
Wearable biotechnology is enhancing cardiac health monitoring by enabling continuous data 
collection for early detection and better management of cardiovascular diseases (CVDs). Recent 
advancements, such as multi-sensor integration, combine electrocardiography (ECG), heart rate 
variability, blood pressure, and oxygen saturation monitoring to provide a comprehensive 
cardiovascular assessment and improve diagnostic precision. Innovations in energy-harvesting 
technologies, like thermoelectric and piezoelectric materials, extend battery life, reducing the need 
for frequent recharging and increasing patient adherence. Despite these advances, challenges 
remain, particularly concerning data security, which requires robust encryption methods and secure 
data transmission protocols. Regulatory frameworks like the GDPR and HIPAA need to evolve to 
accommodate technological progress, ensuring new devices are safe and quickly brought to market. 
Enhancing interoperability with electronic health records (EHRs) is crucial to maximizing the clinical 
utility of wearable devices. Future research should focus on developing biochemical sensors to detect 
speci�c biomarkers in bodily �uids, re�ning AI algorithms for personalized diagnostics, and 
establishing standards for data sharing and integration. Collaboration among healthcare providers, 
regulatory bodies, and technology developers is essential to overcoming current barriers, expanding 
clinical applications, and ultimately improving patient outcomes and public health.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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Cardiovascular diseases (CVDs) remain a leading cause of death 
worldwide, with their prevalence steadily increasing. For 
instance, the number of CVD patients has reached hundreds of 
millions in various countries, making these diseases a 
signi�cant public health concern. �e economic burden 
associated with CVD is also substantial, with global treatment 
costs projected to rise dramatically in the coming years [1]. �is 
situation underscores the urgent need for e�ective strategies in 
CVD prevention, early diagnosis, and management, with 
continuous monitoring playing a pivotal role in reducing both 
health and �nancial impacts [2].

 Traditional methods for cardiac health monitoring, such as 
multi-lead Holter monitors and event monitors have been 
widely employed for detecting and diagnosing cardiac rhythm 
disorders [3]. While these devices provide continuous 
electrocardiogram (ECG) waveforms and crucial data on heart 
health, they are o�en hampered by issues related to patient 
compliance. �eir bulky design, wired connections, and the 
discomfort caused by prolonged use o�en deter patients from 
using them consistently [4]. Recent advancements in wearable 
biotechnology have resulted in the development of �exible, 
lightweight sensors, which o�er a more comfortable and 
convenient alternative to traditional monitoring methods. 
�ese newer devices are small, low-cost, and capable of energy 
harvesting, making them suitable for both clinical settings and 
home-based cardiac care [5].

 �e advent of �exible wearable sensors has transformed 
cardiac monitoring by enabling continuous, real-time 

is a signi�cant area for improvement. Additionally, there is a 
need to explore more thoroughly the integration of advanced 
technologies, such as arti�cial intelligence and big data 
analytics, to enhance the predictive capabilities and 
personalized diagnostics of wearable sensors [10].

 �is review aims to evaluate recent advancements in 
wearable biotechnology for cardiac health monitoring, focusing 
particularly on �exible and disposable sensors. �e objective is 
to identify the current challenges associated with these 
technologies, propose areas for improvement, and highlight 
future research directions to enhance their accuracy, usability, 
and clinical relevance [11]. Additionally, the potential for 
integrating new technologies, such as AI and the Internet of 
�ings (IoT), will be considered to optimize cardiac health 
management and improve patient outcomes [12].

Overview of Conventional Wearable Technologies
Traditional wearable technologies, including Holter monitors, 
wrist-worn devices, and chest-strap monitors, are widely used 
for detecting and diagnosing cardiac rhythm disorders. Holter 
monitors provide continuous monitoring of heart electrical 
activity over 24 to 48 hours, capturing data essential for 
identifying irregular heart rhythms and other conditions [13]. 
�ese monitors typically use electrodes attached to the skin to 
record electrical signals, which are then analyzed later. 
However, Holter monitors are o�en large and cumbersome, 
requiring wired connections that can cause discomfort and 
limit mobility, leading to lower patient compliance, particularly 
during extended monitoring periods [14].

 Wrist-worn devices and chest-strap monitors o�er 
alternative methods for monitoring heart health. Wrist-worn 
devices use sensors to measure heart rate by detecting changes 
in blood �ow at the wrist. While they are more convenient and 
easier to wear, these devices are o�en less accurate due to 
interference from motion and inconsistent contact with the 
skin. Chest-strap monitors, used in sports and �tness, provide 
more reliable heart rate data by maintaining better contact with 
the skin. However, they do not provide the comprehensive data 
needed for a detailed assessment of heart health, as Holter 
monitors do [15].

Recent advancements in wearable technologies
Recent advancements in wearable technology have led to the 
development of �exible and disposable devices designed to 
address the limitations of traditional monitors. �e Wearable 
Intelligent Sensor Platform (WiSP) represents a new generation 
of devices that o�er a more comfortable and practical solution 
for cardiac monitoring. �e WiSP is a lightweight sensor that 
conforms to the skin, similar to an adhesive bandage, and uses 
so� materials to ensure consistent contact, even during 
movement or extended wear [16].

 A key feature of the WiSP is its ability to operate without 
bulky batteries by harvesting energy from the body or the 
environment, making it suitable for long-term use. �e WiSP 
captures data on heart activity and transmits it wirelessly to 
smartphones or other devices, enabling continuous, real-time 
monitoring in both clinical and home settings. Its small size and 
light weight signi�cantly improve patient comfort and 
encourage consistent use compared to conventional monitors 
[17]. �e design of the WiSP also addresses many of the 

challenges associated with earlier devices. Using thin, �exible 
materials that adhere comfortably to the skin, these sensors 
reduce discomfort and can be worn continuously without 
irritation. Advances in materials technology, such as stretchable 
circuits and so� substrates, have further improved their 
durability and data quality, allowing for more reliable 
monitoring [18].

Integration of artificial intelligence with wearable 
devices
�e integration of arti�cial intelligence (AI) with wearable 
devices has enhanced the accuracy and capability of cardiac 
monitoring. AI algorithms can analyze the vast amounts of data 
collected by these devices, detecting patterns and abnormalities 
that may not be evident through traditional methods. �is 
capability allows for earlier detection of heart problems and 
more timely medical intervention [19]. Machine learning 
models further improve the predictive capabilities of these 
devices by analyzing trends in heart data over time. Wearable 
sensors like the WiSP can monitor multiple signals, such as 
heart rate and blood �ow, and use AI to provide real-time 
assessments of heart health. �is technology supports more 
personalized care, o�ering feedback and alerts tailored to the 
individual's unique health pro�le [20]. Moreover, AI helps to 
simplify the interpretation of data, which is o�en 
time-consuming and subject to human error when done 
manually. By rapidly processing and analyzing information, AI 
systems can provide clinicians with more accurate and timely 
insights, making wearable devices more e�ective tools for heart 
monitoring [21].

Advanced Wearable Cardiac Biosensors
Design and structural components
Advanced wearable biosensors, such as the Wearable Intelligent 
Sensor Platform (WiSP), are transforming cardiac monitoring 
with their lightweight, �exible designs that enhance comfort 
and enable continuous use. �ese devices consist of several key 
components: sensing elements, encapsulation layers, and 
�exible electronic circuits, each contributing to their improved 
functionality and usability [22]. �e core of the WiSP is its 
sensing element, which includes electrodes designed to detect 
electrical signals from the heart. �ese electrodes are made of 
materials like silver or gold, chosen for their excellent electrical 
conductivity and compatibility with human tissue. �ey are 
embedded in a so�, stretchable substrate, such as silicone 
elastomers, allowing the sensor to conform closely to the skin. 
�is close contact ensures consistent signal acquisition by 
reducing motion artifacts, which can otherwise interfere with 
the accuracy of electrocardiogram (ECG) readings. 
Maintaining stable skin contact is crucial for obtaining reliable 
ECG data, which is essential for detecting arrhythmias and 
other cardiac abnormalities [23].

 �e encapsulation layers serve to protect the device's 
electronic components from external factors like moisture and 
sweat, which could compromise performance. �ese layers are 
cra�ed from biocompatible, breathable materials such as 
polyurethane or polydimethylsiloxane (PDMS). �e ultrathin 
design of these layers keeps the device lightweight and 
comfortable for long-term use, without sacri�cing durability. By 
maintaining a barrier against contaminants while allowing skin 

measurement of key physiological signals, such as ECG, 
photoplethysmography (PPG), seismocardiogram/ 
ballistocardiogram (SCG/BCG), and apexcardiogram (ACG) 
[6]. For example, some new devices are designed to be as 
unobtrusive as a standard adhesive bandage, adhering to the 
skin and wirelessly transmitting data to smartphones. �ese 
sensors are engineered to be less intrusive and more 
comfortable, thus enhancing patient compliance and enabling 
long-term monitoring. Recent studies suggest that �exible 
sensors can achieve accuracy levels comparable to traditional 
monitors while providing signi�cant improvements in 
usability and comfort [7].

 Despite these advancements, several limitations persist in 
the current generation of wearable cardiac sensors. 
Challenges remain in achieving optimal skin coupling for 
extended periods, which is essential for accurate data capture 
[8]. Additionally, certain types of sensors, such as those 
relying on PPG, may face signal inaccuracies due to 
placement on peripheral sites, where movement and 
inconsistent skin contact can introduce noise. While �exible 
sensors o�er improved comfort and ease of use, they may not 
yet fully replicate the comprehensive data quality provided by 
multi-lead ECG systems commonly used in clinical 
environments [9].

 While much progress has been made in developing �exible 
sensors for cardiac health monitoring, there are still gaps that 
need to be addressed. Enhancing the data accuracy of these 
sensors during long-term use in dynamic, real-life conditions 

contact, these layers ensure the device remains e�ective and 
user-friendly [24]. Flexible electronic circuits are a vital part of 
the device, facilitating data collection, processing, and 
transmission. �ese circuits are printed on substrates using 
conductive inks or advanced materials like graphene or carbon 
nanotubes, which allow the circuits to bend and stretch with the 
skin. �is �exibility reduces the risk of mechanical damage, 
enhancing the device's longevity and reliability [25].

Types of sensors used in advanced wearable 
biosensors
Wearable biosensors like the WiSP utilize various types of 
sensors to monitor cardiac health. �e two primary sensors 
integrated into these devices are electrocardiogram (ECG) 
sensors and photoplethysmography (PPG) sensors, each 
serving distinct yet complementary roles [26].

Electrocardiogram (ECG) sensors

ECG sensors are central to wearable cardiac monitoring devices 
due to their ability to directly measure the heart's electrical 
activity. By detecting electrical impulses generated during each 
heartbeat, these sensors provide crucial data on heart rhythm 
and electrical conduction. �is information is essential for 
diagnosing conditions such as arrhythmias. �e �exible design 
of the WiSP ensures that the electrodes maintain stable contact 
with the skin, minimizing signal noise and improving the 
accuracy of ECG readings, even during movement [27].

Photoplethysmography (PPG) sensors

PPG sensors measure changes in blood volume by detecting 
variations in light absorption within the skin. �ey use 
light-emitting diodes (LEDs) to illuminate the skin and 
photodetectors to measure the amount of light re�ected back, 
which correlates with blood �ow. PPG sensors are used to 
estimate heart rate and oxygen saturation levels. Although they 
do not require direct electrical contact, their accuracy can be 
a�ected by factors like skin tone, ambient light, and motion. In 
�exible devices like the WiSP, the PPG sensors are embedded in 
materials that ensure close skin contact, reducing these 
interferences and enhancing the quality of the signal [28].

Energy harvesting and data transmission methods
A signi�cant advancement in devices like the WiSP is the use of 
energy-harvesting technologies, which minimize the need for 
frequent battery replacements or recharging. �e WiSP employs 
methods such as piezoelectric and thermoelectric energy 
harvesting to convert mechanical or thermal energy into 
electrical power.

Piezoelectric energy harvesting

Piezoelectric materials, such as lead zirconate titanate (PZT) or 
polyvinylidene �uoride (PVDF), generate electrical charges in 
response to mechanical stress, such as body movements. �is 
capability allows wearable biosensors to harness energy from 
daily activities like walking or running, providing a continuous 
and sustainable power source [29].

�ermoelectric energy harvesting

�ermoelectric materials, like bismuth telluride, generate 
electricity from temperature di�erences between the skin and 
the surrounding environment. �is method is particularly 
e�ective in wearable devices exposed to varying temperatures, 
providing another reliable energy source that supports 

continuous operation [30]. �ese energy-harvesting 
mechanisms signi�cantly enhance the practicality of wearable 
biosensors for long-term monitoring, reducing dependence on 
conventional batteries and ensuring uninterrupted 
performance.

Data transmission methods

�e WiSP uses near-�eld communication (NFC) technology to 
transmit data. NFC is a low-power wireless communication 
method that facilitates data exchange over short distances, ideal 
for wearable sensors. �is technology enables e�cient and 
secure data transfer between the sensor and mobile devices, 
providing real-time information to healthcare providers and 
patients, crucial for timely medical interventions [31].

Data security features

Given the sensitive nature of health data, wearable biosensors 
like the WiSP incorporate robust data encryption and 
authentication protocols to prevent unauthorized access. 
Additionally, secure cloud storage solutions are integrated, 
allowing for safe, long-term data management and monitoring 
[32].

Advantages of advanced wearable biosensors
�e combination of �exible materials, advanced sensors, 
energy-harvesting capabilities, and secure data transmission 
provides several key advantages:

Enhanced comfort and compliance

�e use of so�, biocompatible materials allows for comfortable, 
extended wear, improving patient compliance. �e ultrathin 
encapsulation layers protect the electronics while minimizing 
skin irritation [33].

Comprehensive cardiac monitoring

Integrating ECG and PPG sensors enables a thorough 
assessment of cardiac health by capturing multiple 
physiological signals. �is holistic approach allows for early 
detection of abnormalities and timely intervention [34].

Sustainable power supply 

�e energy-harvesting features reduce the need for frequent 
battery replacements, enhancing usability and reducing 
maintenance costs, particularly for continuous monitoring [35].

Secure data management

Advanced data encryption and secure cloud storage ensure that 
sensitive health information remains protected, building 
patient trust in remote monitoring.

Clinical Applications
Clinical applications of wearable biosensors
Wearable biosensors, such as the Wearable Intelligent Sensor 
Platform (WiSP), are being increasingly used in clinical settings 
for continuous monitoring of cardiac conditions, including 
arrhythmias, heart failure, and other cardiovascular diseases. 
�ese devices provide continuous data, enabling earlier 
diagnosis and more timely intervention, thereby enhancing 
patient care [36].

Arrhythmia detection

Wearable biosensors are particularly useful in identifying 
arrhythmias, like atrial �brillation, which may not show 

symptoms but can lead to complications such as stroke. 
Traditional Holter monitors have been e�ective but are o�en 
large and inconvenient, which can a�ect patient compliance. In 
contrast, the WiSP provides a discreet, comfortable option, 
capable of capturing accurate ECG signals over long periods. �is 
capability is essential for detecting irregular heart rhythms that 
may not be observed during shorter monitoring sessions [37].

Heart failure monitoring

In heart failure management, continuous monitoring of vital 
signs like heart rate, respiratory rate, and oxygen levels is critical 
to identifying early signs of worsening conditions. �e WiSP 
facilitates comprehensive monitoring by simultaneously 
collecting various physiological data, which helps detect subtle 
changes that may indicate deterioration. �is enables healthcare 
providers to initiate timely treatments, potentially preventing 
hospital admissions and reducing healthcare costs [38].

Monitoring other cardiac conditions

Beyond arrhythmias and heart failure, wearable biosensors are 
also employed in tracking other cardiac issues, such as ischemic 
heart disease and cardiomyopathy. By providing continuous 
data on parameters like heart rate variability and ECG patterns, 
these devices o�er valuable insights into disease progression 
and therapy e�ectiveness. �e �exibility and comfort of these 
biosensors support their use over extended periods, resulting in 
more accurate data and better management of cardiac 
conditions [39].

Clinical validation studies
Clinical validation studies have demonstrated that wearable 
biosensors like the WiSP can provide reliable cardiac 
monitoring, comparable to traditional methods such as Holter 
monitors, while o�ering improved patient comfort and 
adherence.

Accuracy and signal quality

Research comparing the WiSP with standard Holter monitors 
shows that wearable biosensors maintain high-quality signal 
acquisition. �e �exible materials used in the WiSP allow it to 
maintain consistent contact with the skin, reducing noise and 
minimizing signal artifacts that are common with more rigid 
devices. Studies have demonstrated that the WiSP can 
accurately detect arrhythmic events and other cardiac 
irregularities, achieving similar precision to multi-lead Holter 
monitors. �is �nding con�rms the device's reliability in 
monitoring cardiac conditions [40].

Patient comfort and adherence

A signi�cant bene�t of wearable biosensors over traditional 
monitors is the enhancement of patient comfort and 
compliance. Holter monitors, which use multiple chest leads 
and adhesive pads, can cause skin irritation and restrict 
movement. �e WiSP, with its lightweight and �exible design, 
adheres comfortably to the skin and does not interfere with 
daily activities. Clinical studies have reported that patients 
prefer the WiSP over traditional devices due to its unobtrusive 
nature and ease of use, which leads to greater compliance with 
long-term monitoring requirements [41].

Performance in real-world settings

�e usability of wearable biosensors like the WiSP has been 
validated in diverse settings, including both ambulatory and 

home environments. �e device consistently performs well 
across various conditions, transmitting data wirelessly via 
near-�eld communication (NFC) without disrupting daily 
routines. Patients have reported that the device's user-friendly 
design and unobtrusive appearance encourage adherence to 
prescribed monitoring schedules, which is crucial for e�ective 
cardiac management [38].
Patient feedback and real-world usability
Feedback from patients underscores the advantages of using 
wearable biosensors like the WiSP for cardiac monitoring. 
Patients appreciate the device's lightweight and comfortable 
design, which allows for continuous wear and integration into 
daily routines without inconvenience. Unlike traditional 
monitors, which can be cumbersome and restrictive, the WiSP's 
minimalist design promotes mobility, enabling normal 
activities such as exercise and sleep [42]. In real-world 
applications, studies have found that patients are more likely to 
comply with long-term monitoring protocols when using 
wearable biosensors. �e WiSP's discreet design and lack of 
visible wires help reduce any stigma associated with wearing 
cardiac monitors, promoting a positive user experience. 
Additionally, the capability to provide real-time feedback 
through connected devices empowers patients to take a 
proactive role in managing their heart health, potentially 
improving overall outcomes [43].
Emerging Trends in Wearable Cardiac Monitoring
Role of AI and big data in wearable cardiac monitoring
Arti�cial intelligence (AI) and big data analytics are 
transforming wearable cardiac monitoring by enabling 
comprehensive data analysis and personalized care. AI 
algorithms are speci�cally designed to process large and 
continuous data streams from sensors, allowing for the 
detection of subtle changes in heart function that might indicate 
early signs of cardiovascular disease. For example, AI can 
analyze variations in heart rate or rhythm that suggest the onset 
of arrhythmias, providing an early warning system for both 
patients and healthcare providers [44]. AI facilitates 
personalized diagnostics by utilizing patient-speci�c data, such 
as medical history, age, and lifestyle. For instance, if a wearable 
device identi�es an irregular heartbeat, AI can contextualize 
this information within the patient’s unique pro�le, alerting 
medical professionals if the anomaly is clinically signi�cant. 
�is targeted approach enhances diagnostic precision and 
allows for more timely interventions, potentially averting the 
progression of cardiac conditions [45].

 Big data analytics plays a complementary role by managing 
and interpreting vast quantities of information collected from 
wearable devices. Machine learning models, a subset of AI, can 
identify patterns and trends across extensive datasets, o�ering 
insights into cardiovascular health and how it evolves over time. 
For example, these models can re�ne diagnostic algorithms, 
improving the accuracy and predictive capabilities of wearable 
sensors. Such continuous monitoring is vital for chronic 
conditions where real-time adjustments in treatment plans are 
crucial for e�ective management [46].
Emerging trends in wearable cardiac monitoring 
technologies
Recent innovations in wearable cardiac monitoring are marked 
by advancements in sensor technology and integration with 

other digital health tools. One prominent trend is the 
development of multi-modal sensors, which combine several 
types of data collection within a single device. �ese sensors 
simultaneously measure multiple physiological parameters, 
such as electrical activity from electrocardiograms (ECG), 
blood �ow changes via photoplethysmography (PPG), blood 
pressure, and oxygen saturation. By gathering a broader range 
of data, multi-modal sensors o�er a more comprehensive view 
of cardiovascular health, leading to improved diagnostics and 
more informed clinical decisions. For instance, combining ECG 
and PPG data can enhance the detection of arrhythmias by 
verifying electrical signals with hemodynamic responses [47].

 Integration with Internet of �ings (IoT) devices is another 
signi�cant trend shaping the future of wearable cardiac 
monitoring. IoT-enabled wearables create interconnected 
health ecosystems, allowing real-time data exchange between 
wearable sensors and other medical devices or healthcare 
systems. �is connectivity supports remote monitoring, where 
health data is continuously transmitted to healthcare providers, 
enabling swi� medical response when needed. For example, if a 
wearable sensor detects an irregular heartbeat, it can 
immediately alert a healthcare professional, who can then assess 
the situation and decide on necessary action, particularly 
bene�ting patients in remote or underserved locations [42]. 
Advances in data analytics, such as deep learning and neural 
networks, are also driving improvements in wearable cardiac 
monitoring. �ese techniques help enhance the interpretation 
of complex physiological data by training on vast datasets to 
recognize speci�c cardiac patterns. For example, deep learning 
algorithms can better di�erentiate between normal and 
abnormal heart rhythms, reducing false positives and 
enhancing the accuracy of wearable monitors. �is capability is 
especially valuable in identifying conditions like atrial 
�brillation, which may have subtle manifestations that are easily 
missed by traditional monitoring methods [40].

Future potential of wearable cardiac sensors
�e potential of wearable cardiac sensors extends beyond 
current capabilities, especially in detecting episodic events and 
integrating with telehealth systems. Episodic events, such as 
sudden arrhythmias or transient ischemic attacks, o�en occur 
unpredictably and may not be detected during scheduled 
clinical evaluations. Continuous monitoring with wearable 
sensors is ideally suited for capturing these events in real time. 
�ese devices can track data throughout the day, identifying 
patterns that precede such incidents and o�ering early warnings 
that prompt immediate medical intervention [48].

 Wearable cardiac sensors are also poised to revolutionize 
patient management through telehealth integration. �ese 
devices can transmit data directly to telehealth platforms, 
allowing healthcare providers to monitor patients remotely and 
make informed decisions without requiring in-person visits. 
�is is particularly advantageous for managing chronic 
conditions, where regular monitoring is essential but frequent 
trips to healthcare facilities are impractical. By facilitating 
remote monitoring, wearable sensors help reduce the strain on 
healthcare systems, lower costs, and improve patient outcomes 
through continuous, data-driven care [49]. Moreover, these 
sensors hold signi�cant potential for population health 
management. Aggregating data from multiple devices enables 
healthcare providers to identify broader cardiovascular health 

trends, risk factors, and patterns, which can inform public 
health strategies and interventions. For example, wearable 
devices can help monitor the prevalence of speci�c cardiac 
conditions across di�erent demographics, aiding in the 
development of targeted prevention programs [50].

 Looking ahead, future wearable cardiac monitoring devices 
will likely emphasize seamless integration into daily life, 
prioritizing comfort, usability, and advanced features such as 
automatic data synchronization, extended battery life, and 
enhanced data security. �e aim is to make continuous 
monitoring as unobtrusive as possible, fostering wider adoption 
and encouraging proactive management of heart health [48].

Human Factors and Usability
Importance of user-centered design
User-centered design is critical in developing wearable 
biosensors, as it signi�cantly in�uences patient comfort, 
functionality, and adherence to prescribed monitoring 
regimens. To be e�ective, these devices must be seamlessly 
integrated into the user’s daily routine, minimizing interference 
and maximizing usability. Comfort is paramount; devices that 
cause skin irritation or discomfort are likely to be removed 
prematurely, compromising data integrity. To address this, 
manufacturers are utilizing biocompatible materials such as 
medical-grade silicone and stretchable polymers, which 
conform closely to the body, reduce pressure points, and 
prevent skin irritation. Additionally, minimizing device weight 
and bulk is essential to reduce the perceived burden on the 
wearer and encourage continuous use [51].

 Ease of use is equally crucial, ensuring that patients can 
manage these devices independently without frequent 
assistance. Features such as simple attachment mechanisms, 
clear visual indicators, and straightforward maintenance 
requirements are essential for encouraging routine use. 
Improved usability directly correlates with better adherence; 
when a device is di�cult to use or uncomfortable, patients are 
less likely to follow prescribed monitoring protocols, resulting 
in incomplete data collection and less e�ective management of 
their health condition [52].

Clinical findings on usability and patient feedback
Clinical evaluations comparing �exible wearable biosensors 
with conventional cardiac monitors have demonstrated the 
bene�ts of user-centered design. In a study evaluating patient 
feedback on wearable cardiac biosensors made from 
polyurethane and polydimethylsiloxane (PDMS), participants 
reported signi�cantly greater comfort and satisfaction 
compared to traditional devices like Holter monitors. �e 
�exible, lightweight properties of these materials enhance skin 
adherence and reduce the risk of irritation, enabling continuous 
monitoring without restricting daily activities [53].

 Moreover, patients favored these �exible sensors due to their 
ability to move naturally with the body, unlike conventional 
devices that o�en feature rigid components and cumbersome 
wires. �is natural movement reduces discomfort and promotes 
compliance, as the sensors do not interfere with daily tasks. �e 
study also revealed that �exible biosensors maintained more 
consistent skin contact, minimizing motion artifacts and 
providing higher quality data than their rigid counterparts. 
�ese �ndings underscore the importance of incorporating 

patient feedback into design processes to enhance usability and 
ensure e�ective monitoring [54].

Strategies to enhance usability
To further improve the usability of wearable biosensors, several 
strategies can be employed. Utilizing advanced biocompatible 
materials, such as silicone-based polymers that are so�, 
stretchable, and breathable, can reduce skin irritation and 
accommodate body movements, ensuring the device remains 
comfortable for extended periods. Adjustable attachment 
systems, like hypoallergenic adhesive patches, can be tailored to 
�t di�erent body types and skin conditions, improving patient 
comfort and compliance [55]. Optimizing the user interface is 
another vital strategy. Devices should include intuitive visual 
indicators for battery status, connectivity, and data collection to 
minimize user error and enhance the overall experience. 
Integrating wireless data transmission methods, such as 
Bluetooth or Near Field Communication (NFC), eliminates 
cumbersome wires and facilitates seamless data transfer to 
smartphones or remote monitoring systems, providing 
real-time feedback and increasing patient engagement in their 
health management [56].

 Modular design approaches, where users can customize or 
replace speci�c sensor components based on their unique 
needs, o�er a personalized monitoring experience. Educating 
users through instructional videos, guides, and responsive 
customer support services can further empower patients to use 
their devices con�dently and e�ectively, enhancing long-term 
adherence and improving data quality [57].

Future Directions and Challenges
Key challenges
As wearable cardiac monitoring devices continue to evolve, 
several critical challenges need to be addressed to fully harness 
their capabilities. Data security and patient con�dentiality are 
primary concerns due to the sensitive nature of health 
information collected and transmitted by these devices. 
Ensuring robust encryption standards and secure data transfer 
protocols is essential to prevent unauthorized access and data 
breaches. Recent incidents, such as breaches involving health 
data from �tness trackers, illustrate the vulnerabilities 
associated with connected devices, highlighting the need for 
stringent protection measures. Although regulations like the 
General Data Protection Regulation (GDPR) in Europe and the 
Health Insurance Portability and Accountability Act (HIPAA) 
in the United States provide frameworks, there is an urgent need 
for comprehensive global standards tailored to the complexities 
of wearable health technologies [58].

 Regulatory compliance poses another signi�cant challenge. 
Wearable cardiac monitors must undergo rigorous clinical 
validation to demonstrate safety, accuracy, and e�cacy before 
gaining market approval. However, existing regulatory 
pathways o�en lag behind technological advancements, leading 
to delays in the commercialization of innovative devices. 
Furthermore, inconsistencies in regulatory requirements across 
regions create additional hurdles for global market access, 
restricting the widespread availability of these devices [59]. 
Interoperability with existing health information systems is also 
a major concern. For wearable devices to e�ectively contribute 
to patient care, they must seamlessly integrate with electronic 

health records (EHRs) and other digital platforms. 
Unfortunately, many current healthcare systems rely on legacy 
infrastructures that lack compatibility with newer technologies, 
resulting in fragmented data that can undermine 
comprehensive care. To enhance the utility of wearable cardiac 
monitors, interoperability standards must be developed to 
facilitate seamless data exchange across di�erent platforms [60].

Future directions
To address these challenges, several future directions for 
wearable cardiac monitoring devices are being explored. One 
key area of focus is extending battery longevity. Many wearable 
monitors require frequent recharging, disrupting continuous 
monitoring and reducing patient adherence. Future 
advancements aim to incorporate components with lower 
power consumption and leverage technologies like 
thermoelectric or piezoelectric energy harvesting. For example, 
research is underway to develop devices that capture ambient 
energy from body heat or motion, potentially eliminating the 
need for frequent battery replacements and enabling 
uninterrupted monitoring [61].

 Integration of multiple sensors within a single device 
represents another signi�cant advancement. Combining 
diverse sensors allows for the simultaneous monitoring of 
various physiological parameters, such as electrocardiography 
(ECG), heart rate variability, arterial blood pressure, and 
oxygen saturation. Merging data from these modalities 
improves diagnostic accuracy and provides a holistic 
assessment of cardiovascular health. Newer innovations include 
biochemical sensors that detect biomarkers in bio�uids like 
sweat or interstitial �uid, o�ering novel methods for continuous 
monitoring and early detection of pathophysiological changes 
[62]. Advances in precision medicine are also shaping the future 
of wearable cardiac monitoring. Leveraging continuous data 
from wearable devices, machine learning algorithms can tailor 
diagnostic and therapeutic approaches to each patient's speci�c 
risk pro�le and genetic predispositions. For instance, AI-driven 
models can analyze real-time data to identify early indicators of 
myocardial infarction in high-risk individuals, enabling 
preemptive interventions and individualized treatment plans. 
�is personalized approach has the potential to improve patient 
outcomes signi�cantly while optimizing healthcare resource 
utilization [63].

Potential for large-scale deployment and public health 
impact
�e large-scale deployment of wearable cardiac monitors could 
have a transformative impact on public health by facilitating 
early detection and continuous management of cardiovascular 
diseases (CVDs). Broad access to these devices could allow for 
the real-time monitoring of large populations, particularly 
among those at higher risk for heart disease. Early identi�cation 
of abnormalities could prevent hospital admissions, reduce 
treatment costs, and improve patient outcomes. For example, 
integrating wearables into routine care protocols could help 
detect atrial �brillation or silent myocardial ischemia in 
asymptomatic patients, enabling timely intervention [64].

 However, achieving widespread adoption requires 
overcoming several barriers. Ensuring a�ordability is critical, 
and strategies such as reducing production costs through 
advanced manufacturing technologies, o�ering insurance 

coverage, and exploring public-private partnerships could help 
make these devices more accessible. Public health initiatives, 
such as targeted education campaigns and community health 
programs, are also needed to increase awareness and encourage 
the use of wearable monitors, particularly in underserved 
populations with limited access to healthcare [65].

 Incorporating wearable devices into population health 
management strategies o�ers additional opportunities to 
improve public health outcomes. Analyzing aggregated data 
from wearables can reveal epidemiological trends, identify 
at-risk groups, and guide resource allocation and preventive 
measures. For instance, real-time monitoring data could inform 
public health responses to spikes in hypertension or heart 
failure cases, supporting timely interventions and improving 
population-level cardiovascular health [66]. E�ective 
deployment will require collaboration among stakeholders, 
including device manufacturers, healthcare providers, 
regulatory bodies, and policymakers. Developing uni�ed 
standards for data sharing, cybersecurity, and interoperability is 
crucial for maximizing the utility of these devices in routine 
care settings and enhancing their public health impact [67].

Conclusions
Wearable biotechnology holds the potential to revolutionize 
cardiac health monitoring through continuous, real-time data 
collection, enabling earlier detection and more e�ective 
management of cardiovascular diseases (CVDs). �is review 
underscores advancements like multi-sensor integration, which 
combines data from electrocardiograms (ECG), heart rate 
variability, blood pressure, and oxygen saturation sensors to 
provide a more comprehensive cardiovascular assessment and 
improve diagnostic accuracy. Innovations in energy-harvesting 
technologies, such as thermoelectric and piezoelectric 
materials, are also being developed to extend battery life, 
reducing the need for frequent recharging and improving 
patient adherence.

 Nonetheless, key challenges must be addressed to fully 
realize these bene�ts. Data security remains a critical concern, 
with the need for advanced encryption protocols and secure 
data transfer methods to safeguard sensitive health information. 
Current regulatory frameworks, such as the GDPR in Europe 
and HIPAA in the U.S., must evolve to keep pace with 
technological advancements, ensuring that new devices meet 
safety standards without undue delays. Additionally, enhancing 
interoperability with electronic health records (EHRs) and 
other healthcare systems is essential to ensure the seamless 
integration of wearable devices into clinical practice.

 Future research should prioritize developing biochemical 
sensors capable of detecting speci�c biomarkers in bodily �uids, 
o�ering new ways to identify cardiovascular risk factors earlier. 
Advancing AI-based algorithms for personalized medicine 
could further enhance patient care by tailoring diagnostics and 
treatment plans to individual needs. Establishing standards for 
data sharing and integration will also be critical to maximizing 
the utility of these technologies in routine care. Collaboration 
among healthcare providers, regulatory bodies, and technology 
developers is vital to overcoming existing barriers and 
expanding the clinical applications of wearable cardiac 
monitors, ultimately enhancing patient outcomes and 
supporting broader public health initiatives.
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