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Abstract

With the rapid progression of population aging, 
degenerative osteoarthritis has become one of the most 
prevalent conditions among older adults, leading to 
increasing demands for knee rehabilitation, particularly 
after joint degeneration and surgery. Conventional 
rehabilitation models are constrained by medical resources 
and clinical settings, making it difficult to provide long-
term and real-time monitoring of exercise performance 
and safety. This study proposes a home-based knee 
rehabilitation monitoring and alert system that utilizes a 
wearable triaxial accelerometer to continuously acquire 
knee motion data, including joint range of motion, 
repetition counts, and holding time of each exercise. The 
collected signals are transmitted wirelessly to a cloud 
platform for data storage and analysis. Based on prescribed 
rehabilitation protocols and individualized safety 
thresholds, the system automatically identifies potential risk 
conditions during exercise, such as excessive joint angle, 
prolonged holding time, abnormal movement patterns, and 
unexpected interruption of training, and delivers timely 
alert notifications to caregivers or healthcare professionals 
via mobile devices. Preliminary findings indicate that, 
when combined with professional therapists’ review 
and feedback, the proposed home-based rehabilitation 
mechanism can improve adherence to rehabilitation 
exercises, reduce the risk of improper movements, and 
support remote monitoring by clinicians. These results 
suggest that the system may serve as a valuable foundation 
for developing intelligent rehabilitation support systems 
and remote care services.

Keywords: Telerehabilitation, Alert mechanism, Wearable 
devices, Osteoarthritis, Accelerometers

1  Introduction

Osteoarthritis (OA) is a degenerative joint disease, 
largely driven by aging, obesity, and repetitive mechanical 
overuse, and is generally considered irreversible in its 
structural progression [1]. With advances in medical 

care and information technology, the global population 
structure is rapidly shifting toward aging. According to the 
United Nations World Population Prospects report, adults 
aged 65 years and older accounted for approximately 
10% of the total world population in 2022, and this 
proportion is projected to increase to about 16% by 2050 
[2]. In Taiwan, population projections from the National 
Development Council indicate that the pro-portion of 
adults aged 65 years and older will exceed 20% by 2025, 
marking the transition to a super-aged society—equivalent 
to one in every five citizens being 65 years or older—and 
is expected to surpass 30% by 2039 and approach 40% or 
more by 2070 [3].

Although advances in medical care have extended 
human life expectancy, OA remains one of the most 
common and representative age-related degenerative joint 
diseases in older adults, exerting a substantial negative 
impact on their quality of life and functional independence. 
The joints most frequently affected are those that bear 
higher mechanical loads, including the knees, hips, and 
lumbosacral spine, among which the knee joint, bearing 
the majority of body weight, is the most common site of 
osteoarthritic involvement. Current management strategies 
for OA primarily focus on symptom relief and functional 
maintenance through rehabilitation, pharmacological 
treatment to alleviate pain and discomfort, and, in 
advanced cases, total joint replacement with prosthetic 
implants to achieve optimal clinical outcomes [4]. 
However, even after joint replacement surgery, patients 
are required to engage in regular rehabilitation exercises to 
preserve joint function and must attend periodic follow-up 
visits for clinical assessment and monitoring.

Regular follow-up visits enable clinicians to closely 
monitor postoperative recovery; however, in Taiwan’s 
healthcare context, the costs associated with postoperative 
rehabilitation, together with the time required to travel 
to rehabilitation facilities, transportation barriers, and 
geographic disparities in rural or remote areas, of-
ten hinder older adults from engaging in continuous 
and effective rehabilitation training. At the same time, 
shortages in human resources pose an additional challenge. 
For example, statistics from the American Physical 
Therapy Association (APTA) in 2019 indicated that 
there were approximately 95 physical therapists and 
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39 physical therapist assistants per 100,000 population 
in the United States, reflecting a markedly imbalanced 
ratio between rehabilitation service supply and demand 
[5]. Rehabilitation medicine is a highly specialized and 
multidisciplinary field that emphasizes comprehensive 
interventions not only for existing impairments, problems, 
and diseases, but also for the prevention of potential 
disabilities, and involves coordinated collaboration among 
physiatrists, physical therapists, occupational therapists, 
speech-language therapists, nurses, and psychologists. 
Therefore, beyond developing an information system 
capable of tracking patients’ rehabilitation status at 
home, reducing the workload of physical therapists while 
simultaneously expanding access to re-habilitation services 
has become an important developmental goal. In this 
context, the present study focus-es on physiotherapeutic 
rehabilitation for osteoarthritis and aims to establish a 
networked, digital guidance platform that enables patients 
to perform structured re-habilitation training in the home 
environment.

IoT technologies have been widely integrated into 
everyday life, offering users more convenient and 
intelligent ways of living; in parallel, the growing demand 
for health care has driven the emergence of medical-
oriented IoT applications, including interoperability 
among medical devices, real-time monitoring of patients’ 
physiological parameters, and cloud-based data processing 
and decision-support platforms [6]. Building on this trend, 
the present study adopts IoT as its core technological 
framework and applies it to the context of home-based 
knee rehabilitation. Specifically, the system leverages 
wireless connectivity and real-time data transmission, 
integrating a microcontroller, Bluetooth communication, 
a triaxial accelerometer, and a gravity (inertial) sensor to 
develop a “joint rehabilitation angle sensing system” for 
knee joint exercises. This system is designed to identify 
rehabilitation movements and quantify key behavioral 
parameters such as movement patterns, exerted force, and 
joint angles.

By exploi t ing the wireless and rapid pair ing 
capabilities of IoT devices, the proposed system can be 
flexibly adapted to different body types and individualized 
re-habilitation prescriptions, thereby reducing the infra-
structure and personnel costs associated with conventional 
rehabilitation settings and partially alleviating the shortage 
of rehabilitation services. The system automatically 
records each patient’s rehabilitation history and exercise 
data, providing objective information to support clinical 
decision-making, therapeutic communication, and 
longitudinal follow-up between clinicians and patients. 
In addition, the platform offers real-time feedback on 
rehabilitation performance by visualizing movement 
accuracy and goal attainment on the user interface, 
together with interactive guidance to enhance patients’ 
engagement and treatment effectiveness in the home 
rehabilitation environment. Furthermore, the system 
continuously monitors exercise execution in accordance 
with user behavior and prescribed protocols, issuing 
immediate alerts when operational difficulties or abnormal 

events are detected, so as to ensure training safety and 
timely intervention.

2  Related Work

2.1 Osteoarthritis
Osteoarthritis is one of the most common chronic 

diseases in middle-aged and older adults, and it most 
frequently affects the knee joint. Clinical and basic 
science studies have shown that when articular cartilage 
in the knee undergoes continuous wear and tear, and the 
regenerative capacity of chondrocytes cannot keep pace 
with this degeneration, progressive cartilage loss ensues; 
in more advanced stages, patients not only experience 
severe pain but may also develop marginal osteophytes 
(bone spurs) [7]. From the standpoint of cur-rent medical 
technology, osteoarthritis is essentially irreversible. In 
addition to pharmacological treatments such as aspirin or 
acetaminophen for pain and inflammation relief, and intra-
articular injections of sodium hyaluronate as a lubricant 
and shock absorber, total knee arthroplasty (TKA) remains 
the most commonly performed and definitive surgical 
intervention. During TKA, the damaged bony surfaces 
are resected and re-placed with prosthetic components 
typically composed of metal alloys and polyethylene, 
which is regarded as an effective “end-stage” treatment 
option for advanced disease [8].

According to recommendations from the American 
Academy of Orthopaedic Surgeons and related professional 
societies, postoperative rehabilitation is a critical 
determinant of functional outcome after knee arthroplasty, 
with particular emphasis on strengthening the periarticular 
muscles and ligaments, maintaining or restoring maximal 
knee flexion range of motion, and improving muscle 
strength to reduce postoperative joint stiffness and 
abnormal load distribution, thereby promoting faster 
recovery and enhancing prosthetic joint stability [9]. The 
speed and quality of postoperative recovery are positively 
associated with the completeness, intensity, and continuity 
of rehabilitation programs, making sustained home-
based rehabilitation exercises indispensable. However, 
in real-world practice, rehabilitation efficacy is often 
compromised by irregular exercise patterns and suboptimal 
movement quality, which may attenuate the benefits of 
surgery or even exacerbate discomfort. To ensure more 
comprehensive and consistent rehabilitation outcomes, the 
integration of information and communication technologies 
into rehabilitation monitoring and guidance has emerged as 
a promising strategy to support long-term, structured home 
exercise programs.

2.2 The Importance of Postoperative Rehabilitation 
Compliance
After total knee arthroplasty, in-hospital rehabilitation 

typically begins with the use of a continuous passive 
motion (CPM) device, which passively moves the knee 
joint through a predefined range of motion to assist 
early postoperative rehabilitation. The primary purpose 
of CPM is to help patients, who may be limited by pain 
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and postoperative discomfort, achieve and maintain a 
certain degree of knee flexion and joint mobility within 
a safe range. While some rehabilitation movements can 
be assisted by CPM, the majority of knee rehabilitation 
exercises still rely on active participation by the patient, 
usually under the supervision and guidance of physical 
therapists or nursing staff during the hospital stay.

Once patients are discharged, physicians usually 
prescribe a structured home-based exercise program as part 
of the rehabilitation regimen. However, without the direct 
support of hospital-based clinicians and rehabilitation 
equipment, many patients experience interruptions, poor 
adherence, or incorrect execution of exercises in the home 
environment. Inadequate or insufficient postoperative 
rehabilitation may result in suboptimal knee flexion range 
of motion and residual functional limitations in daily 
activities, thereby compromising the overall benefits 
of surgery. Previous studies have shown that well-
performed postoperative rehabilitation can significantly 
enhance recovery after knee arthroplasty [10]. Therefore, 
ensuring that patients continue to perform appropriate and 
consistent home-based rehabilitation exercises is crucial 
for achieving an optimal range of motion and functional 
outcome, making home rehabilitation a critical component 
of postoperative care for individuals undergoing total knee 
replacement.

The American Academy of Orthopaedic Surgeons 
has emphasized that, among the various components 
of postoperative care following total knee arthroplasty, 
structured rehabilitation exercises are of paramount 
importance [9]. In particular, maintaining adequate 
maximal knee flexion range of motion and strengthening 
the periarticular musculature are regarded as critical 
elements of the rehabilitation program. Sustained post-
operative exercise not only helps reduce joint stiffness but 
also mitigates problems arising from abnormal muscle 
strength distribution, which can otherwise lead to knee 
instability, impaired performance in daily activities, and 
suboptimal functional recovery of the prosthetic joint [11].

For patients undergoing total knee replacement, 
early initiation and consistent execution of rehabilitation 
exercises are therefore essential to prevent thromboembolic 
complications, alleviate postoperative limb swelling, and 
enhance quadriceps strength, ultimately improving knee 
joint mobility and accelerating the restoration of joint 
stability. Consequently, careful monitoring and control 
of both the knee flexion angle achieved during home-
based rehabilitation exercises and the continuity of the 
rehabilitation regimen are crucial for ensuring favorable 
long-term outcomes in this population.

2.3 Telerehabilitation
In recent years, the Internet of Things (IoT) has 

rap-idly permeated multiple aspects of daily life, with 
healthcare emerging as a major domain of application. By 
integrating various types of sensors with different functions 
and performance characteristics, IoT systems can collect 
diverse physiological and behavioral data from patients. In 
the context of rehabilitation, key indicators include precise 
control of joint angles, the magnitude of exerted force, and 

the number of exercise repetitions performed each day. 
Through Bluetooth wireless transmission and automatic 
device pairing, these data can be uploaded to cloud servers, 
giving rise to a new paradigm of remote rehabilitation [12].

Beyond the acquisition of accurate measurements 
enabled by technological intervention, the development 
of medical platforms has also become a critical trend. 
With the support of internet-based connectivity, the 
home environment can effectively be transformed into an 
extension of the rehabilitation setting. Medical platforms 
are capable of storing and analyzing data, transmitting 
processed information to the clinical team, and allowing 
healthcare professionals to provide timely feedback and 
adjust medical orders or rehabilitation prescriptions, 
thereby tailoring the most appropriate rehabilitation 
program for each patient. As a result, rehabilitation 
technologies and telemedicine platforms are increasingly 
recognized as key indicators of contemporary healthcare 
innovation [13].

In studies applying information technologies to support 
rehabilitation, Joonbum Bae and Masayoshi Tomizuka 
employed ground reaction force (GRF) sensors and inertial 
measurement units (IMUs) in gait rehabilitation. Prior to 
initiating rehabilitation, patients wore an “intelligent shoe” 
composed of these sensing components. Based on the 
gait data collected and fed back by the system, physical 
therapists were able to design appropriate rehabilitation 
exercise programs and modify patients’ gait patterns. The 
system used IMUs to compute three-dimensional kinematic 
and kinetic parameters during ambulation, including 
acceleration, magnetic field, and applied force, while GRF 
sensors captured reaction forces. These measurements 
provided detailed information on walking trajectories, 
step length, and walking speed. Moreover, the system 
incorporated a telemedicine platform, enabling clinicians 
to remotely and in real time monitor patients’ rehabilitation 
status and to deliver immediate therapeutic adjustments 
and preventive interventions [14].

2.4 Comparison of Alarm Push Mechanisms
In medical rehabilitation applications, commonly 

used IoT-based notification and alert mechanisms can be 
broadly categorized into in-app push notifications, short 
message service (SMS), email alerts, haptic or auditory 
cues delivered via wearable devices, and multi-channel 
integrated alert systems. Each mechanism presents 
distinct advantages and limitations in terms of timeliness, 
reachability, interactivity, and implementation cost, as 
summarized in Table 1.

3  Methodology

This study incorporates IoT devices and an information 
platform into the conventional rehabilitation process to 
propose a home-based rehabilitation service model, as 
illustrated in Figure 1. In traditional clinical practice, 
physicians typically rely on palpation and visual 
inspection, combined with patients’ subjective descriptions 
of symptoms, to determine rehabilitation plans; however, 
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reports of pain intensity, muscle strength, range of motion, 
and other sensations often vary across individuals due to 
differences in perception and expression. Consequently, 
rehabilitation prescriptions and exercise intensity are 
frequently adjusted based on these subjective accounts. 
In this work, professional consultations with physical 
therapists were conducted to compile representative 
patterns of symptom–exercise combinations. For example, 
when the knee joint rehabilitation angle sensor detects 
a specific range of joint motion in the affected limb, 

the system can automatically suggest corresponding 
rehabilitation exercises. At the same time, the device 
provides clinicians with objective and precise quantitative 
data, thereby reducing discrepancies between physician 
and patient perceptions and enabling home-based 
rehabilitation behavior to be systematically measured 
and analyzed. The remainder of this paper focuses on 
the design and implementation of the networked sensing 
devices and the associated alert mechanisms.

Figure 1. Research framework of an IoT–based exercise monitoring and alert service for home knee rehabilitation

Table 1. Comparison alarm mechanism

Type Advantages Disadvantages

App [15] Highly customizable in terms of message 
content and timing.

Excessive notifications may lead to “alert 
fatigue.”

SMS [16] High reachability and visibility; does not 
require a smartphone or app.

May incur additional costs and is limited to 
text-based information.

E-mail [16] Suitable for longer text or reports; low cost and 
easy to integrate.

Mainly used for nonurgent, educational 
information; not ideal for emergencies.

IoT [17]
Provides high immediacy and real-time 
feedback during exercise without relying on a 
smartphone screen.

Often limited to vibration or simple icons, with 
restricted information content.

Multi-channel [18]
Can notify patients, caregivers, and medical 
staff simultaneously, increasing the likelihood 
that critical events are noticed and acted upon.

Requires integration of multiple APIs, with 
higher communication costs and security 
management complexity.

3.1 Principle of Three-Axis Acceleration Sensing
To accurately measure the angle of rehabilitation 

movements, we utilize a three-axis acceleration sensing 
component. Commonly used acceleration sensors obtain 
velocity and displacement information through the inertial 
effect of objects. The sensing unit consists of three parts: 
a spring, a beam, and a tether. Gravity acceleration is 
measured using three beams, with two beams fixed and the 
middle one movable. When there are changes in physical 
quantities of the object, acceleration and displacement 

occur. The data transmitted by the sensor can then be used 
to calculate the acceleration value. Acceleration sensing 
methods can be categorized as piezoelectric, capacitive, 
and thermal, with differences in characteristics as shown 
in Table 2. Since our study involves wearing the sensor 
during rehabilitation exercises, we consider the possibility 
of users experiencing increased body temperature or 
sweating, which may affect the sensor components. 
Therefore, we opt for capacitive components.
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3.2 Sensing Data Communication
Based on recent advances in information and 

communication technologies and the expansion of IoT 
applications, commonly used sensing and wireless 
communication options include Bluetooth, Zigbee, Wi‑Fi, 
and LoRa, as summarized in Table 3 [19-22]. In this 
study, the primary application scenario is the indoor home 
environment. Bluetooth and Zigbee offer relatively strong 
performance for short-range indoor data transmission 
and can support a higher volume of rehabilitation-related 
sensing data; however, their draw-backs include higher 
power consumption and greater costs associated with 
deploying multiple nodes. In addition, Bluetooth, as one 
of the most widely adopted short-range communication 
standards, is particularly suitable in this work as the main 
communication inter-face between the mobile device and 
the rehabilitation hardware.

By contrast,  LoRa is designed for long-range 
communication and is characterized by low power 
consumption, low cost, and an extended communication 
range, typically on the order of three to five kilometers. 
It supports several communication modes, among which 
event-driven transmission can further reduce overall energy 
usage, and its operation in sub-GHz bands helps lower 
susceptibility to interference. Nonetheless, LoRa is limited 
by its relatively low data throughput and the fact that most 
households are not equipped with LoRa gateways, making 
it less suitable as the primary communication method for a 
home-based rehabilitation system. Therefore, in this study, 
Wi‑Fi is adopted for communication between the mobile 
device and the cloud database/server, in order to ensure 
fast and reliable transmission of rehabilitation data within 
common home network environments. By combining 
Bluetooth at the device–phone layer and Wi‑Fi at the 
phone–cloud layer, we construct an IoT communication 
pathway better tailored to the requirements of home-based 
knee rehabilitation.

Table 2. Acceleration sensing method comparison

Model Feature

Piezoelectric

High precision, high stability, 
low power consumption, simple 
structure, and resistance to noise 
and temperature fluctuations. 
Voltage output is typically limited 
to applications below 125°C and 
can be affected by temperature and 
humidity.

Piezoresistive

Low impedance, excellent response, 
simple measurement method, but 
susceptible to temperature and 
humidity.

Capacitive

Better signal-to-noise ratio, less 
affected by temperature and 
humidity, but with a smaller signal 
detection range.

Table 3. Communication protocol comparison

Type Range Transfer volume

LoRa 5 km 50 kbps

ZigBee less than 1 km 250 kbps

Bluetooth 100 m 2 Mbps

Wi-Fi 150 m 450 Mbps ~ 1.73Gbps

LTE 12 km 4 Mbps

3.3 Angle Calculation Mechanism
When conducting home-based rehabilitation, this 

study uses degenerative inflammation of the knee joint 
as an example and estimates the joint angle by deploying 
two triaxial accelerometers. The sensors are placed at 
the midpoints over the rectus femoris on the thigh and 
the tibialis anterior on the lower leg, respectively, and 
are aligned along the same vertical line. By comparing 
changes in the triaxial outputs along this common axis, 
the flexion angle of the knee joint can be derived and 
expressed as the included angle between the two sensors. 
When the two triaxial accelerometers tilt and form an 
angle, the output of the X-axis can be represented using a 
trigonometric function, as shown in equation (1).

1 sinX
XG G θ= × (1)

After term transformation, equation (1) can be con-
verted into the angle calculation formula as shown in 
equation (2).

1sin
1

X

X
G

G
θ −= , (2)

Based on the two triaxial accelerometer sensors, 
configured as the front-end measurement module, we 
obtain the values GA and GB. When the knee joint bends 
during rehabilitation, the triaxial accelerometer GA worn 
on the knee produces an inclination angle θa with respect 
to the horizontal axis of the thigh, while GB produces an 
inclination angle GB with respect to the horizontal axis 
of the thigh. By adding them together, θa + θb, we can 
calculate the bending angle θk of the knee joint.

Using this formulation, the two rehabilitation sen-
sors are modeled with the thigh segment treated as the 
horizontal reference axis and the knee as the rotation center, 
as illustrated in Figure 2. After computing the orientation 
angle of each sensor, the change in knee flexion is obtained 
by combining (e.g., summing the relative changes of) the 
two angles, which yields the current knee flexion angle. 
This procedure and the corresponding derivation serve 
as the fundamental computational framework in this 
study and were used to conduct preliminary feasibility 
tests of the angle estimation method. The initial results 
indicate that this approach can effectively capture changes 
in knee angle; however, a non-negligible measurement 
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error remains. Future work will focus on identifying the 
sources of error and incorporating additional variables into 
the model to improve computational accuracy, including 
refined derivations of the angle estimation equations and 
the integration of potential factors such as bias terms, 
sensor misalignment, precision calibration parameters, 
and dynamic acceleration during movement. Through a 
more comprehensive treatment of these variables, the goal 
is to achieve clinically acceptable precision for medical 
decision-making.

 

Figure 2. Knee joint sensor configuration diagram

3.4 Repetition Counting and Exercise Performance 
Logic
In rehabilitation, key therapeutic indicators include 

the standardization of movement execution, exercise 
intensity, and holding time; only when all elements meet 
the prescribed criteria can optimal therapeutic effects be 
achieved. In this study, the system is configured according 
to the physician’s rehabilitation prescription and guides 
the patient toward clearly defined targets. Given that the 
device streams data in real time, a transmission interval of 
3 seconds is adopted to ensure intermittent feedback and 
maintain a tolerable user experience.

For example, for a prescription such as “joint 
mobilization (30-45°, 10 repetitions, 5 second hold),” the 
system first instructs the patient to flex the knee to 30°, 
hold for 5 seconds, then extend to 45° and again hold for 5 
seconds; completing this flexion–extension cycle is counted 
as one successful repetition. Joint angle is evaluated every 
0.5 seconds. When the target angle is set to 30°, if the 
knee angle deviates by more than 10° within the 5 second 
holding period, the system determines that the posture 
has not been properly maintained. In parallel, to prevent 
overexertion, once the angle exceeds the predefined 10° 
deviation threshold, the front-end guidance module issues 
a real-time reminder and logs the event. These records 
allow physicians, during remote consultations, to assess 
the quality and consistency of patients’ movements and to 
adjust the rehabilitation prescription accordingly.

Formally, the evaluation logic can be expressed as 
shown in equation (3). Let AN denote the current joint 
angle, AS the starting angle, and AS the target angle, with 
C representing the angle variation between AS and AS , 
and T the timing variable. A state variable C is used to 
encode the progression of the movement cycle; when 
C changes from 0 to 2, it indicates that one complete 
rehabilitation repetition has been successfully performed. 

The default maximum acceptable angle deviation is set 
to 10°, but this threshold can be adjusted according to 
different rehabilitation prescriptions to refine the required 
movement standard for individual patients.
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3.5 System Interface Design
The user interface (UI) is the most critical component 

influencing overall system experience and effectiveness. 
In this study, most home users are middle-aged and older 
adults, often with limited mobility; therefore, a simple and 
practical interface design is essential to reduce difficulties 
in actual use and to enhance user satisfaction. The interface 
design is based on two main principles. First, according 
to Cognitive Load Theory, human working memory has a 
limited capacity, so the interface should avoid excessive 
information and overly complex operations. Consequently, 
the system’s information and functions are segmented 
into small, clearly defined blocks to reduce the cognitive 
burden on middle-aged and older users. Second, guided 
by Human Factors Engineering, the system is not only 
intended to support remote home-based rehabilitation 
monitoring, but also to help users understand whether 
their rehabilitation exercises are being performed correctly 
through the interface [23]. 

Drawing on human factors–oriented design patterns 
for elderly monitoring systems, the interface, as illustrated 
in Figure 3, provides “shrink” and “stretch” motion 
guidance. The system visualizes the discrepancy between 
the user’s actual movement and the target movement, 
thereby offering interactive remote therapeutic guidance 
and educational feedback to support self-correction and 
learning.

Figure 3. Homecare telerehabilitation application
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3.6 Alert Mechanism
In this study, the goal of the IoT-based intelligent 

knee rehabilitation tool is to enable users to carry out 
rehabilitation training anytime and anywhere. The 
designed alert mechanism assists older adults in adjusting 
or correcting their movements when improper execution 
is detected. The purpose of notifications is not only to 
“remind,” but also to prevent secondary injury, ensure 
rehabilitation quality, enhance adherence, and support 
remote clinical decision-making. The alerts are categorized 
into six levels, which are delivered via a tiered, multi-
channel notification strategy according to their severity, 
including real-time alerts, subsequent reminders, and 
notifications to the medical team, as summarized in Table 4.

Table 4. Communication protocol comparison

Level Event Description

I Angle limit 
exceeded

Knee flexion angle exceeds 
the upper limit set by the 
physician (e.g., > 120°).

II Holding time 
exceeded Prolonged holding time

III Abnormal 
motion detected

High-frequency oscillations 
are detected in the angle 
signal.

IV Training plan 
not followed

No training session is 
performed for more than X 
consecutive days.

V
Frequent 
training 
interruption

Each training session is 
terminated before the 
prescribed exercises are 
completed.

VI Sensor error or 
detachment

Angle readings remain 
unchanged for an extended 
period.

4  Results

This study developed a joint rehabilitation system 
for home-based telecare, enabling patients to perform 
rehabilitation exercises at home while maintaining 
continuous engagement from healthcare professionals. 
During each rehabilitation session, exercise data are 
captured by IoT devices and uploaded to a cloud data-
base. Through the cloud platform, physicians can re-
view patients’ rehabilitation status—including training 
frequency, joint range of motion, and movement quality—
and provide timely recommendations or adjustments to 
the rehabilitation program based on objective data. This 
section introduces the remote care system designed on 
the basis of the above framework, detailing its overall 
architecture and operational workflow.

To support effective rehabilitation exercises, we 
designed a knee-brace–type wearable device that integrates 
two ADXL-335 sensors to measure triaxial acceleration, 
one HC-05 Bluetooth communication module to connect 
with the mobile application, and an Arduino Uno control 

board to execute the logic and decision-making program, 
as illustrated in Figure 4. When the patient wears the smart 
knee brace and performs rehabilitationn movements, the 
IoT device acquires motion data and transmits them to the 
smartphone via Blue-tooth, where the data are received 
and processed by the application.

Figure 4. Wearable device introduction diagram

Figure 5. Home care telerehabilitation application

Once the patient has donned the IoT knee brace, they 
can connect it via the mobile application. The system 
first verifies whether the brace has been successfully 
paired over Bluetooth and then loads the rehabilitation 
prescription defined by the physician, including event 
parameters, the type of exercise, and the target number of 
repetitions or activity goals. After the user presses the start 
button, the system continuously acquires data from the two 
triaxial accelerometers embedded in the brace, computes 
the corresponding joint angles, and displays them in real 
time within the app. As described in Section 3.4, each time 
the patient correctly completes a prescribed movement, 
one repetition is deducted from the remaining count, 
thereby informing the patient of their progress toward 
completing the current rehabilitation session, as illustrated 
in Figure 5. To address potential difficulties that middle-
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aged and older adults may have in interpreting graphical 
instructions, a “suggestion tool” is incorporated into the 
interface, which provides on-screen guidance on how 
to correct their movements and simultaneously delivers 
spoken instructions, with the aim of directing users toward 
proper rehabilitation behavior.

From the therapist’s  perspective,  the overal l 
rehabilitation status of older adults is of primary concern. 
As outlined in Section 3.5, when an alert event is triggered, 
the system immediately notifies the responsible therapist 
and uploads the corresponding record to the cloud system. 
Depending on the alert level, the system can additionally 
determine whether the patient’s family members should be 
notified. In the present design, the alert events are not life-
threatening; therefore, the focus is on systematic recording 
and review rather than emergency response. As shown in 
Figure 6, the system inter-face for clinicians summarizes 
each patient’s usage data—including dates, training 
parameters, and completion status—enabling therapists to 
grasp the rehabilitation situation at a glance.

Figure 6. Home rehabilitation monitoring dashboard

5  Discussion

With the accelerating trend of global population aging, 
the number of older adults affected by osteoarthritis 
has continued to rise. Osteoarthritis is essentially an 
irreversible degenerative joint disorder; even after surgical 
interventions such as knee replacement, patients still 
depend on long-term, regular exercise and rehabilitation to 
maintain joint function and prevent further deterioration. 
However, frequent hospital visits for follow-up and 
therapy are time-consuming and physically demanding, 
and they pose substantial barriers for older adults with 
mobility limitations or those living in rural and medically 
underserved areas, where continuous monitoring and 
rehabilitation are difficult to sustain. Against this backdrop, 
the development of home-based telerehabilitation services 
has become particularly important. In this study, we 
employ Internet of Things (IoT) technologies to design and 
implement a remote knee rehabilitation assistive device 
that allows patients to perform prescribed exercises off-
site while rehabilitation data are collected and transmitted 
to healthcare professionals for remote monitoring and 
treatment adjustment.

Osteoarthritis is an umbrella term referring to age-
related degeneration of articular cartilage and associated 
structural and functional joint impairment. Based on 
consultations with rehabilitation specialists, this study 
focuses on the knee joint as a primary use case. The knee 
is one of the most commonly affected sites in osteoarthritis 
and plays a pivotal role in activities of daily living, 
including walking, toileting, sit-to-stand transitions, and 
maintaining an upright posture; its stability and range of 
motion are therefore critical to functional independence in 
older adults. Through this pilot system, we aim to establish 
rehabilitation patterns and protocols that can be extended 
to different osteoarthritic joints, thereby improving the 
effectiveness and clinical applicability of rehabilitative 
exercise programs.

Beyond supporting structured rehabilitation training, 
continuous tracking of joint motion amplitude and 
movement patterns in daily life is equally important. 
Integrating sensing components into everyday garments or 
wearable accessories would enable more eco-logical, real-
time monitoring of older adults’ mobility, allowing long-
term assessment of joint loading and activity patterns. 
Such an approach holds promise for detecting early signs 
of joint degeneration before overt clinical deterioration and 
for informing preventive interventions and personalized 
rehabilitation strategies.

6  Conclusion

Rehabilitation is a highly specialized medical 
intervention, and in-person, one-on-one guidance delivered 
by trained therapists remains the gold standard of care. 
However, in real-world clinical settings, limitations in 
workforce and healthcare resources make it difficult to 
provide intensive, long-term supervised rehabilitation 
for all patients who require it. In this context, the present 
study adopts the concept of a remote rehabilitation 
system to support older adults in performing exercises 
independently at home, without replacing professional 
clinical judgment. A central objective is to assist clinicians 
in monitoring patients’ rehabilitation performance and 
disease progression in a more systematic and data-driven 
manner. Because joint movement reflects subtle changes in 
muscle activation and joint mechanics, this study currently 
focuses on using IoT devices to capture three-axis motion 
signals during rehabilitation exercises and on establishing 
a cloud-based information platform to store and visualize 
these data. Future work may incorporate more advanced 
analytical techniques to deepen the understanding of knee 
joint training patterns and to explore a broader range of 
rehabilitation strategies.

Moreover, the design of rehabilitation programs should 
explicitly account for exercise resistance and loading 
conditions. By integrating resistance-related parameters 
into the system, training protocols can be better aligned 
with clinical practice and potentially yield greater 
therapeutic benefit. Another critical challenge is to enhance 
patients’ adherence to remote rehabilitation regimens. 
With the rapid development of technologies such as virtual 
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reality (VR), augmented reality (AR), computer vision, 
and game-based mechanics, these elements could be 
embedded into remote rehabilitation platforms to create 
more immersive and interactive training experiences, 
thereby increasing older adults’ motivation and willingness 
to engage in regular exercises. As more rehabilitation data 
are accumulated, clinicians will be better positioned to 
analyze long-term patterns, refine rehabilitation models, 
and tailor individualized treatment prescriptions, ultimately 
strengthening the clinical value of telerehabilitation 
approaches.
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