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Abstract—The advent of the semiconductor industry and the
advancements in communication technologies in the Internet
of Things (IoT) era have led to the development of intelligent
wearable devices. Additionally, the increased data rates in
6th-generation mobile networks (6G) have spurred the
explosive growth of smart systems, particularly in smart
healthcare applications. Due to their capability to collect
information flexibly and conveniently via sensors, wearable
devices have become an integral component of smart
healthcare systems. However, their compact structure and
reliance on battery power present significant challenges,
notably in computing capacity and energy consumption. This
paper provides a survey of wearable devices currently
employed in healthcare in terms of fundamentals,
components, and various use cases and highlights offloading
problems for 6G healthcare. Next, we introduce a novel
three-layer offloading strategy for wearables-based 6G
healthcare applications. The offloading problem and its
related constraints are modeled through mathematical
formulations and convex optimization problems. Finally, it
discusses the challenges and suggests feasible research
directions.
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Healthcare Internet of Things (6G HloT)

I. INTRODUCTION

The increasing demands for healthcare services are
being driven by the rapid development of society.
Additionally, the COVID-19 pandemic outbreak in the
early 2020s was a catastrophic event, claiming the lives of
approximately 15 million people globally [1]. This
unprecedented situation highlights the urgent need for a
comprehensive revolution in the smart healthcare sector.
Smart healthcare seamlessly integrates traditional medical
services, advanced information technology infrastructure,
and sophisticated big data analysis capabilities to deliver
optimal medical care [2, 3].
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In recent years, significant breakthroughs in
communication technologies beyond 5G/6G and the
Internet of Things (IoT) have facilitated network services
with extremely high data rates and exceptionally low
latency [5]. As a result, many smart healthcare applications
have emerged, addressing various aspects of healthcare
such as preventive care, diagnostics, treatment,
rehabilitation, and monitoring, with the ultimate goal of
enhancing human health [6—8].

Sleep Monitoring Virtual Reality B Ni-fabri PES fabri
W Ni-fabric abric

Ecoflex TPU film m

A SR

Healthcare

Tempera MG/ECG
e e

Press/Strain
Sensor

i- =

Gait
Monitoring

Reporting

Wearable Electronics Smart healthcare

AIoT based smart rehabilitation system i \

§

A— X | Gait
1 lu\
4 X {7

TENG signal <
4 | Waist e

: \‘ Robotic control #> Healthcare > AloT
® o =

Fig. 1. An illustration of revolutionizing wearables for healthcare [4].

mp> Energy harvesting

The growing demand for personalized healthcare, real-
time monitoring, and efficient healthcare delivery has
accelerated the adoption of emerging 6G technologies.
These include blockchain, the metaverse, digital twins,
Terahertz ~ communication, and  Visible  Light
Communication (VLC) [9, 10]. In the healthcare domain,
6G technologies will revolutionize data transmission from
medical devices, support large-scale [oT deployments, and
enable real-time processing of vast health data. Integrating
Artificial Intelligence (Al) and edge computing within 6G
will enhance decision-making processes, particularly for
critical applications such as remote surgeries and
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emergency responses. The convergence of IoT and
healthcare in the 6G era has given rise to the concept of 6G
Healthcare Internet of Things (6G HloT) solutions [11, 12].

A typical 6G HIoT system consists of medical devices,
smart sensors, and health monitoring applications
connected to the internet, relying on endogenous Al, edge
computing, and high-performance communication
infrastructure [13]. This enables continuous monitoring,
remote diagnosis, and better patient data management. [oT
devices, such as wearables and intelligent medical
equipment, collect real-time health data, which is analyzed
and transmitted to healthcare providers for timely
decision-making. The 6G HIoT systems enhance patient
monitoring, chronic disease management, and hospital
operations.

Fig. 1 shows an illustration of revolutionizing wearables
for healthcare, where wearables are essential components
of smart healthcare systems. They support tracking health
indexes such as heart rate, blood pressure, and glucose
levels. These devices enable remote patient monitoring,
early detection of health issues, and personalized health

management. With the advent of 6G and IoT, wearables
will become increasingly compact, energy-efficient, and
intelligent, offering faster data processing, better
connectivity, and greater precision in health monitoring
and treatment. As a result, wearables are widely used in
almost all medical applications and treatment phases.
From here, a wearable revolution is being formed for 6G
HIoT applications [14—16].

A. Related Works

The 6G networks are expected to be operational by 2030
and will revolutionize HIoT systems with ultra-low
latency, massive connectivity, and Al-driven data
management. With frequencies reaching the terahertz
range, 6G offers unprecedented bandwidth, enabling real-
time data processing from hundreds of billions of
connected devices [17]. These developments will facilitate
the seamless integration of wearables and efficient task
offloading to the edge and cloud systems. We summarise
the recently related surveys of wearables for HloT
applications in Table I.

TABLE I. THE RECENTLY RELATED SURVEYS OF WEARABLES FOR HIOT APPLICATIONS

Ref. Applications Key Contributions Limitations
This survey explores wearable sensors for HIoT, . . .
. . . Lo . This work is missing the data process
[18] Healthcare discussing their types, applications, and technological
methods.
advancements.
This study provides an overview of health wearables, .
. L . . : This work only focuses on wearables for
[19] Telemedicine highlighting their technological features and potential
remote healthcare.
developments for remote healthcare.
This review examines the application capacities of This work is missing the data process
[20] Healthcare wearables for countless smart healthcare systems, from methods for real-time services and
personalization to public healthcare. offloading problems.
[21] Sleep-disordered This survey provides an in-depth look at wearables for This work only focuses on wearables for
breathing diagnosing sleep-disordered breathing. monitoring and disease diagnosis.
. . This survey provides in-depth perspectives on combining  This work doesn’t mention offloading for
[22] Disease Diagnoses ML techniques and wearables for disease diagnoses. wearables.
is survey considers wearable devices against the sprea is work is missing the data process
23] COVID-19 Thi y id ble devi gainst the spread  Thi k i issing the data p
of viruses in the COVID-19 pandemic. methods.
Alzheimer’s This systematic review analy.zes the apphca'tlon ?apa}01tles This work only focuses on wearables for
[24] . of wearables and ICT solutions for Alzheimer’s disease A
Disease care Alzheimer’s disease care.
[25] Chronic Discase This review analyzes the application capacities of This work only focuses on wearables for
wearables for monitoring Chronic diseases. Chronic diseases.
[26] Digital Twins This survey highlights the massive potential of wearables-  This work focuses on wearables for digital

based digital twins for healthcare.

twins-based healthcare.

This work presents a full picture of revolutionizing wearables for 6G healthcare on aspects of

Our work

fundamentals, components, and various use cases. Moreover, we also propose and analyze a novel edge-

based offloading framework to realize real-time healthcare services.

These surveys offer an in-depth understanding of
wearables and aspects of vision, technologies, applications,
and ongoing research in healthcare. Furthermore, the
results demonstrate that the offloading problem is one of
the main challenges to realizing real-time 6G healthcare
systems. These issues highlight research gaps that are the
primary motivation for us to perform this study.

B. Paper’s Motivations

Driven by the significant growth and immense potential
of wearables in various 6G healthcare applications, our
primary motivations for undertaking this research can be
articulated as follows. Firstly, although considerable
research efforts have been made, the majority of existing
surveys [18—26] predominantly focus on data processing
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for wearables [18, 20] without adequately addressing the
offloading mechanisms for wearables-based healthcare
applications.

Secondly, given the limited resources inherent in
wearable devices, computational offloading has become
an inevitable trend. However, questions regarding where
to offload, how to offload, and what to offload have not
been thoroughly addressed in a detailed and systematic
manner. Consequently, the development of efficient task-
offloading strategies is a critical issue that warrants
significant attention.

Thirdly, offloading must take into account and balance
various constraints such as processing capacities, service
response time, maximum time thresholds, and energy
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consumption. Consequently, this leads to the formation of
the optimal offloading problem, which requires these
constraints to be modeled through mathematical
formulations. Therefore, the mathematical model of the
offloading framework becomes an essential consideration.

Finally, there is a need to develop an efficient offloading
framework specifically designed for wearables-based 6G
healthcare aimed at achieving real-time smart healthcare
services. Driven by these limitations and challenges, we
conduct a comprehensive survey of wearables and
offloading issues within the context of 6G healthcare.

In a nutshell, the unique contributions of this work are
highlighted as follows:

e We present a full picture of how wearables
revolutionizing for 6G healthcare in terms of
fundamentals, components, and use cases.

We review recent offloading proposals for
wearables-based healthcare systems to consider
different aspects such as where, how, and what to
offload.

We propose an edge-based offloading framework
to realize real-time healthcare services and model
this scheme by mathematical formulations.

We highlight challenges, open issues, and feasible
research directions.

C. Paper Structure

The remainder of this paper is structured as follows.
Section II provides an in-depth overview of wearables in
the context of 6G healthcare, including a discussion on
devices, their features, and several key applications.
Section I1I addresses the offloading problem for wearables
in 6G Healthcare Internet of Things (HIoT) applications.
The proposed offloading scheme is detailed in Section IV.
In Section V, we present the mathematical model for the
proposed offloading framework. Section VI highlights the
challenges and open issues in this domain. Finally, Section
VII concludes the paper.

II. WEARABLES IN 6G HEALTHCARE

A. Wearable Devices

Wearable devices have evolved significantly from basic

fitness trackers to advanced medical devices that offer
real-time monitoring and diagnostic capabilities. Equipped
with various sensors to track vital signs, these devices can
detect abnormal patterns such as arrhythmias or glucose
spikes and alert healthcare professionals promptly. The
integration of wearable technology in healthcare facilitates
personalized medicine and enhances patient outcomes.
These devices are commonly worn as smartwatches,
fitness bands, or even smart rings, allowing users to
monitor their health throughout the day. For instance,
Apple Watch is a popular health wearable that
includes an ECG function, blood oxygen monitoring,
and fall detection for emergencies.
Fitbit Charge 5 is another widely used wearable that
tracks Heart Rate Variability (HRV), stress levels,
and sleep quality to help users optimize their well-
being.
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Advanced health wearables, such as the Oura Ring,
focus on sleep tracking and recovery metrics, making
them useful for athletes and individuals looking to
improve their rest.

Many smartwatches, such as the Samsung Galaxy
Watch, integrate blood pressure monitoring, helping
users manage hypertension more effectively.
Meanwhile, Whoop 4.0 provides detailed recovery
and strain data, making them ideal for athletes aiming
to maximize their performance.

Continuous Glucose Monitors (CGMs), such as the
Freestyle Libre, are critical for diabetes management,
offering real-time blood sugar readings without
finger pricks.

Some newer health wearables, like Amazfit GTR 4,
include Al-powered workout tracking to provide
personalized fitness recommendations.

With advancements in AI and biosensors, health
wearables are becoming more sophisticated, offering early
disease detection, stress management tools, and even
medical-grade monitoring for chronic conditions.

B.  Main Features of 6G Wearables

The advent of 6G networks introduces several features
that significantly enhance the performance and capabilities
of wearables, particularly in terms of latency,
communication technology, and massive loT connectivity.
These advancements are detailed as follows:

Ultra-Low Latency [27]: In the healthcare sector,
wearables such as smartwatches and fitness trackers are
pivotal in monitoring vital signs such as heart rate, sleep
patterns, and physical activities. They provide real-time
notifications for calls, messages, and emails, thereby
enhancing connectivity. The ultra-low latency feature of
6G networks ensures seamless data transfer, enabling
quick synchronization with smartphones and other health
devices. This feature is crucial for real-time Healthcare
Internet of Things (HIoT) applications, including
augmented reality, ambulance, and emergency rescue
systems. Integrating ultra-low latency in wearables
facilitates faster, more accurate health monitoring, remote
diagnostics, and improved end-user interactions.

Terahertz Communication [28]: In the 6G era,
wearables equipped with terahertz communication support
ultra-high data rate transmission, surpassing traditional
wireless technologies. This capability is essential for real-
time HIoT applications such as telemedicine, AR-based
HIoT, and emergency medical operations. Wearables with
terahertz communication deliver advanced health
monitoring systems that provide real-time insights to
healthcare providers with minimal delay.

The expansive bandwidth of terahertz communication
allows wearables to manage larger datasets, enhancing the
accuracy and detail of biometric tracking and analysis.
Additionally, terahertz technology supports ultra-rapid
Machine-to-Machine (M2M) communication, enabling
futuristic applications such as brain-machine interfaces.

Massive IoT Connectivity [29]: Wearables with
massive [oT connectivity can seamlessly monitor patients’
vital signs and share real-time data with caregivers and
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healthcare providers. These devices can connect with
hospital systems and medical devices, facilitating remote
diagnostics and personalized treatment plans based on
real-time health insights. Massive IoT connectivity also
enables wearables to integrate with medication
management applications, providing reminders for
caregivers and patients to take medications. In connected
healthcare environments, wearables can communicate
with ToT-enabled hospital beds, ensuring patient comfort
and tracking recovery progress. By linking with various
IoT medical devices, wearables assist in monitoring
chronic diseases, offering preventive care, and reducing
hospital visits through remote patient management.
However, 6G networks are in the initial stages of
standardization. The International Telecommunication
Union (ITU) has outlined the framework and objectives of
6G in IMT-2030. Besides, the 3rd Generation Partnership
Project (3GPP) will promulgate the initial standards
around 2029. Commercial deployment of 6G networks is
projected to begin in the early 2030s. In our vision,
although there are still several challenges that need to be
addressed, 6G emerging technologies will
comprehensively revolutionize wearable-based medical
devices and applications and are expected to make
countless vital contributions to the healthcare domain.

III. APPLICATIONS OF WEARABLES IN HEALTHCARE

A. Wearables for Emergency Response

Wearables play a vital role in emergency healthcare
services. They continuously monitor key survival indexes
such as heart rate, oxygen levels, and blood pressure.
These devices can detect critical changes in a patient’s
condition, triggering real-time to doctors, caregivers, and
hospitals, ensuring timely intervention. Wearables
equipped with GPS can transmit the wearer’s location,
helping rescue rapidly. In high-risk patients, these devices
enable remote monitoring, allowing caregivers to act
swiftly in emergencies [30]. By offering real-time data and
predictive analytics, wearables significantly enhance the
efficiency and responsiveness of emergency healthcare
services. For instance, wearables with accelerometers can
detect falls, sending alerts to caregivers or emergency
services if a fall is detected. Some wearables can make
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emergency calls or send distress signals if the user is in a
dangerous situation [31].

B.  Chronic Disease Management

Wearables play a crucial role in chronic disease
management by continuously monitoring survival indexes
such as blood pressure, glucose levels, and heart rate.
These devices provide real-time data to healthcare
providers, allowing for early detection of abnormalities
and timely interventions. For conditions like diabetes,
wearables track glucose levels and provide alerts for
necessary actions such as insulin administration. Patients
with cardiovascular diseases can use wearables to monitor
heart rhythms, detecting irregularities like arrhythmias
[32].

The data collected by wearables helps in personalizing
treatment plans and adjusting medications based on daily
health metrics. Wearables also improve patient
engagement by offering reminders for medication
adherence and physical activity [33-34]. Overall, they
enhance the management of chronic conditions, reduce
hospital visits, and improve long-term health outcomes.

C. Medication Management

Wearable devices play a crucial role in enhancing
medication management by providing timely reminders to
patients and ensuring adherence to prescribed medication
schedules. These devices monitor medication adherence,
allowing both patients and healthcare providers to track
whether doses are missed. This capability is particularly
beneficial for patients with chronic conditions or complex
medication regimens, as it reduces the risk of missed or
incorrect doses.

Advanced wearable devices are often integrated with
intelligent pill dispensers, which ensure that the correct
dosage is administered at the appropriate time [35].
Additionally, wearables can monitor vital signs and alert
users or caregivers if adverse reactions or side effects from
medications occur [36].

The data collected by these wearable devices enable
healthcare providers to adjust treatment plans in real-time,
thereby improving patient outcomes. Overall, wearables
significantly enhance medication management by
increasing adherence, reducing errors, and providing real-
time health insights.
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Fig. 2. The proposed three-layer offloading scheme for 6G healthcare.

D. Telemedicine

Wearables are transforming telemedicine by enabling
continuous real-time health monitoring, allowing
healthcare providers to remotely track patients’ vital signs
like heart rate, blood pressure, and oxygen levels. These
devices collect and transmit health data to doctors,
facilitating more informed and timely decision-making
without requiring in-person visits [37]. For patients with
chronic conditions, wearables offer a way to stay
connected to their healthcare providers, enabling early
detection of health issues and preventing complications.
Telemedicine powered by wearables also supports virtual
consultations, where real-time device data helps doctors
assess patient health during online appointments [38].

Wearables improve patient engagement by providing
insights into their health metrics, which can be shared with
healthcare providers for better care coordination. In post-
surgery care or rehabilitation, wearables allow doctors to
track recovery progress remotely, reducing the need for
frequent follow-up visits. Integrating wearables with
telemedicine systems enhances preventive care by
detecting early signs of health deterioration [39]. Overall,
wearables expand the reach and efficiency of telemedicine,
promoting better health services while reducing costs.

E.  Wearables for Fitness Activities

Wearables are highly effective tools for tracking fitness
activities, helping users monitor real-time physical
activities. Devices such as smartwatches and fitness bands
track steps taken, distance traveled, calories burned, and
heart rate during workouts [40]. They offer personalized
feedback, enabling users to set fitness goals and track their
progress over time. Advanced wearables can monitor
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workout intensity and provide insights into exercise
performance, such as analyzing running forms [41].
Furthermore, GPS-based wearables allow users to map
their routes and analyze speed and elevation, making them
ideal for outdoor activities like running, cycling, or hiking.
Additionally, wearables often offer reminders to stay
active, encouraging users to take regular breaks or
complete their daily step goals [42]. These devices also
support fitness apps and challenges, motivating users to
stay consistent and engaged with their fitness routines.

F.  Wearables for Augmented Reality

Wearables are revolutionizing Augmented Reality
(AR)-based healthcare by providing real-time, immersive
assistance to medical professionals during complex
procedures. AR-enabled wearables, such as smart glasses,
allow surgeons to visualize patient data and 3D models of
organs, enhancing precision and reducing the risk of errors.
In training and education, AR wearables offer medical
students and professionals’ immersive simulations of
surgeries or medical procedures, improving their hands-on
skills [43].

For remote healthcare, AR wearables enable real-time
collaboration, where specialists can guide medical staff
through procedures by viewing their environment and
offering live feedback [44]. In rehabilitation, AR
wearables help patients follow virtual exercises tailored to
their recovery plans, providing real-time feedback on
posture and movement. These devices also assist
diagnostics by projecting detailed medical imagery, such
as MRI scans, directly onto the patient for better
visualization [45]. Overall, AR-based wearables enhance
accuracy, efficiency, and collaboration in healthcare,
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leading to better patient outcomes and improved medical
training.

G. Wearables for Recommendations

Wearables are increasingly used to provide health
recommendations by monitoring vital signs such as heart
rate, physical activity, and sleep patterns. These devices
analyze the collected data and offer personalized health
advice, such as suggesting more physical activity,
improving sleep quality, or managing stress levels [46].
Based on users’ health metrics, wearables can recommend
dietary changes, hydration reminders, or specific workout
routines tailored to individual fitness goals. Wearables can
offer suggestions for those with chronic conditions to help
manage symptoms, like reminding patients to take

medications or stay within healthy blood pressure or
glucose ranges [47]. Wearables also provide real-time
feedback during exercise, suggesting adjustments to
improve performance and avoid injury [48]. By integrating
with health apps and medical professionals, wearables
offer a holistic approach to wellness, empowering users to
make proactive health decisions.

IV. OFFLOADING FOR WEARABLES 6G HIOT

In this section, we introduce the problem of offloading
for 6G HIoT wearables-based systems. Next, we analyze
offloading strategies in healthcare applications to highlight
the topicality and urgency of this problem.

TABLE II. DEFINITIONS AND PARAMETERS

Parameters Definition

D The data size of the health task (in bits)

c The computational complexity of the task (CPU cycles/bit)
Fiocal The processing capability of the local device (CPU cycles/second)
Feage The processing capability of the EC server (CPU cycles/second)
Feoua The processing capability of the CC server (CPU cycles/second)

B The bandwidth for data transmission (in bits/second)

Piocar The power consumption for local processing (in watts)

Peage The power consumption for EC processing (in watts

Prova The power consumption for CC processing (in watts)
Py, The power consumption for data transmission (in watts)

L The latency requirement for task completion (in seconds)

A. Offloading Problem

To optimize performance, the offloading problem for
wearables in 6G healthcare revolves around determining
when and how to transfer computation-intensive tasks
from wearables to more powerful devices such as edge or
cloud servers. Wearables, often limited by processing
power and battery life, must handle large volumes of
health data in real-time, such as monitoring vital signs or
performing diagnostics. Offloading these tasks to edge or
cloud servers can reduce the energy consumption of
wearables while improving the speed and accuracy of
health data analysis.

However, the challenges ensure ultra-low latency of
real-time healthcare applications and require instant
responses, especially in critical situations such as remote
surgeries or real-time patient monitoring. The decision to
offload must consider factors such as network conditions,
the urgency of the task, and the availability of edge
resources. Furthermore, offloading introduces security and
privacy concerns, especially when sensitive health data is
transmitted between devices and servers. In this study, we
also introduce a cloud-edge-local scheme for wearables in
6G healthcare. The main uniqueness of our offloading
scheme is that it considers making offloading decisions by
modeling the convex optimizing problem in account of
constraints in response time, energy consumption, and
costs.

B. Offloading Strategies

Offloading strategies are critical for optimizing the
performance of applications running on wearable devices
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by determining where tasks should be processed: local,
edge server, or remote cloud server. Local execution
involves performing tasks directly on the wearable device,
making it suitable for low-complexity operations that
require minimal processing power. This strategy allows
immediate responses but can lead to increased energy
consumption and slower processing times for high-
complex computational tasks.

Edge-based offloading enables wearable devices to
transfer computation-intensive tasks to edge servers,
which provide superior processing capabilities while
minimizing latency [49, 50]. This strategy is particularly
well-suited for real-time applications, such as healthcare
monitoring, where immediate feedback is crucial.
Conversely, cloud-based offloading directs tasks to remote
cloud servers for processing, facilitating the handling of
big-data problems and complex computations that surpass
the capacity of local devices [51]. Despite offering
substantial computational power, cloud-based offloading
can introduce higher latency due to extended data
transmission times.

In reality, a hybrid offloading strategy that combines
local, edge, and cloud processing can be employed to
dynamically select the most efficient option based on
current network conditions and the specific requirements
of each task [52—54]. This adaptive approach enhances
overall performance by balancing energy consumption,
processing speed, and data transmission efficiency.
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V. PROPOSED OFFLOADING FRAMEWORK

In a local-edge-cloud health offloading scheme,
healthcare tasks generated by wearable devices, such as
monitoring vital signs or processing health data, are
dynamically distributed across local, edge, and cloud
resources. Initially, local processing handles low-
complexity tasks directly on the wearable device, offering
immediate response and low latency. This is advantageous
for conserving bandwidth but can quickly drain the
device's battery, which is limited by the wearable’s
processing power. For more demanding tasks, edge
offloading allows the wearable to transfer tasks to a nearby
edge server. The proximity of the edge server ensures low
latency and faster processing, making it ideal for real-time
health monitoring and emergency alerts. However, edge
resources may be limited in capacity compared to the cloud,
which can affect scalability during peak usage.

The scheme shifts to cloud offloading when the task is
highly complex or involves large data sets. The cloud
provides vast computational resources, enabling deep
analytics, Al processing, and long-term storage. While the
cloud can handle large-scale computations, the main
disadvantage is the higher latency due to longer
transmission distances, which can be a concern for time-
sensitive medical applications.

Fig. 2 shows the proposed three-layer offloading scheme
for 6G healthcare. This hybrid approach dynamically
allocates tasks between local, edge, and cloud resources
depending on real-time conditions like network speed,
processing demand, and battery life. This flexibility
maximizes efficiency but introduces complexity in
decision-making, requiring advanced algorithms to ensure
optimal performance. Ultimately, the local-edge-cloud
offloading scheme provides a balanced approach to
healthcare, trading off latency, energy consumption, and
processing power to deliver reliable and efficient
healthcare services.

VI. OFFLOADING FORMULATION

Aiming to model the three layers of the offloading
problem in Section IV and the constraints related to local
devices, edge servers, and cloud resources, we define
mathematical expressions to model the various
components, including task processing times and energy
consumption. The decision-making function is modeled as
a convex optimization problem. We summarize
mathematical symbols and definitions in Table II as
follows.

A. Local Processing

The time to execute the task locally on the wearables
can be determined as follows.

DXC
Tiocar = o (M
local

The energy consumption for local execution can be

determined as follows:

_ DXCXPiocal

Elocar = Tiocat X Procar = F @)
local

B.  Edge Offloading
Time to transmission task to Edge Server:

D
Ttx, edge = E (3)
Execution Time on Edge Server:
DxC
T, =— 4
exec, edge Fedge ( )

Total Offloading Time to Edge:

D DxC

Toage =T, + T =—+ 5
edge tx, edge exec, edge B Fedge ( )

Energy Consumption for transmission tasks to Edge
server:

DXPy

Ety edge — Ty, edge X Py = ) (6)
Energy Consumption for Edge Offloading:
Eedge = Ty, edge T Texec, edge X Pedge
__ DxPy DxC
B B ot (Fedge)xpedge (7)
C. Cloud Offloading
Time to Transmission tasks to Cloud Server:
D
Ttx, cloud = 3 (®)
Execution Time on Cloud Server:
D*C
Texec, cloud = ¢ )
cloud
Total Offloading Time to Cloud:
Tcloud = Ttx, cloud + Texec, cloud
=242 (10)
B Fcloud

Energy Consumption for transmission tasks to the
Cloud server:

Etx, cloua = Ttx, cloua X Pex = Dx: =
(11)
Energy Consumption for Cloud Offloading:
Ecioua = Tex, cloud + Texec, cloud X Peage
=228 4 ((2) X Pagua - (12)

In this section, we introduce a 3-layer offload model for
Wearables-based 6G HIoT applications and model this
scheme wusing mathematical formulas. A primary
limitation of this study is that simulations and evaluations
have not been conducted to show the effectiveness of the
proposed scheme. This will be introduced in our future
works.

VII. CHALLENGES AND OPEN ISSUES

Wearables in 6G healthcare introduce various
challenges that must be addressed to maximize their
potential and ensure effective implementation.
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A.  Privacy and Security

One of the most pressing concerns is data security and
privacy. As wearables collect sensitive health information,
there is a significant risk of cyberattacks, necessitating
robust security measures to protect patient data.
Compliance with regulations such as the Health Insurance
Portability and Accountability Act (HIPAA), California
Consumer Protection Act (CCPA), and the General Data
Protection Regulation (GDPR) is also essential, requiring
manufacturers and developers to implement stringent data
protection protocols. In our vision, integrating light
authenticate schemes and blockchain algorithms into
wearables to enhance privacy and security for sensing data
is a feasible solution [55].

B.  Energy Consumption

Another significant challenge is energy consumption.
Continuous monitoring and real-time data transmission
can quickly deplete the limited battery life of wearable
devices. This highlights the need for innovative, energy-
efficient designs to prolong battery life while maintaining
high performance. Additionally, while 6G networks
promise ultra-low latency, achieving real-time processing
in critical healthcare scenarios remains challenging,
particularly for time-sensitive applications such as
emergency alerts or remote surgeries [56, 57].

C. Interoperability and Standardizations

Interoperability and standardization present further
hurdles. The lack of unified communication protocols can
complicate the integration of various wearable devices
within  existing healthcare systems, leading to
compatibility issues. Ensuring accuracy and reliability in
the data collected by wearables is paramount, as
inconsistencies caused by external factors can lead to
erroneous health assessments, ultimately affecting patient
outcomes [58, 59]. Li et al [60] introduced new
communication standards for 6G healthcare applications.
Moreover, the progress of the 3GPP standardization for
sensing and communication is indicated in Ref. [61].
Meanwhile, Interoperable methods to apply federated
learning and quantum federated learning are highlighted in
[62].

D. Combining Al Techniques

Integrating machine learning and Al into wearable
technology is essential for enhancing data analysis. Still, it
poses challenges related to algorithm bias and the need for
diverse training datasets to avoid skewed predictions. To
solve this issue, the study in Ref. [63] introduced five
Strategies for algorithm bias estimation COVID-19
detection applications. Besides, Harris [64] proposed
combining human-in-the-loop systems and AI Fairness
Toolkits to reduce algorithm bias in Al-based job hiring
applications. Furthermore, wearables must maintain
performance across different environmental conditions, as
temperature, humidity, or motion variations can affect
sensor accuracy and data quality [65, 66].
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E.  Navigation

Navigating the complex landscape of regulatory
compliance is also challenging. As regulations evolve,
manufacturers may face difficulties in rapidly deploying
innovative wearable solutions while ensuring compliance.
Additionally, wearables often have limited processing
power, which may restrict their ability to perform complex
analyses locally, necessitating offloading to edge or cloud
servers [67, 68].

F.  Big Data Processing

Managing vast amounts of personal health data
collected by wearables presents its challenges. Effective
storage, analysis, and secure sharing of this data are crucial
for ensuring patient safety and trust. Ensuring that
wearables provide timely and actionable feedback to users
is critical for effective health management, but achieving
this consistently can be a challenge. Yin et al. [69]
proposed an efficient collaborative edge-cloud offloading
scheme to handle big data for sensitive-delay IoT
applications. Besides, Khan et al. [70] introduced a novel
big data analytic model based on Al for 6G healthcare. In
our vision, the advanced offloading strategies to edge and
cloud servers are a feasible solution to address this
problem [71, 72].

G. End-user Perspectives

User acceptance and engagement are also critical
challenges. Factors such as comfort, ease of use, and
perceived value play a significant role in whether patients
and healthcare professionals will adopt wearable
technology. Moreover, the scalability of wearable
technology becomes increasingly important as the number
of connected devices rises with the implementation of 6G.
Effective data management solutions must be developed to
handle wearables’ influx of health data [73].

Another challenge is maintaining user motivation and
adherence to health recommendations provided by
wearables. Users may disengage from using the device if
they do not find the feedback relevant or actionable.
Moreover, developing wearables that communicate
effectively with various healthcare systems is necessary
for comprehensive patient management [74].

Finally, integrating wearables into healthcare practices
requires ongoing training and education for healthcare
professionals, ensuring they can effectively utilize the
technology to enhance patient care. Addressing these
multifaceted challenges is vital for unlocking the full
potential of wearables in improving healthcare delivery in
the 6G era. The successful implementation of wearables in
healthcare can revolutionize patient monitoring, treatment
adherence, and overall health management [75].

VIII. CONCLUSION

The integration of wearable technology into 6G
healthcare represents a significant advancement in patient
care delivery, enabling real-time monitoring and
personalized health management. The ultra-low latency
and high bandwidth capabilities offered by 6G networks
allow wearables to provide immediate feedback, thus
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facilitating timely interventions by healthcare providers.
Wearables have the potential to empower patients and
significantly enhance the overall quality of healthcare
services. However, wearables-based 6G healthcare still
faces several challenges that must be addressed to fully
realize the potential of these devices, including data
security, energy efficiency, interoperability, and
offloading optimization. Moreover, due to limited
wearable resources, the offloading optimization problem
poses a significant challenge. In our vision, the multi-layer
offloading schemes and innovative technologies
collaboration across various domains can overcome these
limitations and realize a smart and real-time 6G healthcare
era.
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