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Abstract 
 

This paper proposes a novel intelligent wheelchair vehicle system that enables upper limb 
exercises, lower limb standing exercises and rehabilitation training in a daily life. The 
proposed system, which can be used to prevent at least the degeneration of body movements 
and further atrophy of musculoskeletal system functions, considers the characteristics and 
mobility of the old and the disabled. Its main purpose is to help the old and the disabled 
perform their daily activities as much as they can, minimizing the extent of secondary 
disabilities. In other words, the system will provide the old and the disabled with regular and 
quantitative rehabilitation exercises and diagnosis using the wheelchair-based upper/lower 
limb rehabilitation vehicle system and then verify their effectiveness. The system comprises 
an electric wheelchair, a biometric module to identify individual characteristics, and an 
upper/lower limb rehabilitation vehicle. In this paper the design and configuration of the 
developed vehicle is described, and its operation method is presented. Moreover, to verify the 
tracking performance of the proposed system, dangerous situations according to biosignal 
changes occurring during the rehabilitation exercise of a non-disabled examinee are analyzed 
and the performance of the upper/lower limb rehabilitation exercise function depending on 
muscle strength is evaluated through a neural network algorithm. 
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1. Introduction 

Along with the advancement in medical technologies in recent years, an increase in the old 
with difficulty in an independent life and people with acquired disabilities caused by spinal 
injuries and apoplexy hemiplegia has emerged as a new social problem. Most of them hope to 
participate in an active social life, wishing to enjoy the same quality of life as normal people do 
in various aspects of their lives. Therefore, as part of an effort to facilitate their social activities, 
it is urgent to develop a rehabilitation vehicle to substitute or supplement their incomplete 
functions of sensory, judgment and motion. 

A rehabilitation vehicle plays a leading or supplementing role during rehabilitation 
treatment; as such, it can assist the old and the disabled in their functions and daily activities 
and help them return to society. It can also solve the problems of increasing treatment costs, 
duration of treatment, and intensity of sustained treatment for those needing rehabilitation 
treatment [1][2]. As maintaining and improving the state of body movement requires sustained 
rehabilitation therapies, it is desirable that rehabilitation treatment be performed continuously 
in daily life regardless of time and place. However, rehabilitation services in South Korea are 
currently provided in limited facilities such as rehabilitation centers, nursing facilities, and 
general hospitals; not only are most of these rehabilitation facilities concentrated in the cities 
but they are also significantly lacking in number. In addition, the time for rehabilitation 
treatment is usually limited to once a day for one to two hours per session, making sustained 
rehabilitation treatments impossible. 

As the number of the old and the disabled increases and the social interest in welfare grows, 
the necessity for vehicular technology in the field of rehabilitation has expanded as part of an 
effort to enhance the quality of life and save medical costs through independent daily activities 
and sustained rehabilitation treatments, 

As for rehabilitation vehicle technology, there are ongoing studies on wheelchair-based 
rehabilitation vehicles, including the researches on the operation of an electric wheelchair [3], 
the implementation of an obstacle avoidance and navigation function using a sensor in an 
intelligent electric wheelchair [4] and the wheelchair driving through the recognition of the 
user’s intention using EEG [5][6][7]. Upper limb rehabilitation vehicle research includes the 
following: (i) KARES I [8][9], a type of wheelchair-mounted manipulator for those unable to 
use their hands, which can move by detecting pupil movements using the vehicle’s camera and 
shoulder movements using a sensor; (ii) MIT-MANUS [10], with which the user can move to 
the desired location by looking at the target point on the table and through the monitor; and (iii) 
a workstation-type vehicle that uses a haptic device [11][12].  

The representative research on the lower limb rehabilitation vehicle includes the following: 
(i) walking support vehicles of an exoskeleton-wearable–type, e.g., SUBAR [13][14], (ii) an 
exoskeleton vehicle that supports standing and walking for the elderly and the disabled with 
paralyzed lower limbs [15]; (iii) a rehabilitation vehicle exoskeleton with a weight unloading 
device; (iv) HAL [16], a wearable vehicle suit; and (v) a treadmill-type walking rehabilitation 
vehicles, e.g., Lokomat [17][18], which is used by severely disabled people for walking 
rehabilitation training. Also the researches on cognition-based user intention recognition and 
expression using brain waves(EEG, fNIRS) as rehabilitation vehicle’s cognition/motion 
rehabilitation technology [19] and motion-based user intention recognition and expression 
using biosignals(EMG, GSR, etc.) are presently ongoing [20][21][22]. 
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However, most of the existing researches on wheelchair-based vehicles are concerned with 
the intention recognition of the user and autonomous navigation of an electric wheelchair, 
having more focus on mobility than on rehabilitation. The exoskeleton-wearable type of 
rehabilitation vehicle has plenty of limitations in use due to the burden of wearing time and 
weight of the device and the difficulty in calibrating the rotation axis of the human joint to that 
of the machine, so that it is used to supplement, not to improve muscle strength. 

In addition, as the workstation-type upper limb rehabilitation vehicle and the treadmill-type 
lower limb rehabilitation vehicle occupy much space, they are usually used in limited places 
like rehabilitation centers, causing plenty of difficulty in sustained rehabilitation in daily life. 
Therefore, it is of great necessity to research and develop a wheelchair-based rehabilitation 
vehicle system to help the old and the disabled perform the rehabilitation training in daily life 
with ease and assure their mobility as their most basic requirement. The wheelchair-based 
rehabilitation vehicle system is of great advantage to the user's repetitive work without feeling 
fatigue, securing effective and sustained rehabilitation treatment and mobility in daily life. In 
addition, the system enables the quantitative measurement of the effect on the patient’s 
recovery after rehabilitation treatments, whose effectiveness can be objectively judged, and it 
is also expected that constraints in space, time, and cost can be considerably resolved. 

This paper proposes a novel intelligent wheelchair vehicle system that enables upper limb 
exercises, lower limb exercises, standing exercises and rehabilitation training in a daily life. 
The proposed system, which can be used to prevent at least the degeneration of body 
movements and further atrophy of musculoskeletal system functions, considers the 
characteristics and mobility of the old and the disabled. Its main purpose is to help the old and 
the disabled perform their daily activities as much as they can, minimizing the extent of 
secondary disabilities. In other words, the system will provide the old and the disabled with 
regular and quantitative rehabilitation exercises and diagnosis using the wheelchair-based 
upper/lower limb rehabilitation vehicle system and then verify their effectiveness. The paper is 
organized as follows. Section 2 describes the configuration and design of the proposed system. 
Section 3 describes the results of the system implementation. Section 4 describes the 
performance evaluation of the implemented system. Finally, Section 5 concludes the study and 
discusses the future directions of the study. 

2. System Configuration and Design 

2.1 System Configuration Diagram 
The entire system proposed in this paper is designed for the purpose of developing a 
rehabilitation vehicle of a novel concept that supports functions such as mobility, upper/lower 
limb rehabilitation and standing exercises in daily life for the old with physical disabilities and 
the disabled. The basic structure of the proposed system includes an electric wheelchair for the 
mobility function, an upper/lower limb rehabilitation vehicle system, and a neural network 
vehicle control system for user-tailored rehabilitation exercise that is performed based on a 
standing system according to the user’s electromyogram (EMG) and biometric information 
(pulse and respiration). The overall system configuration of this paper is shown in Fig. 1. 
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Fig. 1. The system configuration diagram 

 

2.1.1 Wheelchair Vehicle System 
The wheelchair vehicle system in this paper is designed in two modes: (i) the movement mode 
that enables the wheelchair to move as a means of movement when sitting and (ii) the standing 
mode that supports the user's standing exercise. A long ride on a wheelchair can cause 
secondary health problems like muscle contractures, arthrogryposis, and pressure sores. In 
addition, when the upper and lower limb rehabilitation exercises are performed while sitting, 
only the limb muscles are strengthened with low efficiency of the rehabilitation exercise. 
Therefore, the system proposed in this paper is designed to allow standing exercises to 
improve the accessibility to the rehabilitation exercise. 

The standing exercise allows pelvic movements such as natural pelvic rotation, pelvic 
inclination, and horizontal pelvic movement as well as vertebral and back muscle exercises, 
resulting in significantly increased effectiveness of the rehabilitation exercise. 

 

 
Fig. 2. The integrated standing exercise system 

 
As shown in Fig. 2, the wheelchair rehabilitation vehicle system that enables the standing 

exercise is designed to be integrated with the upper/lower limb rehabilitation vehicle system 
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and can interlock with the standing posture. In particular, by providing a number of steps to the 
standing angle of the wheelchair vehicle, it is designed to avoid overload on patient’s legs. 

In addition, a risk detection algorithm is implemented, as shown in Fig. 3, so that the 
rehabilitation mode operation can be performed only when the tilt angle of the wheelchair, 
which is measured before the user begins the standing exercise, is less than 5°. 

 

 
Fig. 3. A Risk detection algorithm 

 
As shown in Fig. 4, the driving control algorithm of the wheelchair is composed of the 

navigation control and the posture control (standing, backrest, footrest, and seat elevation). 
The navigation control is achieved by a joystick, and the posture control is designed such that 
the standing, backrest, footrest, and seat elevation postures can be adjusted by a separate 
posture controller. 

 

 
Fig. 4. The driving control algorithm of the wheelchair 

 

2.1.2 Upper/Lower Limb Rehabilitation Vehicle System 
The upper/lower limb rehabilitation vehicle system, integrated with the wheelchair, is a 
vehicle capable of rehabilitating the upper and lower limbs, actively supporting the 
rehabilitation training of the upper and lower limbs using a motor. The upper limb 
rehabilitation vehicle system has two degree-of-freedom per arm to allow the shoulder and the 
elbow movements. The lower limb rehabilitation vehicle system is configured to have one 
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degree-of-freedom to allow for hip and the knee joint movements, thus having a total of two 
degree-of-freedom on both legs and two axes are driven by a motor. Fig. 5 shows the 
configuration of the upper/lower limb rehabilitation vehicle system. 
 

 
 
(a) Upper limb rehabilitation  system configuration  (b) Lower limb rehabilitation system configuration 

Fig. 5. The Upper/Lower limb rehabilitation system configuration 
 

The control method of the rehabilitation exercise of the upper/lower limb rehabilitation 
vehicle is configured in the passive movement mode. The passive movement mode forces the 
movement of the upper limb vehicle and the lower limb vehicle using a motor power source. 
The user interface implemented in the system enables the parameters on the exercise intensity, 
direction, and time for rehabilitation exercises according to the user’s choice. In addition, the 
user’s EMG and biosignals (pulse and respiration) are measured to categorize the torque 
outputs through the data learned by a neural network so that the rehabilitation exercises 
suitable for the user’s characteristic may be possible. 

 

2.1.3 Intelligent Torque Control System Configuration 
Owing to the powerful function approximation ability of the multi-layer perceptron, a neural 
network is extremely useful for controlling or identifying nonlinear and complex systems. In 
this paper, we control the upper/lower limb rehabilitation exercise using a neural network 
algorithm to intelligently control the torque output based on the user’s EMG and biosignals. 

As shown in Fig. 6, the total input to the controlled system (plant) is the sum of the 
feedback control signal and the feedforward control signal calculated from the inverse 
dynamics model (neural network). Planned trajectory information is used as the input to the 
neural network, and the feedback control signal is used as the error signal. The advantage of 
this control structure lies in that it can be stably controlled by the feedback control system even 
in the initial state where the learning by the neural network has not been completed [23]. 
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Fig. 6. The intelligent torque control system configuration 

 
Most conventional control schemes produce appropriate control signals only in the vicinity 

of the operating point. That is, it is possible to perform accurate control only when the 
controlled system is in a clearly known region. Such a controller will have a poor control 
performance if uncertainty exists in the system or if unexpected disturbances are added. The 
neural network controller compensates for this uncertainty, whereby it prevents control 
performance deterioration. 

 

2.1.4 User Interface 
To implement the user interface of the intelligent upper/lower limb rehabilitation wheelchair 
vehicle system proposed in this paper, a tablet PC was attached to the front of the wheelchair 
as a touchscreen interface. The processing of the signals from the sensor that acquires the 
information regarding the surrounding environment and the motor control are performed in 
real time, and the tablet PC is interlinked to the wheelchair vehicle system and used as an 
auxiliary control board as well as the user interface. 
 

 
Fig. 7. The tablet PC docking system 
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Through the tilt angles displayed on the user interface, the user can ascertain the possibility 
of standing and monitor the remaining battery capacity, travel range, and rehabilitation 
exercise functionality of the wheelchair vehicle system. In addition, a GPS program using 
Google Maps is installed to allow the user to check his or her current location. Fig. 7 shows the 
configuration of the tablet PC docking system.  

Moreover, for efficient rehabilitation exercises, a biosignal analysis system was 
constructed to measure the user’s biometric information (pulse, respiration, and EMG) during 
the rehabilitation exercise and to feed back the result of the biosignal changes according to 
rehabilitation through acquired data. Fig. 8 shows the structure of the biosignal analysis 
system according to the rehabilitation exercise. 
 

 
Fig. 8. The biosignal analysis system configuration 

 
The control of the intelligent upper/lower limb rehabilitation wheelchair vehicle system is 

accomplished by the tablet PC (touchscreen), a joystick, and a posture controller. The 
navigation control is accomplished by the joystick, the standing control is accomplished by the 
posture controller, and the control of the upper/ lower limb rehabilitation vehicle can be 
accomplished on the touchscreen. As the proposed intelligent upper/lower limb rehabilitation 
wheelchair vehicle system may cause serious risks during the rehabilitation exercises and 
standing exercises if the sensor information is delayed while the vehicle is in operation, the 
sensor information and the motor control are designed to proceed in real time. 

 

2.2 The Proposed Algorithm 
To perform intelligent rehabilitation exercises using the proposed system, formerly measured 
EMG and biosignals (pulse and respiration) of each user is learned by the neural network, and 
then the torque output is controlled according to the user’s EMG and biosignals to perform 
user-tailored rehabilitation exercise. 

To control the torque value according to the user’s muscle strength, the neural network 
algorithm, which is the most popular among machine learning algorithms, is used in this paper. 
While there are many ways to adjust the connection strength in a neural network algorithm, it 
is generally adjusted based on the error between the target coordinate value and the actual 
output value. Such a process is called the learning rule; in this paper, we used the 
backpropagation algorithm, which is the most commonly used learning algorithm.  

In general, the backpropagation perception algorithm is widely used to provide multi-layer 
perception in artificial neural network. Multi-layer perception, which retains a similar 
structure with mono-layer perception, may improve the capability of network by retaining the 
hidden layer and the in/output characteristic of each Input Nodes non-linear. 
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After measuring the user’s EMG and general biosignals (pulse and respiration), the 
measured data are applied to the backpropagation algorithm for learning, and the torque output 
is controlled according to the classified rating. For the learning through the neural network 
algorithm, the user’s EMG and biometric data (pulse and respiration) are used as the input 
values. The torque output value classified after the learning of the neural network algorithm is 
used to categorize the torque output according to the user’s muscle strength level based on the 
muscle spasticity scale (MAS) index [24], which assesses the condition of patients with 
chronic hemiplegia. Table 1 shows the assessment of the patient’s condition using the MAS 
index. Table 2 shows the classification of torque output levels according to the user’s muscle 
strength, which was applied in this paper. 

 

Table 1. The extent of the assessment in the MAS index that assessed the patient's condition 

Grade Condition 

0 No increase in muscle tone when the affected limb is moved 

1 Slight resistance at the end of the range of motion when the affected limb is moved in 
flexion or extension, slight increase in muscle tone 

1+ Slight resistance from below 1/2 of the range of motion when the affected limb is 
moved, slight increase in muscle tone 

2 More marked increase in muscle tone through most of the range of motion, but affected 
limbs easily moved in flexion 

3 Considerable increase in muscle tone through most of the range of motion, passive 
movement difficult. 

4 Passive movement impossible in the affected limbs 
 

Table 2. The classification of torque output levels according to the user's muscle strength 
Classified 

Level 
Muscle Strength 

Rating Condition 

1 0 Zero Z No observable muscle contraction 

2 1 Trace T No movement, but perceivable muscle contraction observed 
or perceived. 

3 2- Poor- P- Partial ROM available without gravity 

4 2 Poor P Full ROM available without gravity 

5 2+ Poor+ P+ Gravity overcome and less than 50% ROM available 

6 3- Fair- F- Gravity overcome and greater than 50% ROM available 

7 3 Fair F Gravity overcome and full ROM available 

8 3+ Fair+ F+ Gravity overcome and some resistance overcome and full 
ROM available 

9 4 Good G Gravity overcome and moderate resistance overcome and full 
ROM available 

10 5 Normal N Gravity overcome and maximum resistance overcome and 
full ROM available 
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The proposed backprpagation algorithm as a supervised learning algorithm, with which the 

input value and target value are provided is constituted when each neuron controls its 
connection strength and learned by minimizing the errors after the comparison between output 
value and target value.  

Backpropagation algorithm is divided into two stages. In the first stage the errors between 
input value and output value is calculated. In the second stage, a mapping relation is formed 
between input value and output value by adjusting the connection strength between each 
neuron using delta rule in order to decrease errors. Such error adjustment is transferred from 
lower layer to higher layer to sense errors and control the connection strength by 
backpropagating from higher layer(target value) to lower layer(input value) [25]. 

The practice stages of the proposed algorithm are as follows. Several times of 
multiplication and addition process between the weight of neural network produces the 
output(y) as a result of input. The output(y) here is different from the desired output(o)(y-o), 
generating an equivalent error. (e=y-o) The weight of output layer is renewed in proportion to 
the error, and then that of hidden layer is renewed, whose direction is opposite to that of neural 
network process. That is to say the neural network process is proceeded to such directions as 
Input Layer → Hidden Layer → Output Layer, the learning process of weight renewal to such 
directions as  Output Layer → Hidden Layer [26]. 

The execution steps of the backpropagation algorithm are performed as shown in Fig. 9. 
 

 

Fig. 9. The flowchart of backpropagation algorithm 
 
 
① The input data in the neural network is applied to the input nod and the output is calculated 
according to the input. 
② The error between the output according to input and desired output is calculated. 
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③ The increase and decrease of weight is decided to decrease errors. 
④ The changing degree of each weight is decided. 
⑤ The weight is renewed into the value decided in the above stage. 
⑥ Stages 1 through 5 should be repeated until the errors in all the learning data decrease to an 
appropriate level. 
 

The algorithm proposed in this paper is constituted as follows, and Table 3 is its flowchart. 
 

Table 3. The flowchart of the proposed algorithm 

The number of data for learning : N 
The i th (1 ≤ i ≤ N) learning data set :  𝐼𝐼𝑖𝑖  
𝐼𝐼𝑖𝑖1 : User EMG 
𝐼𝐼𝑖𝑖2 : Pulse 
𝐼𝐼𝑖𝑖3 : Respiration 
step 1 : Initialize weights and counter 
step 2 : Set learning rate α and  𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 
step 3 : For each training pattern pair do  

         Step 4-10 until k = p  
step 4 : Compute output of hidden layer 
step 5 : Compute output 
step 6 : Compute output error 
step 7 : Compute error signal of output layer 
step 8 : Compute error signal of hidden layer 
step 9 : Update weights 
step 10 : Increase counter and goto Step 3 
step 11 : Test stop condition 

 
Shown below is the neural network created based on the three input data. 

① The number of nodes in the input layer should be 3, the number of each data item. 

② The output layer has 10 nodes for the classification of the torque values. If the first    node is 
selected according to the weight learned through the input data, it corresponds to the torque 
value level 1. 

③ The number of hidden nodes is one or more. As the learning time increases  according to the 
number of hidden layers, an appropriate number of hidden layers is selected. 

④ The maximum and minimum values are obtained from the input data and then  normalized. 
 

Fig. 10 shows a part of the proposed backpropagation algorithm. 
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Fig. 10. The proposed backpropagation algorithm 

3. System Implementation Result 

3.1 Wheelchair Vehicle System 
The wheelchair vehicle system implemented in this paper weighs less than 110 kg using a 
modular design and aluminum steel material to reduce weight and meet the existing 
wheelchair standards. It is designed to be able to travel in eight directions to provide smooth 
movement to the user. 

To realize the upper/lower limb rehabilitation training functions, the upper/lower limb 
rehabilitation vehicle system, which comprises the upper limb rehabilitation with two 
degree-of-freedom and the lower limb rehabilitation with one degree-of-freedom, is 
implemented as a single unit integrated with the wheelchair, and a neural network controller is 
implemented to enable intelligent torque control according to user’s EMG and biometric 
information. A touchscreen interface using a tablet PC is implemented for a user-friendly 
interface. In other words, the movement, upper/lower limb rehabilitation, standing exercise, 
and user monitoring can be performed in the integrated single-unit system. Fig. 11 shows the 
intelligent upper/lower limb rehabilitation wheelchair vehicle system implemented in this 
paper, and Table 4 shows its manufacture specifications. 
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Fig. 11. The implementation result of the intelligent upper/lower limb rehabilitation wheelchair vehicle 

system  
 

Table 4. The Manufacturer specifications of the wheelchair vehicle system 
Item Manufacturer Specifications 

Dimensions 1200 × 650 × 1100 mm3 
Total Standing Height 170cm 
SEAT (W * D * H) cm 45(width)+45(depth)+55(height)cm 

Seat Elevation Maximum Height 20 cm 
Front Wheel/Rear Wheel 9 inches/14 inches AIRTIRE 

Maximum Load 120 kg 
Controller P&G 

Motor 24V/450W × 2 
Battery 12V/55AH × 2 

Battery Dimensions 230 × 138 × 226 × 2 
Charger 24 V/6A 

Charging Time 8–10 h 
Backrest Adjustment Angle 90°–150° 
Footrest Adjustment Angle 0°–90° 

Total Weight 110 kg 
Travel Range 35–40km 

Maximum Back Plate Angle 11° 
Maximum Speed 8–10km/h 
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In addition, if the rehabilitation exercise is performed only in a sitting posture on a 
wheelchair, the exercise is mainly concentrated on the leg joints, resulting in limited 
rehabilitation exercises. Therefore, the standing exercise function is implemented in the 
proposed system to extend the range of the rehabilitation exercises. Improved accessibility is 
achieved through the implementation of the standing function that can actively support the 
lower limb rehabilitation exercise. It was designed to stand only up to 85° from the ground so 
that the user can maintain a comfortable posture during the standing exercise, and the 
implementation allows the adjustment of the backrest and footrest for the user’s convenience. 
Fig. 12 shows the result of the upper/lower limb rehabilitation wheelchair vehicle system with 
the standing function being implemented. 

 

  
Fig. 12. The implementation result of standing of the upper/lower limb rehabilitation wheelchair 

vehicle system 
 

3.2 Upper/Lower Limb Rehabilitation Vehicle System 
The upper limb rehabilitation vehicle system in this paper is implemented in two 
degree-of-freedom to allow the rehabilitation of the shoulder joint and the elbow joint through 
rotational motion and shares a common motor/reducer with the lower limb rehabilitation 
vehicle system to realize integrated control. Fig. 13 shows the implementation results of the 
upper limb rehabilitation vehicle system developed in this paper, and Table 5 lists its 
manufacture specifications.  
 

  
Fig. 13. The implementation results of the upper limb rehabilitation vehicle system 
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Table 5. The Manufacturer specifications of the upper limb rehabilitation vehicle system 
Item Manufacturer Specifications 

Degrees of Freedom 2 
Joint Angle Tolerance 0.5° 

Weight 3.45 kg 
Motor DC 24V 170W, Max 9,120RPM 

Torque Rating Max 12.9 Nm 
Reduction Ratio 90:1 

 
The lower limb rehabilitation vehicle system has a total of two degree-of-freedom on both 

legs, one per leg to allow the exercise of the elbow and the knee through up–down movement, 
and its implementation allows step-wise rehabilitation exercises by controlling the torque 
output power according to the rating, just as in the upper limb rehabilitation vehicle system. 
Additionally, the system can adjust the distance between the wheelchair seat and the lower 
limb rehabilitation vehicle system and realize an integrated control by sharing the common 
motor/reducer with the upper limb rehabilitation vehicle system. Fig. 14 shows the 
implementation result of the lower limb rehabilitation vehicle system developed in this paper, 
and Table 6 lists its manufacture specifications. 

 

  
Fig. 14. The implementation results of the lower limb rehabilitation vehicle system 

 
Table 6. The Manufacturer specifications of the lower limb rehabilitation vehicle system 

Item Manufacturer Specifications 
Degrees of Freedom 1 

Joint Angle Tolerance 0.5° 
Weight 5.43 kg 
Motor DC 24V 170W, Max 9,120RPM 

Torque Rating Max 36.7 Nm 
Reduction Ratio 270:1 

 

3.3 User Interface 
The interface is configured to utilize the touchscreen of the tablet PC and the inter-linkage 
with a smart phone. The tablet PC of Intel ATOM Z3740 is used with Windows 8 as its 
operating system and Bluetooth 4.0 as its communication method. 
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The implemented user interface measures the user’s biosignals (EMG, pulse, and 
respiration), analyzes the sensed biometric data in real time, and monitors the result of 
biosignal change according to rehabilitation. Fig. 15 shows the DB and module of the 
biometric analysis system, and Fig. 16 shows the implementation result of the user interface of 
the biometric analysis system. 
 

  
Fig. 15. The DB and module of the biometric analysis system 

 

  
Fig. 16. The implementation result of the user interface of the biometric analysis system 

 
In addition, the driving mode and the rehabilitation mode are configured in the user 

interface, as shown in Fig. 17. The driving mode is related to the wheelchair vehicle system, in 
which the system can check the user’s position and driving speed using the GPS recognition 
program. The tilt angle displayed by the tilt sensor help the user directly check the possibility 
of standing exercise and control whether to stand or not. The implementation allows the user to 
check the remaining battery capacity and possible distance for the intelligent upper/lower limb 
rehabilitation wheelchair vehicle to travel on the basis of time. In the case of the rehabilitation 
mode, the upper/lower limb rehabilitation exercises can be intelligently performed according 
to the user’s EMG and biosignals through the interface related to the upper/lower limb 
rehabilitation exercise, in which the driving mode of the wheelchair is not activated.  

Moreover, the upper limb rehabilitation exercise is implemented for the user to be able to 
directly select the directions of movement such as forward/backward and left/right, and the 
intensity and duration of the exercise. The lower limb rehabilitation exercise is implemented 
for the user to select the limbs (left/both/right) and the intensity and duration of the excises. 
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Fig. 18 shows the execution result of the driving mode and the rehabilitation mode of the 
user interface.  

 

 
Fig. 17. The implementation result of the user interface  

 

  
Fig. 18. The execution result of the navigation mode and the rehabilitation mode of the user interface 

4. Performance Evaluation 
To test the performance of the implemented system, each user’s EMG and biosignal are 
measured and used for the learning of the neural network, and user-tailored rehabilitation 
exercise is performed by controlling torque output according to the state of the user’s EMG 
and biosignal.  

As the input variables to classify the muscle strength and biosignal, the values of user’s 
EMG, pulse, and respiration are applied to the neural network and implemented to the control 
of the torque output based on the classified levels, as shown in Table 7. 
 

Table 7. The torque output based on the classified levels according to muscle strength and biosignal 
Classified 

Level 
Muscle Strength 

Rating Pulse Respiration Torque Output Value 

1 0 Zero Z 60-65 12-14 
Passive Movement 

Minimum: 10% 
Maximum: less than 50% 

(Average: 25%) 

2 1 Trace T 65-70 14-16 
3 2- Poor- P- 70-75 16-18 
4 2 Poor P 75-80 18-20 
5 2+ Poor+ P+ 80-85 20-22 

6 3- Fair- F- 85-95 22-24 
Active 

Supporting 
Movement 

Minimum : 50%; 
Maximum : 75% 

7 3 Fair F 95-105 24-26 
Active 

Supporting 
Movement 

Minimum : 50%; 
Maximum : 75% 
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8 3+ Fair+ F+ 105-115 26-28 
Active 

Supporting 
Movement 

Minimum : 50%; 
Maximum : 75% 

9 4 Good G 115-125 28-30 Active 
Movement 

Minimum : 75%; 
Maximum :  

100% 

10 5 Normal N Over 125 30-32 Resistance 
Movement 100% 

 
In general, the needle electrode method is used to measure an accurate electromyographic 

signal in a specific muscle. In this paper, however, the surface electrode method, a 
comparatively easy method, is used to avoid the discomfort to inject a needle into the 
examinee's body. In collecting the electromyographic signal of upper/lower limbs, a 4-channel 
electromyographic amplifier (LMX3204, Laxtha, Korea) is used with the setting of Amplifier 
gain 700, Band-pass filter frequency 8-480Hz, and Sampling frequency 1000Hz.  

The output value for torque control is set into 6 steps according to the torque output 
categorization; 0.005, 0.010, 0.020, 0.055, 0.070, 0.100 N․m. The reason the highest torque 
value is fixed to 0.100N․m is that the degree, high enough for an ordinary person with a 
normal physique doing rehabilitation exercise, is too much to be applied to a patient. 

Fig. 19 indicates the results of upper limb rehabilitation exercise and Fig. 20 those of lower 
limb rehabilitation exercise. 

 

  
(a) Elbow(90°)                                      (b) Elbow(45°) 

Fig. 19. The result of upper limb rehabilitation exercise 
 

  

(a) Hip joint(90°), Knee joint(90°)      (b) Hip joint(90°), Knee joint(45°) 
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(a) Hip joint(45°), Knee joint(90°)      (b) Hip joint(45°), Knee joint(45°) 

  

Fig. 20. The result of lower limb rehabilitation exercise 
 
Fig. 21 is the results of measurement and execution of periodically measured EMG and 

biometric data (pulse and respiration) during upper and lower rehabilitation exercise, which 
can be shown on the user interface implemented on the tablet PC touchscreen of the 
wheelchair vehicle system. The implemented user interface outputs the user’s biodata 
information such as EMG, pulse, and respiration value in real time. 
 

  
Fig. 21. The result of measurement and execution of the biometric data 

 
To test the performance of the proposed algorithm, 200 biometric data (EMG, pulse, and 

respiration) are periodically obtained (every 1 min) while the examinee is performing 10 
rehabilitation exercise sessions for 30 min, was analyzed after learning the neural network 
algorithm. In this paper, using the user’s EMG, pulse, and respiration as the input, and setting 
the target error rate to 0.001 and the number of learning to 1500, a total of 200 biomedical data 
are used for the learning of the neural network based on the backpropagation algorithm, which 
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comprised 3 input layers, 15 hidden layers, and 1 output layer. As a result, 1388 times of 
learning are performed with the error rate of 0.0093. 

Ten-fold cross-validation is performed to minimize the influence of the training data on the 
experimental results and to secure reliability. Table 8 shows the analysis accuracy (unit: %) of 
the system. The average accuracy of the torque output classification according to the user’s 
EMG and biosignal during the rehabilitation exercise of the examinee is 87.8%. 
 

Table 8. The analysis accuracy (unit: %) of the system 
Fold Number Torque Output Analysis Accuracy 

1 89.1 
2 86.3 
3 87.5 
4 86.5 
5 89.5 
6 90.3 
7 89.8 
8 87.1 
9 86.3 
10 85.7 

 
To analyze the tracking performance of upper/lower limb rehabilitation exercises, the 

examinee performs the upper/lower limb rehabilitation exercise while sitting on the 
wheelchair and the standing exercise while the wheelchair is not in motion. In this case, the 
upper limb, the lower limb, and the standing exercises are done independently, and the range 
of motion of the upper/lower limb rehabilitation vehicle and the standing was 0° to 90°, and 
errors in the joint were measured after each exercise was repeated 100 times. The angle of each 
joint segment is obtained from the relative angles of the two joint segments after measuring the 
positional coordinates for each joint during the rehabilitation exercise of the subject.  

Since the experiment uses random data reflecting the real-world situation, which does not 
have a linear relation, the error rate should be measured. In this experiment, root-mean-square 
error(MRSE) is used to measure the error rate, as shown in Equation 1. 
 

∑ −
=

=
n

i
yy iin

RMSE
1

2

)( *1
                                                      (1) 

 
In order to examine the tracking performance of the joint angle of the upper limbs, the 

reference value calculated after the measurement of the angular displacements of the 
examinee’s shoulder and elbow and the angular displacement output from the encoder after 
the upper limbs rehabilitation exercises are measured.  
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(a) Reference Angular Displacement           (b) Output Angular Displacement 
 

 

(c) Reference Angular Displacement & Output Angular Displacement 
Fig. 22. The experimental evaluation of Shoulder flexion/extension tracking performance  

 
Fig. 22 indicates the results of the tracking performance examination for the 

flexion/extension exercises of the shoulder joints. (a) indicates the reference angular 
displacement, (b) the angular displacement output from the encoder during the upper limbs 
rehabilitation exercises, and (c) a graph comparing the reference angular displacement and 
output angular displacement. ⓐ  indicates the flexion exercises of the shoulder and ⓑ 
extension exercises. The examination result of the shoulder exercises shows 93.07% of 
concordance rate of movement tracking with the average error of 2.61°. 
 

  

(a) Reference Angular Displacement           (b) Output Angular Displacement 
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(c) Reference Angular Displacement & Output Angular Displacement 
Fig. 23. The experimental evaluation of elbow flexion/extension tracking performance 

 
As the flexion/extension, which belongs to the elbow movements, appears according to the 

external rotation of the shoulder movement, the concordance rate of the elbow is analyzed as 
shown in Fig. 23. (a) in Fig. 23 indicates the standard angular displacement of the external 
rotation of the shoulder and the elbow, (b) the angular displacement of the elbow output from 
the encoder during the upper limbs rehabilitation exercises, and (c) a graph comparing the 
reference angular displacement and output angular displacement. The result ⓐ indicates the 
external rotation of the shoulder, ⓑ the flexion of the elbow, and ⓒ the extension of the elbow. 
The examination result of the elbow movement shows 95.09% of concordance rate of 
movement tracking with the average error of 2.43°. 
 

   

(a) Reference Angular Displacement           (b) Output Angular Displacement 
 

 

(c) Reference Angular Displacement & Output Angular Displacement 
Fig. 24. The experimental evaluation of hip joint flexion/extension tracking performance 
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In the lower limb joint angle examination, the reference value calculated after the 
measurement of the angular displacements of hip joint and knee joint and the angular 
displacement output from the encoder after the lower limbs rehabilitation exercises are 
measured. Fig. 24 indicates the examination results of the flexion/extension tracking 
performance of hip joint. (a) shows the standard angular displacement of the hip joint, (b) the 
angular displacement output from the encoder during the lower limbs rehabilitation movement, 
and (c) a graph comparing the reference angular displacement and output angular 
displacement. ⓐ indicates the flexion exercises of the hip joint and ⓑ extension exercises. 
The examination result of the hip joint movement shows 93.32% of concordance rate of 
movement tracking with the average error of 2.59°. 
 

                

(a) Reference Angular Displacement           (b) Output Angular Displacement 
 

 

(c) Reference Angular Displacement & Output Angular Displacement 
Fig. 25. The experimental evaluation of knee joint flexion/extension tracking performance 

 
Fig. 25 indicates the examination results of the flexion/extension tracking performance of 

the knee joint. (a) shows the standard angular displacement of the knee joint, (b) the angular 
displacement output from the encoder during the lower limbs rehabilitation exercise, (c) a 
graph comparing the reference angular displacement and the angular displacement output 
from the encoder. ⓐ indicates the flexion exercises of the knee joint and ⓑ extension 
exercises. The examination result of the knee joint exercise shows 95.14% of concordance rate 
of movement tracking with the average error of 2.43 °. 

The results of the analysis of the experiment show that the average error of the joint angle 
is 2.52° in the upper limb rehabilitation exercise, 2.46° in the lower limb rehabilitation 
exercise, and 2.14° in the standing exercise, which demonstrate enough tracking performance 
for the execution of the rehabilitation exercise. Fig. 26 shows the result of performance 
evaluation. 
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Fig. 26. The tracking performance evaluation results 

5. Conclusion 
The modern society of today has seen the dramatic increase in geriatric or brain-related 
diseases resulted from rapid industrialization and aging of people. In addition, the secondary 
diseases such as physical motion disorder and the malfunctions of cognitive ability caused by 
diseases and unexpected accidents are on the increase. Among diverse rehabilitation programs 
conducted to recover and retain the motion ability of such patients, the therapeutic exercise is 
the most representative. In therapeutic exercise, it is most important to set a proper exercise 
intensity according to the state of a patient. 

That is the diagnosis and evaluation of a patient’s state of muscular strength and personal 
difference in it should be followed by subsequent rehabilitation exercise. For too much 
intensity in exercise may endanger the patients and too weak intensity may not secure 
expected effectiveness in treatment. Most of therapeutic exercises presently conducted in 
hospitals are based on the treatment plans of physical therapists. Such therapy plans are 
conducted by physical therapists according to the commission of the doctor who listened to the 
patients subject intention, which may cause the discrepancies between the state of a patient 
and the motion load, resulting in ineffective therapeutic exercise. Therefore, it is necessary 
that a new system be developed to make up such demerits and proceed with more effective 
rehabilitation program.  

The existing researches are focused on the development of a walking assistance vehicle 
system in the form of a wheelchair to improve locomotor function as a first limit of the patients 
with gait disturbance. As the walking assistance vehicle system has been developed for the 
purpose of the patients’ transit convenience, it has no fundamental consideration for the 
function of rehabilitating training. Especially, the wearable exoskeleton vehicle as a 
representative of the walking assistance vehicle system is accompanied with the stability 
problem in posture balance while assisting walking, and, due to the limits of body-exoskeleton 
alignment, it requires excessive time in wearing and adjusting and causes much difficulty in 
long-time wearing and walking.  

Also the research and development of rehabilitation vehicles which can accurately control 
the range of joint mobility just like a treadmill are actively proceeded. However, such vehicles 
may not be applied on a real time basis to the old and the disabled, who are required to prevent 
the regression of muscular-skeleton functions through persistent rehabilitation training in 
daily lives, and too much expense also decreases their accessibilities to treatment. 
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Therefore, in this paper, in order to overcome all the limitations in the systems so far 
mentioned, we propose and embody a rehabilitation vehicle system in a new and complex 
concept, which enables the locomotion and rehabilitation in daily activities by combining the 
wheelchair vehicle system for locomotion function and standing exercises with the 
upper/lower limb rehabilitation vehicle system, and attempt to verify its applicability.  

To enable the intelligent upper/lower limb rehabilitation exercise of the system proposed in 
this paper, the user’s EMG and biosignals (pulse and respiration) are measured and used for 
neural network learning and controlling the torque output according to the user’s EMG and 
biosignal.  

In order to evaluate the capability of supposed algorithm, the examinee's biosignals are 
obtained and analyzed after neural network learning, and, to minimize the affection from the 
learning data on the result of experiment 10-fold cross-validation is conducted. As a result, the 
user's electromyogram and biosignals(pulse, respiration) during the examinee's rehabilitation 
activities are learned through neural network algorithm categorized according to the level of 
torque output based on strength and biosignals. The average accuracy of the categorized data 
is 87.8%. Also the analysis of the tracking performance of upper/lower limbs rehabilitation 
and standing exercise indicates that the average case error of joint angle during the upper limb 
rehabilitation exercise is 2.52°, 2.46° in lower limb exercise, and 2.14° in standing exercise, 
which demonstrate enough tracking performance for the rehabilitation exercises. 

It is expected that the proposed system will assure the user’s mobility, provide sustained 
rehabilitation exercises in daily life and user-tailored rehabilitation using the user’s EMG and 
biometric information, and help improve the user’s will to rehabilitate and quality of life by 
monitoring the biometric information and rehabilitation information. 

In the future, the performance of the proposed system will continue to be improved through 
further researches on the functions of the proposed algorithm, diverse intelligent top and 
bottom motion algorithms, and the rehabilitative contents as well as ceaseless clinical 
evaluation of the intelligent upper and lower wheelchair vehicle system proposed in this paper. 
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