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Abstract 

This paper presents the implementation of a motor-based 

wearable knee rehabilitation robot (KRR) system using 3D 

printing. The proposed KRR is designed to support the user's 

rehabilitation movement when the user applies a force 

exceeding a certain value by utilizing the reaction force 

generated by the motor in a stationary state. A stepper motor 

attached to the user’s body rotates when the user applies a 

force over a certain value to a load-cell sensor. As the stepper 

motor rotates, a trapezoidal thread connected to the motor 

rotates, thereby adjusting the position of the robot's moving 

frame to assist the user in rehabilitation. The KRR proposed 

in this study was designed using 3D printing to have a 

lightweight structure to reduce the load on the knee when the 

system was worn by the user. To verify the safety of the 

proposed KRR, structural analysis was performed to analyze 

its characteristics, and it was experimentally confirmed that 

the KRR will be useful for the user's knee rehabilitation 

through the production of prototypes.. 

Keywords: Stepper Motor, Load Cell Sensor, Reaction 

Force, Knee Rehabilitation, 3D Printing, Structural Analysis 

 

 

1. Introduction 

Currently, robots are used in various fields, such as education, healthcare, agriculture, and 

mobility, and perform various tasks more efficiently than humans. Robots can perform 

various tasks, including repetitive tasks that are difficult for humans to perform, in a short 

span of time.  The wearable robot field has been actively and continuously developed, with 

many companies participating in the development (Kim et al., 2019). There are many types of 

exoskeleton wearable robots, and existing research has mainly been conducted on these 

robots (Yeem et al., 2019). Wearable robots can directly support human movements and 
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provide real-time feedback on these movements. Utilizing these characteristics, they are also 

used in fields such as posture correction (Rajasekaran et al., 2015). Wearable robots become 

parts of the body, such as human arms and legs, thereby making human life more convenient. 

These robots may also be used to assist rehabilitation exercises to restore injured body 

functions. 

With the accelerating aging of the population, the proportion of individuals rehabilitating at 

home is increasing. If a non-specialist does rehabilitation exercises at home without a 

professional, they will not get correct feedback. (Kim et al., 2018).  Moreover, if a person 

repeats the exercise method and intensity for a certain period of time, they will get 

accustomed to the rehabilitation exercise; consequently, they will not obtain significant 

benefits from the exercise, and their muscle strength will not improve. These issues have led 

to research on rehabilitation robots and health care devices (Park, 2020). Research on related 

sensors is underway because rehabilitation robots must receive feedback in response to the 

user movement. Studies on force sensors have been extensively conducted (Kim and Kim, 

2016; Jung and Kim, 2016; Jung and Kim, 2017). In addition, studies on the use of 

electromyography (EMG) sensors and electromagnetic sensors have been conducted (Askari 

et al., 2018). 

Scholars have conducted studies that assist the user's knee function rather than improving 

their muscle strength (Karavas et al., 2015; Kim et al., 2019; Kwon et al., 2019; Kim and 

Park, 2021). A rehabilitation mechanism aimed at improving muscle strength has also been 

studied. However, the mechanism is difficult to use in a small space because the users often 

lie down and use it (Lee et al., 2013; Chaparro Rico et al., 2016). 

This study proposes a wearable knee rehabilitation robot (KRR) that does not assist knee 

function but practically helps improve the user's muscle strength. Because a user performs the 

rehabilitation exercise while sitting in a chair, the user can easily perform the exercise in a 

narrow space. The proposed KRR helps users to sit in a chair and lift and lower their legs to 

build strength, they can easily perform rehabilitation exercise in a relatively narrow space. 

Using the reaction force generated by the stationary motor, the fixed motor supports the force 

with which the user tries to move. When a force above a certain value is detected, the motor 

rotates to assist the user's movement and improve muscle strength. In this paper, we present 

the structural design and control system design of the KRR for this purpose. Furthermore, 3D 

structural analysis of the mechanism is presented to confirm the mechanical safety of the 

designed KRR. We manufactured a prototype of the KRR using a 3D printer and verified the 

design validity of the proposed KRR through experiments. 

 

2. Knee Rehabilitation Robot 

2.1. Structure of knee rehabilitation robot 

The model of the proposed KRR is shown in Fig. 1. The KRR causes the frame connected to 

the trapezoidal thread to move back and forth according to the rotational direction of the 

stepper motor to bend and extend the knee. The state in which the knee is bent is shown in 

Fig. 1(a). When the user bends their knee, the robot's stepper motor rotates clockwise and the 

frame connected to the trapezoidal thread moves forward, thus allowing the user to bend their 

knee. In contrast, the state in which the knee is straightened is shown in Fig. 1(b). When the 
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user straightens the knee, the stepper motor rotates counterclockwise so that the trapezoidal 

screw enters the back, thereby shortening the frame and assisting the user in extending the 

knee. 

 
Fig 1: Model of KRR (a) Knee bent, (b) Knee straightened 

 

The main part of the KRR, as shown in Fig. 2, consists of a stepper motor, trapezoidal screws, 

micro controller unit (MCU), fixed frame, and moving frame. Fig. 2(a) shows the fixed and 

moving frames of the main part. The moving frame is coupled with a nut. Fig. 2(b) shows the 

main part in which all the above-mentioned parts are assembled. In this study, the moving 

frame was designed to have smooth movement. The moving frame composed of the 

trapezoidal thread coupled to the stepper motor performs linear motion. 

 

 
Fig 2: Main part of KRR: (a) Main part frame. (b) Combined main part 

 

The measuring part of the KRR is shown in Fig. 3. The part consists of a fixed frame, stepper 

motor, and load-cell sensor. The stepper motor of the part is attached to the rotational axis of 

the knee and calf. The load-cell sensor fixed to the measured part was used to measure the 

lifting or lowering force of the user’s foot. 
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Fig 3: Measuring part of KRR 

 

2.2. Control system 

The system block diagram for implementing the KRR algorithm is shown in Fig. 4. The 

system consists of an input unit that receives the input from the load-cell sensor, a control 

unit that uses MCU, and an output unit that drives a stepper motor. We used two stepper 

motors and a load-cell sensor to implement a system for effective control of the KRR. When 

a force is applied to the load-cell sensor, an electric output is generated in proportion to its 

magnitude. When a force is applied to the load cell, the elastic body is strained, and the force 

applied by the user can be measured through a strain gauge that measures this strain value. 

 

 
Fig 4: Configuration diagram of KRR system 

 

The control unit of the KRR determines the drive of the KRR by the control unit according to 

the force applied by the user. The stepper motor attached to the fixed frame of the measuring 

part provides a reaction force to the force applied by the user. Initially, the load cell is 

stationary, but when it experiences a certain force, it rotates to assist the user in movement. 

The stepper motor of the main part drives the main part. When the trapezoidal thread rotates 

with the rotation of the stepper motor, the moving frame moves linearly. It directly helps the 

user to stretch and bend the knee, depending on the position of the moving frame. The input 

value of the load-cell sensor and the two stepper motors uses the Arduino board to process 

and control the data. The process of KRR algorithm configuration is shown in Fig. 5. The 
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KRR can be divided into two algorithms according to the starting direction of the knee 

rehabilitation exercise. The first method is to start the rehabilitation by applying force to 

straighten the knee in the initial state of a bended knee using the KRR. The stepper motor 

attached to the measuring part of the KRR is initially stopped, and it remains in this state until 

the user applies a force above a certain value to extend the knee. When the user applies a 

force over a certain value to the load-cell sensor to straighten the knee, the stationary stepper 

motor attached to the main part and measuring part of the KRR rotates. Consequently, the 

moving frame moves linearly while the trapezoidal screw connected to the stepper motor 

rotates, and the user moves to extend the knee. The second method is the opposite of the first 

method. It is a knee rehabilitation method using the reaction force of the force to bend the 

knee from its initial straightened state. The user's initial state is opposite to that in the 

previous method, and a force to bend the knee is applied to the KRR in a state where the knee 

is straightened. At this time, when the load-cell sensor value becomes equal to or less than a 

specific value, the stepper motor rotates to drive the KRR. Consequently, the moving frame 

moves linearly while the trapezoidal screw connected to the stepper motor rotates, and the 

user moves to bend the knee. 

 

 
Fig 5: Flowchart of KKR algorithm 

 

3. Structural analysis 

The load-cell sensor measurement was measured according to the force applied to the KRR, 

and a three-dimensional structural-analysis simulation was performed to analyze the safety of 

the structure. The material properties of the frame and load cell are listed in Table 1. For 

structural analysis, PLA was used as the frame material for KRR, and AISI 4340 steel was 

used as the material for the load-cell sensor. 
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Table 1: Material properties 

Items KRR's frame Load cell Unit 

Material PLA 
AISI 4340 

steel 
- 

Modulus of 

elasticity 
3500 205000 N/mm² 

Poisson's 

ratio 
0.36 0.285 - 

Shear 

modulus 
673 80000 N/mm² 

Mass density 1250 7850 kg/m³ 

Tensile 

strength 
36.73 745 N/mm² 

Thermal 

conductivity 
0.24 44.5 W/(m·k) 

Specific heat 3016 475 J/(kg·K) 

 

Figure 6. shows the structural-analysis characteristic result of the measurement part. The 

conditions while performing the structural analysis are displayed in Fig. 6(a). The lower 

surface of the measurement frame that fixes the stepper motor was fixed, and a force was 

applied to the lower surface of the frame attached to the user’s calf to enable movement. The 

direction of the force is parallel to the lower surface and is set to be the same as the direction 

in which the user applies the force. When a force of 100 N was applied with such a setting, 

the stress-distribution characteristics were confirmed by the structural analysis, as shown in 

Fig. 6(b). 

 

 
Fig 6: Stress analysis of measuring part: (a) Analysis conditions, (b) Analysis result 

 

Stress analysis was performed on the KRR structure to check the deformation state of the 

frame that appears when a force is applied to the frame, and the results are shown in Fig. 7. 

When a force of 100 N was applied, the pressure applied to the load-cell sensor was 120–150 
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MPa. Meanwhile, it can be seen that the pressure applied to the frame of the KRR is less than 

10 MPa, and almost no pressure is applied. Therefore, the force applied to the measured part 

of the KRR is fully transmitted to the load-cell sensor. Fig. 7(a) shows the frame shape before 

the deformation due to force. The deformation that occurs when a force is applied in the state 

shown in Fig. 7(a) is shown in Fig. 7(b). It can be observed in the figure that the KRR frame 

does not deform when the force is applied. 

Because the KRR targets patients undergoing a rehabilitation exercise, it was determined that 

the magnitude of the force applied to the KRR will be small, and in the range of 1–100 N, 

force was increased by 10 N to perform the analysis. Subsequently, in the range of 100–500 

N, the analysis was interpreted as a condition for increasing the magnitude of the force by 

100 N. The results of the structural analysis are shown in Table 2. 

 

 

 
Fig 7: Stress analysis result of measuring part: (a) Before deformation, (b) After 

deformation 

 

Table 2: Pressure applied to the load cell according to the force 

Power to move 

the leg (N) 

Pressure applied 

to the load cell 

(MPa) 

1 1–1.5 

10 10–16 

20 20–30 

30 36–46 

40 48–60 

50 60–75 

60 78–91 

70 90–105 

80 102–119 

90 114–133 

100 126–150 

200 258–340 

300 360–470 
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400 500–600 

500 600–720 

4. Prototype design and experimental evaluation 

The designed KRR was manufactured using a 3D printer, and Fig. 8 shows the printed 

prototype. Fig. 8(a) depicts the KRR parts printed using the 3D printer. Fig. 8(b) depicts 

assembled printed parts worn by the user. The frame that is fixed in front of the calf and 

supports the user's leg has several holes, similar to a belt; therefore, it can be adjusted to fit 

the length of the leg and fixed by inserting a pin. In addition, to fix the KRR and the user's 

legs, a space was created in the frame of the thighs, knees, and ankles to accommodate the 

straps made of hook-and-loop fastener material, and the straps were passed through to wrap 

and fix the legs. 

 

 
Fig 8: KRR designed using a 3D printer: (a) Printed parts, (b) Prototype worn by a user 

 

After the user wore the KRR, when the experiment proceeded, it was confirmed that the 

stepper motor rotates clockwise and counter-clockwise according to the direction of the force 

applied by the user. Accordingly, it was confirmed that the connected trapezoidal screws 

rotate and the moving frame of the KRR moves its position. The user also repeated the 

motion of bending and straightening the leg, thereby confirming that the device operates 

properly. 

 

5. Conclusion 

In this study, structural control system designs of the KRR were conducted via a 3D-

modeling program. The load-cell sensor measured the force generated when the user bends 

and spreads their knees. The stepper motor was driven with the measurements and allowed 

the trapezoidal thread connected to it to rotate. This helped realize a function to control the 

position of the moving frame of the KRR. When the moving frame was moved to the front of 

the KRR, it helped the user to bend their leg. When the position of the moving frame was 

moved to the back of the KRR, a rehabilitation-exercise robot was manufactured to perform 

the motion of straightening the knee. When a force was applied to the KRR through three-
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dimensional structural analysis, the force applied to the load cell sensor was measured. 

Because a rehabilitation exercise robot was manufactured for patients, the instrument was 

controlled in consideration of safety. Thus, it was confirmed that the function and structural 

safety of KRR were guaranteed. In the future, we plan to improve the KRR and implement a 

healthcare robot that is significantly helpful for users by linking the KRR with an IoT system. 
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