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   Abstract 

 

A cyber-physical system (CPS) uses sensors/actuators to associate the physical world with a system 

capable of computing. CPSs include software systems, communication technologies, and 

sensors/actuators, including intelligent embedded system technologies to interact with the real world. 

It is possible to monitor and control all physical processes without human factors by connecting the 

mechanical systems equipped with information technologies and establishing communication among 

themselves. In this study, a CPS system that offers a cost-effective and easy-to-apply physical therapy 

opportunity is proposed for post-hospital home follow-up of knee osteoarthritis, which can be seen in 

many people over a certain age. The proposed system consists of a hardware module consisting of 

two potentiometers, a microcontroller and a WiFi module, and a software module to monitor the 

movement of the knee joint point daily and to save the data in the database. Maximum knee flexion 

angle, exercise duration and success rate measurements were used to measure the progress of physical 

therapy. The CPS prototype developed for the healthcare field will make significant contributions to 

reducing the duration of physical therapy and increasing its reliability by eliminating the possibility 

of wrong/incomplete exercises. 

 
 

 

 

1. Introduction* 

 

Cyber-Physical Systems (CPSs) are systems that 

seamlessly integrate computing components, network 

communication and physical processes for a specific 

purpose. CPS has four fundamental components. The first is 

the physical world, which refers to physical events to be 

monitored or controlled remotely. The second is the next 

generation of embedded devices that process information 

and communicate with the surrounding environments over  

a communication network. The third is a communication 

network and sensors/actuators, which is a bridge between 

cyber systems and the physical world. The last is the 

software [1]. With the concept of the Internet of Things 

(IoT), CPS, which started to remove the boundaries between 

the real and virtual world, is one of the cornerstones of 

Industry 4.0, one of the important issues of today's 

technology [2]. 

CPS, which is a highly complex and computationally 
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intensive system, can be used in many healthcare 

applications. It offers stronger communication, more 

computation, and higher security compared to its current 

alternatives. Rapid advances in wireless communication 

technologies and wearable sensors used in healthcare make 

CPS a strong candidate for healthcare applications [3, 4]. In 

an exemplary CPS for healthcare, Patients who need home 

care or continue their treatment in the hospital can be 

monitored remotely and clinicians can offer treatment 

recommendations. First, patient data, which are collected 

using various sensors and sent to the cloud storage/remote 

server via a gateway over the wireless communication 

medium, is processed. By analyzing the sensor data, an 

alarm is generated and transmitted it to the observation 

center. The experts in the observation center can access 

patient data in real time via the cloud, and if needed, the 

patient's condition is evaluated according to the responses 

from other health systems, and the decision taken is sent to 

the control/activation component. Last, the patient is 

furnished with medical attention [5]. In this way, diseases 
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can be categorized and treatment outcomes can be improved 

by collecting all data from patients and analyzing treatment 

methods and results [6, 7]. 

Osteoarthritis (OA), which is mostly seen in the 

elderly and affects the musculoskeletal system, causes 

health problems such as pain, joint stiffness, swelling, and 

difficulty in daily activities. In our body, this disease mostly 

affects the knee joints [8]. Medication and physical therapy 

come to the fore in the traditional treatment of OA patients. 

Physical therapy should be continued for a certain period at 

home after treatment. Many studies have shown that the 

knee can perform its normal physical functions by 

significantly reducing the pain caused by the disease with 

physical therapy [9-11]. Therefore, medical professionals 

should monitor the patient's knee movements in the home 

environment. Continuous evaluation of the knee joint angle 

allows immediate intervention in unwanted situations, 

allowing the treatment to achieve the desired result. 

Exercise performance in physical therapy can be 

characterized by monitoring changes in knee 

flexion/extension. 

 

1.1. Related Works 

 

[12] develops a novel approach, consisting of multiple 

flex-sensors mounted on a supportive cloth and 

microelectromechanical systems (MEMS) vibratory 

gyroscope, for measuring the knee joint angles for the 

surface electrical stimulator system. For the evaluation of 

knee angle motion, lower extremity joint angles and 

segment angles were estimated from data measured by 

wireless MEMS vibratory gyroscope and flex-sensors. 

These data were used to see the effectiveness of 

rehabilitation training, especially for spinal cord injury 

(SCI) patients. 

[13] provides an approach to measure and monitor 

human body joint angles using inertial measurement unit 

(IMU) sensors that facilitate the remote assessment of 

patient activities for therapists and doctors. Euler angles are 

sent to the computer via Bluetooth to calculate the knee joint 

angle. In the experiments, it was determined that the IMU 

measurement system outperforms existing conductive fiber 

optic sensors and flexible sensors in accurately measuring 

knee joint angle. 

Different joint monitoring methods and sensing 

technologies are compared in [14]. A discussion on the data 

processing, interpretation and analysis techniques of the 

sensors is also presented.  

In [15], an accurate, low-cost, flexible wearable sensor 

has been developed that includes a retractable reel, a string, 

and a potentiometer to evaluate and monitor joint 

movements. The sensor estimates the joint angles in 

correlation with the amount of skin stretch measured by the 

change in the length of the string. An optoelectronic system 

was used to evaluate the accuracy of the designed sensor in 

predicting knee joint angles. 

[16] proposes a health monitoring system that can 

classify lower extremity movements such as assisting, lying 

and standing, using the angle and acceleration components 

of the knee joints of the elderly and physically disabled. Two 

potentiometers attached to a wearable frame and an IMU 

sensor attached to the thigh region were used to measure 

knee joint angles and accelerations. The data received from 

both sensors is transferred to the device via Bluetooth. 

[17] proposed a novel sensing technique using e-

textiles and triaxial accelerometers to analyze standing 

human motion. The proposed technique was used to 

measure the knee flexion-extension angle in different 

movement tasks (monopodalic flexions and walking at 

different speeds). The results were compared with a 

measurement system with an inertial measurement unit 

(IMU). 

[18] evaluates the possibility of predicting 3D lower 

extremity joint kinematics during hip and knee exercises 

with data collected from a single inertial measurement unit 

(IMU). The proposed approach was applied to ten healthy 

young people. The results obtained were compared with 

measurements collected via a stereo photogrammetric 

system. 

In [19], low-cost and non-invasive health and activity 

monitoring systems that the elderly can use at home were 

examined. A survey was conducted on textile-based sensors. 

At the same time, the future of remote monitoring systems 

and compatibility with communication technologies are 

discussed.  

Apart from the studies detailed above, wearable 

sensors such as inertial measurement units (IMU) [20, 21], 

ultrasonic sensors [22], rigid electrogonometers [23, 24], 

flexible sensors [25], and e-textile sensors [26, 27] used to 

measure knee joint angle are evaluated in terms of power 

consumption, cost, safety, ease of use and compatibility with 

the human body. 

Most of the studies mentioned above usually involve 

measuring and monitoring the joint angle. Some of these 

studies use smartphones and apps to provide an effective 

knee joint angle measurement system for real-time 

monitoring of knee angle. In our study, we propose an 

effective CPS that integrates two potentiometers, a WiFi 

module, and a Web interface for remote monitoring and 

analyzing the progress of physical therapy by a 

therapist/physician. Despite the limitation that 

potentiometers are not durable due to friction, the results 

obtained from the wearable sensor with a potentiometer are 

more reliable than accelerometers and flexible sensors 

affected by environmental conditions [28]. The proposed 

system includes measuring the knee joint angle, saving it in 
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the database on the remote server, and showing the daily 

exercise success rate and exercise duration information on 

the graph according to the maximum angle value (limit) 

entered by the doctor from a Web interface. The proposed 

system provides a very cost-effective and easy-to-apply 

physical therapy opportunity for the follow-up of the 

treatment of a health complaint that can be mostly seen in 

many people over a certain age. It allows the patient to 

continue the treatment processes without the need for any 

clinical environment and independent of the assistance of 

the therapist/physician.  

 

2. The Proposed Model 

 

Figure 1 shows an example scenario of the proposed 

CPS system. In this scenario, the system has three 

components. The first is the section where the knee joint 

angle measurement is calculated while the patient is 

exercising at home, and the data is sent to the network. The 

second is the process in which data is processed after 

reaching the remote server. The third part is the part of 

informing the experts who will guide the treatment process 

according to the data obtained after these two procedures. 

In-home operations form the hardware layer portion of the 

CPS. In this layer, the data coming from the array is taken 

by analog sensors and first converted into digital data with 

ADC, then these data are processed on the microcontroller 

to obtain angle information. Angle data is sent to the remote 

server over the internet via the WiFi module. The data 

coming to the remote server is taken into the database by the 

Web service. Instant training data recorded in the database 

is displayed graphically according to weekly, monthly and 

annual periods. The physician or therapist monitors the 

patient's treatment process remotely. Finally, they contact 

the patient via e-mail or telephone via the system to provide 

information about the treatment. 

Figure 2 shows the hardware architecture of the 

proposed model. The system consists of (a) NodeMCU 

microcontroller card and ESP8266 WiFi module, (b) 

Analogue to Digital Converter - ADC, (c) Organic Light 

Emitting Diode - OLED display and (d) potentiometer. 

 

 

Figure 1. The proposed CPS for healthcare. 

 

 

Figure 2. Hardware architecture. 

 

NodeMCU (Node Micro Controller Unit) in Figure 3 

is a microcontroller board, which is preferred because it is 

cheap, capable, and open source. It operates with low 

voltage. Thanks to the ESP8266 WiFi module, IoT 

applications can be performed. NodeMCU can work as a 

Web client or a Web server through HTTP libraries. 

NodeMCU has an advanced hardware I/O interface that can 

be adjusted and edited. It also has a simple API. 

A typical single-turn potentiometer is often called a 

pot. It is a mechanically operated rotary analog device, 

which can be used in a wide variety of electrical and 

electronic circuits. Potentiometers can be used in two 

different ways, as a voltage divider and variable resistance. 

If the potentiometer is used as a voltage divider, the outer 
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terminals are connected to the + V and GND end 

respectively. The middle terminal indicates the moveable 

contact called the screw and produces a value between 0 and 

+V depending on its physical position. In the case of the 

variable resistor, one of the outer terminals is short-circuited 

with the middle terminal. The resistance varies from 0 Ω to 

the maximum resistance of the pot as the screw is moved. 

 

 

Figure 3. NodeMCU 1.0. 

 

3. Angle Measurement with Potentiometer 

 

Two potentiometers, which are analog circuit 

elements, are used to find the flexion angle from the knee 

joint point. Potentiometers are positioned symmetrically on 

both sides of the knee thanks to the specially designed 

mechanical parts with the 3D printer. Potentiometers that 

can rotate between 0-270 degrees in a single turn have a 

value of 100K. Analog values from potentiometers are 

converted into digital data with an n-bits ADC so that they 

can be processed in the microcontroller. As the 

potentiometer is rotated, the ADC converts this analog 

resistor value to a value between 0 and 2n – 1. These values 

are used to obtain the angle value of the potentiometer from 

0 to 270 degrees. Eq. (1), (2), and (3) are used to make this 

calculation.  

 

𝜃𝑟𝑖𝑔𝑡ℎ = (𝑋 − 𝑖𝑛𝑚𝑖𝑛) (
𝑜𝑢𝑡𝑚𝑎𝑥−𝑜𝑢𝑡𝑚𝑖𝑛

𝑖𝑛𝑚𝑎𝑥−𝑖𝑛𝑚𝑖𝑛
) + 𝑜𝑢𝑡𝑚𝑖𝑛    (1) 

 

𝜃𝑙𝑒𝑓𝑡 = (𝑋 − 𝑖𝑛𝑚𝑖𝑛) (
𝑜𝑢𝑡𝑚𝑎𝑥−𝑜𝑢𝑡𝑚𝑖𝑛

𝑖𝑛𝑚𝑎𝑥−𝑖𝑛𝑚𝑖𝑛
) + 𝑜𝑢𝑡𝑚𝑖𝑛  (2) 

 

𝜃𝑚𝑒𝑎𝑛 = (𝜃𝑟𝑖𝑔𝑡ℎ + 𝜃𝑙𝑒𝑓𝑡) 2⁄         (3) 

 

where θrigth is the angle value measured on the right side of 

the knee, θleft is the angle value measured on the left side of 

the knee, θmean is the average of the measured angle values, 

X is the measured value from the potentiometer, inmin is the 

minimum value measured from ADC, inmax is the maximum 

value measured from ADC. outmin shows the minimum angle 

value of the potentiometer while outmax is the maximum 

angle value of the potentiometer. The measured angle value 

with the potentiometer resistance value can be shown in 

Table 1. 

 

Table 1. The measured angle value with the 

potentiometer resistance value. 

Angle value 

measured from 

potentiometer () 

The potentiometer 

resistance value (K) 

5 1.2136296499 

10 2.4272592999 

15 3.6408889499 

30 7.2817778999 

45 10.9226668499 

60 14.5635557999 

90 21.8453336999 

120 29.1271115999 

135 32.7680005499 

150 36.4088894999 

 

4. Experimental Results and Analysis 
 

Since there is one analog input on the NodeMCU 

microcontroller card used in the study, the values of the two 

potentiometers were read using a 16-bit four channel ADC. 

Therefore, the analog input is converted to a numerical 

value between 1 and 65536. The OLED screen displays the 

average knee joint angle value, number exercise repetitions, 

exercise status and IP number. The connection diagram of 

the designed circuit is shown in Figure 2. Socket cables and 

insulating tape are used for connections. After the 

connections were made, a prototype was produced as shown 

in Figure 4. The developed hardware is mounted on the knee 

brace and compatible with the knee joint point. Figure 5 

shows the prototype wearable on the knee during exercise. 

 

 

Figure 4. Experimental setup. 
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Figure 5. Wearable prototype on the knee. 

 

The CPS software layer is used to receive data from 

potentiometers, convert these data to angle values in the 

microcontroller, connect to the internet with WiFi 

technology and send the data to the server, and save and 

analyze the data in the database. In our study, patient data 

are sent over the URL to the Web service on the server side 

via ESP8266. Using the PHP Web service, the angle, IP and 

user name information from the patient is retrieved from the 

URL using the GET method, and each data is stored in the 

database with the help of SQL commands. Then, the data in 

the database is analyzed and the treatment information is 

shown to the doctor / specialist as graphics/text. In addition, 

this information is sent via e-mail or SMS upon request. 

After the Internet connection is established with the 

ESP8266 module, The patient's ID information, the targeted 

knee joint angle value and the Web service parameters 

during the exercise are entered into the interface shown in 

Figure 6 by the patient, doctor or specialist. 

 

 

Figure 6. User general setting interface. 

 

The Web interface shown in Figure 7 provides instant 

monitoring of the exercise over the Web. The physician / 

specialist can instantly monitor the exercise by connecting 

to the device via the IP address of the device registered on 

the Website. 

 

 

Figure 7. Exercise tracking screen. 

 

The Web interface where patient information is entered 

and recorded in the database is shown in Figure 8. An 

authorized person enters the patient’s username and other 

personal information. This information is recorded in the 

database. With the password and user name specified in this 

section, the patient can log into the system via the Website 

and contact the doctor or authorized person. In addition, the 

person can view the tracking of past exercise information 

through the system. 

As seen in Figure 9, authorized physicians or 

specialists can access the information of registered patients 

through the system. This information can be deleted or 

updated. The data recorded in the database are shown 

graphically in order to make it easier for patients and 

specialists to understand. The date and exercise data of the 

exercise information are recorded in the database. A single 

value is recorded in the database by taking the average of 

the data made during the exercise. Figure 10 shows the 

graphical representation of patient exercise information, 

time data on the x-axis, and angle values on the y-axis. The 

success time indicates to the first time to reach the limit 

value entered during exercise. Eq. (4) is used to calculate the 

success rate of the exercise. 

 

𝑆𝑢𝑐𝑐𝑒𝑠𝑠𝑅𝑎𝑡𝑒 =  
𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑔𝑙𝑒 𝑣𝑎𝑙𝑢𝑒𝑠 𝑎𝑏𝑜𝑣𝑒 𝑡ℎ𝑒 𝑙𝑖𝑚𝑖𝑡 

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑔𝑙𝑒𝑠
  (4) 
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Figure 8. Patient registration form. 

 

 

Figure 9. Patient information monitoring. 

 

5. Conclusions  

 

The loss of mobility in the knee joints, which play an 

indispensable way in the daily life activities of people over 

a certain age, causes serious social, mental and physical 

consequences. It is very important to follow the condition of 

the knee joints in post-treatment physical therapy. In the 

study, CPS that is an effective and easy to implement, is 

developed that integrates two potentiometers, a WiFi 

module, and a Web interface to remotely monitor and 

analyze the progress of physical therapy by the therapist / 

physician. As a result, CPS studies in the field of health, 

which directly affect people's living standards, will save 

time and costs by ensuring that health services continue 

uninterruptedly after treatment, especially at home. 
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Figure 10. Patient exercise chart. 
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