and cultural
change.

List of Abbreviations

AI Artificial Intelligence
DT Digital Twin
IoT Internet of Things

Author Contributions
Conceptualization, methodology, visualization, supervi-
sion: A.V.; Validation, formal analysis: R.H.; Investi-
gation, resources, data curation, writing—original draft
preparation, writing—review and editing: H.R. All au-
thors have read and approved the published version of the
manuscript.

Conflicts of Interest
The authors declare no conflicts of interest.

Funding
The study did not receive any external funding and was
conducted using only institutional resources.

Acknowledgments
The authors would like to express their gratitude to
Sathyabama Institute of Science and Technology, Jeppiar
Nagar, for the technical and scientific support provided
throughout the completion of this work.

AI Declaration
The authors acknowledge the use of writing tools (https:
//quillbot.com/) to assist in refining the academic lan-
guage and improving the accuracy of the manuscript. The
prompts used included requests to improve the academic

Biomaterials Connect
7

Victor et al.

https://scifiniti.com/
https://quillbot.com/
https://quillbot.com/
https://scifiniti.com/journals/biomaterials-connect


2026, Vol. 3, Article ID. 2026.0027
https://doi.org/10.69709/BIOMATC.2026.190009

tone and enhance language accuracy, including grammat-
ical structures, punctuation, and vocabulary.

References

[1] Zhang, A.; Wu, Z.; Wu, E.; Wu, M.; Snyder, M.P.;
Zou, J.; Wu, J.C. Leveraging Physiology and Artifi-
cial Intelligence to Deliver Advancements in Health
Care. Physiol. Rev. 2023, 103, 2423–2450. [Cross-
Ref]

[2] Sharma, L.; Garg, P.K. Digital Twins and Simula-
tion Technology: Concepts and Applications, 1st
ed.; Chapman and Hall/CRC: Boca Raton, FL, USA,
2025. [CrossRef]

[3] Ringeval, M.; Sosso, F.A.E.; Cousineau, M.; Paré,
G. Advancing Health Care with Digital Twins: Meta-
Review of Applications and Implementation Chal-
lenges. J. Med. Internet Res. 2025, 27, e69544.
[CrossRef]

[4] Rajpurkar, P.; Chen, E.; Banerjee, O.; Topol, E.J. AI
in Health and Medicine. Nat. Med. 2022, 28, 31–38.
[CrossRef]

[5] Grieves, M.; Vickers, J. Digital Twin: Mitigating Un-
predictable, Undesirable Emergent Behavior in Com-
plex Systems. In Transdisciplinary Perspectives on
Complex Systems; Springer: Berlin/Heidelberg, Ger-
many, 2017; pp. 85–113. Available online: https:
//api.semanticscholar.org/CorpusID:14945167.

[6] Rhee, H.; Miner, S.; Sterling, M.; Halterman,
J.S.; Fairbanks, E. The Development of an Auto-
mated Device for Asthma Monitoring for Adoles-
cents: Methodologic Approach and User Acceptabil-
ity. JMIR Mhealth Uhealth 2014, 2, e27. [CrossRef]

[7] Emmert-Streib, F.; Yli-Harja, O. What Is a Digital
Twin? Experimental Design for a Data-Centric Ma-
chine Learning Perspective in Health. Int. J. Mol.
Sci. 2022, 23, 13149. [CrossRef]

[8] Topol, E.J. High-Performance Medicine: The Con-
vergence of Human and Artificial Intelligence. Nat.
Med. 2019, 25, 44–56. [CrossRef]

[9] San, O. The Digital Twin Revolution. Nat. Comput.
Sci. 2021, 1, 307–308. [CrossRef]

[10] Potter, D.; Brothers, R.; Kolacevski, A.; Koskimaki,
J.E.; McNutt, A.; Miller, A.; Nagda, R.S.; Nair, J.;
Rubinstein, A.; Stewart, W.S.; et al. Development of
Cancer L in Q, a Health Information Learning Plat-
form from Multiple Electronic Health Record Sys-
tems to Support Improved Quality of Care. JCO
Clin. Cancer Inform. 2020, 4, 929–937. [CrossRef]
[PubMed]

[11] Coorey, G.; Figtree, G.A.; Fletcher, D.F.; Redfern, J.
The Health Digital Twin: Advancing Precision Car-
diovascular Medicine. Nat. Rev. Cardiol. 2021, 18,
803–804. [CrossRef]

[12] Tortora, M.; Pacchiano, F.; Ferraciolli, S.F.;
Criscuolo, S.; Gagliardo, C.; Jaber, K.; Angelicchio,
M.; Briganti, F.; Caranci, F.; Tortora, F.; et al. Med-
ical Digital Twin: A Review on Technical Principles

and Clinical Applications. J. Clin. Med. 2025, 14,
324. [CrossRef]

[13] Walsh, J.R.; Smith, A.M.; Pouliot, Y.; Li-Bland,
D.; Loukianov, A.; Fisher, C.K.; Consortium,
F.T.M.S.O.A. Generating Digital Twins with Multi-
ple Sclerosis Using Probabilistic Neural Networks.
arXiv 2020. [CrossRef]

[14] Fisher, C.K.; Smith, A.M.; Walsh, J.R. Ma-
chine Learning for Comprehensive Forecasting of
Alzheimer’s Disease Progression. Sci. Rep. 2019,
9, 13622. [CrossRef]

[15] Masison, J.; Beezley, J.; Mei, Y.; Ribeiro, H.; Knapp,
A.C.; Vieira, L.S.; Adhikari, B.; Scindia, Y.; Grauer,
M.; Helba, B.; et al. A Modular Computational
Framework for Medical Digital Twins. Proc. Natl.
Acad. Sci. USA 2021, 118, e2024287118. [Cross-
Ref]

[16] Van Dinter, R.; Tekinerdogan, B.; Catal, C. Predic-
tive Maintenance Using Digital Twins: A Systematic
Literature Review. Inf. Softw. Technol. 2022, 151,
107008. [CrossRef]

[17] Sun, T.; He, X.; Li, Z. Digital Twin in Healthcare:
Recent Updates and Challenges. Digit. Health 2023,
9, 20552076221149652. [CrossRef]

[18] Li, L.; Lei, B.; Mao, C. Digital Twin in Smart Man-
ufacturing. J. Ind. Inf. Integr. 2022, 26, 100289.
[CrossRef]

[19] El Saddik, A. Digital Twins: The Convergence of
Multimedia Technologies. IEEEMultimed. 2018, 25,
87–92. [CrossRef]

[20] Sun, T.; He, X.; Song, X.; Shu, L.; Li, Z. The Digital
Twin inMedicine: AKey to the Future ofHealthcare?
Front. Med. 2022, 9, 907066. [CrossRef]

[21] Corral-Acero, J.; Margara, F.; Marciniak, M.; Rodero,
C.; Loncaric, F.; Feng, Y.; Gilbert, Y.; Fernandes,
J.F.; Bukhari, H.A.; Wajdan, A.; et al. The “Digital
Twin” to Enable the Vision of Precision Cardiology.
Eur. Heart J. 2020, 41, 4556–4564. [CrossRef]

[22] Peirlinck, M.; Costabal, F.S.; Yao, J.; Guccione, J.M.;
Tripathy, S.; Wang, Y.; Ozturk, D.; Segars, P.; Mor-
rison, T.M.; Levine, S.; et al. Precision Medicine in
Human Heart Modeling: Perspectives, Challenges,
and Opportunities. Biomech. Model. Mechanobiol.
2021, 20, 803–831. [CrossRef]

[23] Vallée, A. Digital Twin for Personalized Medicine
Development. Front. Digit. Health 2025, 7,
1583466. [CrossRef]

[24] Vallée, A. Digital Twin for Healthcare Systems.
Front. Digit. Health 2023, 5, 1253050. [CrossRef]

[25] Schwartz, S.M.; Wildenhaus, K.; Bucher, A.; Byrd,
B. Digital Twins and the Emerging Science of Self:
Implications for Digital Health Experience Design
and “Small” Data. Front. Comput. Sci. 2020, 2, 31.
[CrossRef]

[26] Voigt, I.; Inojosa, H.; Dillenseger, A.; Haase, R.;
Akgün, K.; Ziemssen, T. Digital Twins for Multi-
ple Sclerosis. Front. Immunol. 2021, 12, 669811.
[CrossRef]

Victor et al.

8

Biomaterials Connect

https://scifiniti.com/
https://doi.org/10.1152/physrev.00033.2022
https://doi.org/10.1152/physrev.00033.2022
https://doi.org/10.1201/9781003582489
https://doi.org/10.2196/69544
https://doi.org/10.1038/s41591-021-01614-0
https://api.semanticscholar.org/CorpusID:14945167
https://api.semanticscholar.org/CorpusID:14945167
https://doi.org/10.2196/mhealth.3118
https://doi.org/10.3390/ijms232113149
https://doi.org/10.1038/s41591-018-0300-7
https://doi.org/10.1038/s43588-021-00077-0
https://doi.org/10.1200/CCI.20.00064
https://www.ncbi.nlm.nih.gov/pubmed/33104389
https://doi.org/10.1038/s41569-021-00630-4
https://doi.org/10.3390/jcm14020324
https://doi.org/10.48550/arXiv.2002.02779
https://doi.org/10.1038/s41598-019-49656-2
https://doi.org/10.1073/pnas.2024287118
https://doi.org/10.1073/pnas.2024287118
https://doi.org/10.1016/j.infsof.2022.107008
https://doi.org/10.1177/20552076221149651
https://doi.org/10.1016/j.jii.2021.100289
https://doi.org/10.1109/MMUL.2018.023121167
https://doi.org/10.3389/fmed.2022.907066
https://doi.org/10.1093/eurheartj/ehaa159
https://doi.org/10.1007/s10237-021-01421-z
https://doi.org/10.3389/fdgth.2025.1583466
https://doi.org/10.3389/fdgth.2023.1253050
https://doi.org/10.3389/fcomp.2020.00031
https://doi.org/10.3389/fimmu.2021.669811
https://scifiniti.com/journals/biomaterials-connect


2026, Vol. 3, Article ID. 2026.0027
https://doi.org/10.69709/BIOMATC.2026.190009

[27] Haleem, A.; Javaid, M.; Singh, R.P.; Suman, R.
Exploring the Revolution in Healthcare Systems
through the Applications of Digital Twin Technology.
Biomed. Technol. 2023, 4, 28–38. [CrossRef]

[28] Johnson, K.B.; Wei, W.; Weeraratne, D.; Frisse,
M.E.; Misulis, K.; Rhee, K.; Zhao, J.; Snowdon, J.L.
Precision Medicine, AI, and the Future of Personal-
ized Health Care. Clin. Transl. Sci. 2021, 14, 86–93.
[CrossRef]

[29] Goetz, L.H.; Schork, N.J. Personalized Medicine:
Motivation, Challenges and Progress. Fertil. Steril.
2018, 109, 952–963. [CrossRef]

[30] Subbiah, V. The Next Generation of Evidence-Based
Medicine. Nat. Med. 2023, 29, 49–58. [CrossRef]

[31] Venkatesh, K.P.; Raza, M.M.; Kvedar, J.C. Health
Digital Twins as Tools for Precision Medicine: Con-
siderations for Computation, Implementation, and
Regulation. NPJ Digit. Med. 2022, 5, 150. [Cross-
Ref]

[32] Zhong, D.; Xia, Z.; Zhu, Y.; Duan, J. Overview of
Predictive Maintenance Based on Digital Twin Tech-
nology. Heliyon 2023, 9, e14534. [CrossRef]

[33] Volkov, I.; Radchenko, G.; Tchernykh, A. Digi-
tal Twins, Internet of Things and Mobile Medicine:
A Review of Current Platforms to Support Smart
Healthcare. Program. Comput. Softw. 2021, 47,
578–590. [CrossRef]

[34] Drummond, D.; Gonsard, A. Definitions and Char-
acteristics of Patient Digital Twins Being Developed
for Clinical Use: Scoping Review. J. Med. Internet
Res. 2024, 26, e54321. [CrossRef]

[35] Elkefi, S.; Asan, O. Digital Twins for Managing
Health Care Systems: Rapid Literature Review. J.
Med. Internet Res. 2022, 24, e37641. [CrossRef]

[36] Syed-Abdul, S.; Li, Y.-C. Empowering Patients and
Transforming Healthcare in the Post COVID-19 Era:
The Role of Digital and Wearable Technologies. J.
Pers. Med. 2023, 13, 722. [CrossRef]

[37] Abernethy, A.; Adams, L.; Barrett, M.; Bechtel, C.;
Brennan, P.; Butte, A.; Faulkner, J.; Fontaine, E.;
Friedhoff, S.; Halamka, J.; et al. The Promise of Dig-
ital Health: Then, Now, and the Future. NAM Per-
spect. 2022, 6, 10-31478. [CrossRef]

[38] Hassani, H.; Huang, X.; Feely, S.M. Impactful Dig-
ital Twin in the Healthcare Revolution. Big Data
Cogn. Comput. 2022, 6, 83. [CrossRef]

[39] Allen, A.; Siefkas, A.; Pellegrini, E.; Burdick, H.;
Barnes, G.; Calvert, J.; Mao, Q.; Das, R. A Digital
Twins Machine Learning Model for Forecasting Dis-
ease Progression in Stroke Patients. Appl. Sci. 2021,
11, 5576. [CrossRef]

[40] Pang, T.Y.; Restrepo, J.P.; Cheng, C.-T.; Yasin, A.;
Lim, H.; Miletic, M. Developing a Digital Twin and
Digital Thread Framework for an ‘Industry 4.0’ Ship-
yard. Appl. Sci. 2021, 11, 1097. [CrossRef]

[41] Ţălu, Ş. Texture Analysis Methods for the Char-
acterization of Biological and Medical Images.
ELBA Bioflux 2012, 4, 8–12. Available on-
line: https://www.researchgate.net/publication/

274704316_Texture_analysis_methods_for_the_
characterisation_of_biological_and_medical_
images (accessed on 24 October 2025).

[42] Ginsburg, O.; Yip, C.-H.; Brooks, A.; Cabanes, A.;
Caleffi, M.; Dunstan, Y.J.; Gyawali, B.; McCor-
mack, V.; de Anderson, M.M.; Mehrotra, R.; et al.
Breast Cancer Early Detection: A Phased Approach
to Implementation. Cancer 2020, 126, 2379–2393.
[CrossRef]

[43] Pascual, H.; Masip-Bruin, X.; Alonso, A.; Cerdá, J.
A Systematic Review on Human Modeling: Digging
into Human Digital Twin Implementations. arXiv
2023. [CrossRef]

[44] Coorey, G.; Figtree, G.A.; Fletcher, D.F.; Snelson,
V.J.; Vernon, S.T.; Winlaw, D.; Grieve, S.M.; McE-
wan, A.; Yang, J.Y.H.; Qian, P.; et al. The Health
Digital Twin to Tackle Cardiovascular Disease—A
Review of an Emerging Interdisciplinary Field. NPJ
Digit. Med. 2022, 5, 126. [CrossRef]

[45] Morande, S. Enhancing Psychosomatic Health Using
Artificial Intelligence-Based Treatment Protocol: A
Data Science-Driven Approach. Int. J. Inf. Manag.
Data Insights 2022, 2, 100124. [CrossRef]

[46] Sahal, R.; Alsamhi, S.H.; Brown, K.N. Personal Dig-
ital Twin: A Close Look into the Present and a Step
towards the Future of Personalised Healthcare Indus-
try. Sensors 2022, 22, 5918. [CrossRef]

[47] Popa, E.O.; Van Hilten, M.; Oosterkamp, E.; Bo-
gaardt, M.-J. The Use of Digital Twins in Healthcare:
Socio-Ethical Benefits and Socio-Ethical Risks. Life
Sci. Soc. Policy 2021, 17, 6. [CrossRef]

[48] Calcaterra, V.; Pagani, V.; Zuccotti, G. Digital Twin:
A Future Health Challenge in Prevention, Early Di-
agnosis and Personalisation of Medical Care in Pae-
diatrics. Int. J. Environ. Res. Public Health 2023,
20, 2181. [CrossRef]

[49] Elayan, H.; Aloqaily, M.; Guizani, M. Digital Twin
for Intelligent Context-Aware IoT Healthcare Sys-
tems. IEEE Internet Things J. 2021, 8, 16749–16757.
[CrossRef]

[50] Kaur, M.J.; Mishra, V.P.; Maheshwari, P. The Con-
vergence of Digital Twin, IoT, and Machine Learn-
ing: Transforming Data into Action. In Digi-
tal Twin Technologies and Smart Cities; Farsi, M.,
Daneshkhah, A., Hosseinian-Far, A., Jahankhani,
H., Eds.; Springer International Publishing: Cham,
Switzerland, 2020; pp. 3–17. [CrossRef]

[51] Canedo, A. Industrial IoTLifecycle via Digital Twins.
In Proceedings of the Eleventh IEEE/ACM/IFIP In-
ternational Conference on Hardware/Software Code-
sign and System Synthesis; Association for Comput-
ing Machinery: New York, NY, USA, 2016; p. 1.
[CrossRef]

[52] Bruynseels, K.; De Sio, F.S.; Van den Hoven, J. Dig-
ital Twins in Health Care: Ethical Implications of
an Emerging Engineering Paradigm. Front. Genet.
2018, 9, 31. [CrossRef] [PubMed]

[53] Liu, Y.; Zhang, L.; Yang, Y.; Zhou, L.; Ren, L.;
Wang, F.; Liu, R.; Pang, Z.; Deen, M.J. A Novel
Cloud-Based Framework for the Elderly Healthcare

Biomaterials Connect
9

Victor et al.

https://scifiniti.com/
https://doi.org/10.1016/j.bmt.2023.02.001
https://doi.org/10.1111/cts.12884
https://doi.org/10.1016/j.fertnstert.2018.05.006
https://doi.org/10.1038/s41591-022-02160-z
https://doi.org/10.1038/s41746-022-00694-7
https://doi.org/10.1038/s41746-022-00694-7
https://doi.org/10.1016/j.heliyon.2023.e14534
https://doi.org/10.1134/S0361768821080284
https://doi.org/10.2196/58504
https://doi.org/10.2196/37641
https://doi.org/10.3390/jpm13050722
https://doi.org/10.31478/202206e
https://doi.org/10.3390/bdcc6030083
https://doi.org/10.3390/app11125576
https://doi.org/10.3390/app11031097
https://www.researchgate.net/publication/274704316_Texture_analysis_methods_for_the_characterisation_of_biological_and_medical_images
https://www.researchgate.net/publication/274704316_Texture_analysis_methods_for_the_characterisation_of_biological_and_medical_images
https://www.researchgate.net/publication/274704316_Texture_analysis_methods_for_the_characterisation_of_biological_and_medical_images
https://www.researchgate.net/publication/274704316_Texture_analysis_methods_for_the_characterisation_of_biological_and_medical_images
https://doi.org/10.1002/cncr.32887
https://doi.org/10.48550/arXiv.2302.03593
https://doi.org/10.1038/s41746-022-00640-7
https://doi.org/10.1016/j.jjimei.2022.100124
https://doi.org/10.3390/s22155918
https://doi.org/10.1186/s40504-021-00113-x
https://doi.org/10.3390/ijerph20032181
https://doi.org/10.1109/JIOT.2021.3051158
https://doi.org/10.1007/978-3-030-18732-3_1
https://doi.org/10.1145/2968456.2974007
https://doi.org/10.3389/fgene.2018.00031
https://www.ncbi.nlm.nih.gov/pubmed/29487613
https://scifiniti.com/journals/biomaterials-connect


2026, Vol. 3, Article ID. 2026.0027
https://doi.org/10.69709/BIOMATC.2026.190009

Services Using Digital Twin. IEEE Access 2019, 7,
49088–49101. [CrossRef]

[54] Erol, T.; Mendi, A.F.; Doğan, D. The Digital Twin
Revolution in Healthcare. In Proceedings of the
2020 4th International Symposium on Multidisci-
plinary Studies and Innovative Technologies (ISM-
SIT), Istanbul, Turkey, 22–24 October 2020; pp. 1–
7. Available online: https://api.semanticscholar.org/
CorpusID:227063374.

[55] Alazab, M.; Khan, L.U.; Koppu, S.; Ramu, S.P.; Iyap-
paraja, M.; Boobalan, P.; Baker, T.; Maddikunta,
P.K.R.; Gadekallu, T.R.; Aljuhani, A. Digital Twins
for Healthcare 4.0—Recent Advances, Architecture,
andOpen Challenges. IEEEConsum. Electron. Mag.
2022, 12, 29–37. [CrossRef]

[56] Moztarzadeh, O.; Jamshidi, M.; Sargolzaei, S.;
Jamshidi, A.; Baghalipour, N.; Moghani, M.M.;
Hauer, L. Metaverse and Healthcare: Machine

Learning-Enabled Digital Twins of Cancer. Bioengi-
neering 2023, 10, 455. [CrossRef]

[57] Fan, C.; Zhang, C.; Yahja, A.; Mostafavi, A. Disas-
ter City Digital Twin: A Vision for Integrating Arti-
ficial and Human Intelligence for Disaster Manage-
ment. Int. J. Inf. Manag. 2021, 56, 102049. [Cross-
Ref]

[58] Iqbal, J.D.; Krauthammer, M.; Biller-Andorno, N.
The Use and Ethics of Digital Twins in Medicine. J.
Law Med. Ethics 2022, 50, 583–596. [CrossRef]
[PubMed]

[59] Katsoulakis, E.; Wang, Q.I.; Wu, H. Digital Twins for
Health: A Scoping Review. NPJ Digit. Med. 2024,
7, 77. [CrossRef]

[60] Semeraro, C.; Lezoche, M.; Panetto, H.; Dassisti, M.
Digital Twin Paradigm: A Systematic Literature Re-
view. Comput. Ind. 2021, 130, 103469. [CrossRef]

Disclaimer/Publisher’s Note: The views expressed in this article are those of the author(s) and do not necessarily reflect the views
of the publisher or editors. The publisher and editors assume no responsibility for any injury or damage resulting from the use of
information contained herein.

Victor et al.

10

Biomaterials Connect

https://scifiniti.com/
https://doi.org/10.1109/ACCESS.2019.2909828
https://api.semanticscholar.org/CorpusID:227063374
https://api.semanticscholar.org/CorpusID:227063374
https://doi.org/10.1109/MCE.2022.3208986
https://doi.org/10.3390/bioengineering10040455
https://doi.org/10.1016/j.ijinfomgt.2019.102049
https://doi.org/10.1016/j.ijinfomgt.2019.102049
https://doi.org/10.1017/jme.2022.97
https://www.ncbi.nlm.nih.gov/pubmed/36398633
https://doi.org/10.1038/s41746-024-01073-0
https://doi.org/10.1016/j.compind.2021.103469
https://scifiniti.com/journals/biomaterials-connect

	Introduction 
	Digital Twin Technology for the Identification of Health Risks 
	Digital Twins for Addressing Clinical Bottlenecks and Optimizing Healthcare Operations 
	Digital Twin Technology for Advanced Healthcare Simulation and Training 
	Conclusions 
	References

