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 A wheelchair is the primary means of mobility for individuals unable to 

walk. This study aimed to develop a safety system for electric wheelchairs to 

help people with tetraplegia avoid obstructions. The main contribution of 

this study is the implementation of a sensor with a wider reflection angle and 

the adjustment of the wheelchair's speed based on the distance to the 

obstruction, eliminating the need for manual speed selection. The safety 

system utilizes LV-MaxSonarEZ1 ultrasonic sensors, which function as 

reflectance distance readers placed on the front, rear, right, and left sides of 

the wheelchair. The output from the sensors is input into an Arduino, which 

functions as the controller. The safety system employs adaptive speed 

control based on distance through a fuzzy logic controller. The wheelchair 

was tested with obstruction distances of 1, 1.8, 3, and 10 m. The wheelchair 

could stop at a distance of 34.06 cm for forward movement and 45.16 cm for 

reverse movement. The results of this study successfully demonstrate the 

creation of a safety system on a wheelchair using ultrasonic sensors to avoid 

obstructions and detect areas, with more adaptive speed control based on 

distance through a fuzzy logic controller. 
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1. INTRODUCTION 

The ease of mobility is one of the most important characteristics that can improve people's quality of 

life. People with disabilities rely largely on mobility aids to improve their quality of life [1]. The 2015  

inter-census population survey (SUPAS) showed that 8.56% of the population experienced functional 

difficulties, specifically the inability to carry out normal daily activities. The survey also stated that 3.76% of 

the population had difficulty walking, with 0.32% being residents who fully needed help from others. Most 

patients with tetraplegia caused by spinal cord injury (SCI) have limitations in using limb functions, which 

leads to dependence on activities of daily living [2]–[4]. A wheelchair is one of the most important mobility 

aids for persons with disabilities [1], [5]–[7]. Wheelchairs are designed to allow users to move independently 

and comfortably. They can be controlled using various systems, such as voice recognition [8]–[10], joystick 

control [11]–[14], electroencephalograph (EEG) signal [15], [16] or electromyography (EMG) signals  

[17]–[22]. Safety features, such as obstruction detection, are crucial for maintaining a safe distance from 

obstructions [23], [24]. Effective safety control in wheelchairs is challenging if the user relies solely on 

biological signal control, so proximity sensors must be added [17]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Previous study on wheelchair control using EMG signals from the neck and shoulder muscles 

succeeded in moving the wheelchair forward, backward, right, and left. However, users have difficulty 

stopping the wheelchair quickly if there is an obstruction [25]. This necessitates collaboration between 

control systems and safety systems in wheelchairs. Moreover, this safety system can enhance user security 

[26], [27]. The quest for an effective safety system has led researchers to test various types of sensors. Each 

sensor, however, has its limitations [28], [29]. Ultrasonic sensors are the most widely used for detecting 

obstructions [30]. The Parallax PING sensor can measure distances, but its limited detection range requires 

an increased number of sensors [31]. The HC-SR04 sensor is widely available and commonly used for 

wheelchair safety, but its reflection angle is only ±15°, which widens the blind spot against obstructions [28]. 

Ultrasonic sensors are usually installed at the front or back of the wheelchair to detect and stop obstructions 

at a predetermined distance. In Ruzaij and Poonguzhali's research [32], the set distance was 1 m, but the 

average wheelchair stopped at 0.4 m from an obstruction due to inertia force. Thus, it is necessary to regulate 

motor speed when the sensor detects an obstruction to ensure the wheelchair stops completely at the set 

distance. In Debnath et al. research [33], wheelchair speed was controlled using Android-based pulse width 

modulation (PWM), resulting in more linear and comfortable speed changes for the user. However, user-

controlled speed adjustment via Android made the wheelchair less responsive to the environment and 

required higher user precision. Furthermore, Sankardoss and Geethanjali [34] compared speed control 

between proportional-integral-derivative (PID) and fuzzy logic controllers. The study found that PID control 

produced a significant overshoot when there was a change in speed, either accelerating or decelerating. 

Adding a fuzzy logic controller for speed regulation made the wheelchair movement smoother and safer 

when there was a control system error or user command error, helping avoid collisions or obstructions [35]. 

Based on the problems and references identified above, it can be concluded that the previously used 

ultrasonic sensor in wheelchairs has a limitation of a narrow 15° reading angle, resulting in a wider blind 

spot. Another issue is that people with disabilities still find it difficult to use Android-based PWM speed 

controllers. This research aims to design an adaptive safety system for a wheelchair by addressing these 

problems. The solution involves replacing the sensor with one that has a wider range, specifically the LV-

MaxSonarEZ1 sensor, which provides a detection and distance range from 0 to 254 inches and transmits light 

with a beam width of 33° [36]. Additionally, to address the speed regulation issue, this study proposes an 

adaptive speed control system that automatically adjusts the wheelchair's speed based on the distance to the 

obstruction. A fuzzy logic controller system will be used to regulate the motor speed based on PWM. 

 

 

2. METHOD  

2.1.  Experimental setup 

The study employed an ultrasonic sensor (LV-MaxSonarEZ1) that detected objects from 0 inches to 

254 inches (6.45 m) and supplied sonar range information with a resolution of 1 inch. The available interface 

output forms include pulse width output, analog voltage output, and serial output [37]. This sensor 

transmitted a beam with a width of 33° [36]. The movement of the wheelchair is controlled using EMG 

signal detection and four LV-MaxSonarEZ1 ultrasonic sensors to detect impact distance and adjust speed 

using fuzzy logic control. As shown in Figure 1, the four sensors are located at the front, rear, right, and left 

of the wheelchair. 

 

 

 
 

Figure 1. Wheelchair with 4 ultrasonic sensors LV-MaxSonarEZ1 
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Figure 2 explains how the system works. The system starts from the input block, which receives 

commands from the EMG signals and the LV-MaxSonarEZ1 ultrasonic sensors. EMG signals serve as inputs 

for wheelchair movement commands such as forward, backward, right, and left. These inputs are handled by 

an Arduino Nano. Fuzzy logic control takes the distance data from the ultrasonic sensors to generate PWM 

values, which are classified as rapid, medium, slow, and stop. The resulting speeds are then connected to the 

speed control circuit of the right and left motors, respectively [38].  

 

 

 
 

Figure 2. Wheelchair block diagram 

 

 

The system has two areas: free and corridor. The corridor includes two modes: following the right 

wall and following the left wall. Figure 3 if depicts how the wheelchair uses ultrasonic sensors to choose a 

region. Obstruction measurements are performed by sensors U2 (left-side sensor) and U3 (right-side sensor). 

Figure 3(a) depicts the left wall-following mode. When U2 (left-side sensor) identifies a short 

distance to an impediment, the wheelchair moves forward while remaining safe from the left wall. If U3 (the 

right-side sensor) detects an obstruction at a short distance, the wheelchair advances forward while remaining 

safe from the right wall, as shown in Figure 3(b). Figure 3(c) shows that if both U2 and U3 identify short 

distances to barriers, the wheelchair slows down and moves slowly. If both sensors detect very close 

obstructions, the wheelchair will come to a complete stop. 

If neither of these conditions are met, or if both U2 and U3 detect long distances between barriers, 

the wheelchair enters free mode. In free mode, the ultrasonic sensors detect the obstruction distance and set 

the motor's PWM value. The distance data obtained from the sensors as the wheelchair goes forward and 

backward are used as inputs for the fuzzy control. These inputs are then processed to control the motor's 

PWM. 

 

2.2.  Pulse width modulation  

Pulse width modulation (PWM), or pulse width modulation, is a technique for regulating the pulse 

width to create the desired output voltage. Originally used in telecommunications, it was later applied in 

power electronics. The basic principle involves a DC-link voltage, 𝑉𝑑𝑐. The 𝑉𝑥 phase output voltage in  

Figure 4 alternates between half the positive and negative DC-link voltages by comparing the reference 

voltages 𝑉𝑟𝑒𝑓  and the carrier during each switching cycle 𝑇𝑠. 

PWM will form. When the 𝑉𝑟𝑒𝑓  is greater than the carrier, the up switch in the phase is triggered and 

the down switch is deactivated. The time 𝑇0 for the negative voltage (−𝑉𝑑𝑐/2) satisfies the equation 𝑇0/𝑇𝑠 =
(𝑉𝑑𝑐/2 − 𝑉𝑟𝑒𝑓)/𝑉𝑑𝑐. In (1) shows that the average voltage 𝑉𝑥 in one switching cycle 𝑇𝑠 is equal to 𝑉𝑟𝑒𝑓  [39].  
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2.3.  Fuzzy logic controller 

Fuzzy logic has a degree of membership between 0 and 1, as opposed to classical Boolean logic, 

which only has 0 and 1 values [40]. Fuzzy logic processes include fuzzification, rule base, inference, and 

defuzzification, as illustrated in Figure 5. This method makes systems more flexible and adaptive, allowing 

for better handling of uncertainty and imprecision in complex contexts. 

 

 

  
(a) (b) 

 

 
(c) 

 

Figure 3. Shows how a side ultrasonic sensor maps (a) the left wall, (b) the right wall, and (c) the two-side 

obstruction 

 

 

 
 

Figure 4. Pulse width modulation 
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Figure 5. Fuzzy logic control system architecture 

 

 

− Fuzzification is the process of turning input values to fuzzy values (linguistic variables). While other 

curves are utilized in the literature, the Gaussian, triangular, and trapezoidal membership functions are the 

most typically employed in fuzzification processes. In [40], the membership function is calculated using 

(2): 

 

𝑓(𝑥, 𝑎, 𝑏, 𝑐) =

{
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 (2) 

 

where 𝑓(𝑥, 𝑎, 𝑏, 𝑐) is the degree of membership, 𝑥 is the value of the variable, successively 𝑎, 𝑏, 𝑐 is the 

initial, middle, and end values of the variable as shown in Figure 6. 

 

 

 
 

Figure 6. Fuzzy set of triangles 

 

 

− The rule base contains the decision-making rules. Each rule has two major components: an antecedent 

block (between “If” and “Then”) and a consequent block (after “Then”). 

− Inference determines the fuzzy judgments made throughout the rule base process, which results in a fuzzy 

collection of decisions. Logical operators, such “AND,” “OR,” and “NOT,” specify how fuzzy variables 

are joined. 

− Defuzzification is the reverse of the fuzzification process; it converts the fuzzy output into crisp values to 

be applied to the system [41].  

This study employs the Takagi-Sugeno-Kang (TSK) approach, which is simpler to implement in 

programming languages due to its singleton set on the output variable. As a result, the defuzzification 

procedure is simplified. Furthermore, the TSK method offers a more efficient and computationally effective 

solution for real-time applications and control systems. In [40], the output equation of the TSK method is: 
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where 𝑍𝑜𝑢𝑡 is the crisp output value, 𝑤𝑖  is the degree of membership of the 𝑖-th value and 𝑧𝑖 is the output 

value of the 𝑖-th variable. 
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2.4.  Technical application of fuzzy logic 

This method describes the technique utilized. Figure 7(a) shows the fuzzy logic mechanism while 

the wheelchair is in a free region. The distance between the wheelchair and an obstruction is divided into four 

segments: 9 m, 3 m, 1.8 m, and 1 m. The results of the sensor readings serve as the input for fuzzy logic 

control, which then produces an output as PWM for the motor to prevent collisions. 

Figures 7(b) and 7(c) show the mechanisms for the right and left sides of the corridor. For the 

corridor area, the system employs the error value calculated from the difference between the distance read 

and the predetermined (safe) distance. The data collection in this experiment began by establishing an initial 

distance between the wheelchair and the wall. The sensor then adjusts the wheelchair's position to maintain 

the specified distance from the wall. 

 

2.5.  Fuzzification 

In this process, the crisp value (output from the sensor) is converted into a membership level of 

fuzzy set linguistic terms. The membership function for distance in Figure 7(a) is shown in Figure 8, and its 

error in Figure 7(b) and Figure 7(c) is shown in Figure 9. This conversion involves transforming the exact 

numerical value of the sensor into degrees membership corresponding to a linguistic term in a fuzzy set. The 

membership function is a curve that transfers each point in the input space to a membership value ranging 

from 0 to 1, indicating how much of the input belongs to the fuzzy set. The membership function for distance 

illustrated shows how sharp distance values are categorized into terms such as “very near (vn),” “near (nr),” 

“far (fr),” and “very far (vfr).” Similarly, membership functions for errors, explain how various levels of 

errors are classified into terms such as “negative big (nb),” “negative medium (nm),” “negative small (ns),” 

“zero (ze),” “positive small (ps),” “positive medium (pm),” or “positive big (pb).” 

 

 

  
(a) (b) 

  

 
 

Figure 7. Technical movements for (a) wheelchair mobility forward or backward in a free area, (b) left wall 

following mode, and (c) right wall following mode 

 

 

2.6.  Rule base interference 

In this study, the researcher proposed a basis of inference rules for free areas and hallway areas, as 

shown in Table 1 and Table 2. For free areas, four rules were used. In Table 1, if the distance is very near 

(𝑣𝑛), then PWM is very slow (𝑣𝑠). If the distance is near (𝑛𝑟), then PWM is slow (𝑠𝑙). If the distance is far 

(𝑓𝑟), then PWM is fast (𝑓𝑠). If the distance is very far (𝑣𝑓𝑟), then PWM is very fast (𝑣𝑓). For the hallway 

area, a wall-following program was used with a specified distance and a total of seven rules. In Table 2, if the 
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error value is smaller (more negative or NB), then the steering value is also smaller (𝑂_𝑁𝐵). If the error 

value is zero (𝑧𝑒), then the steering value is also zero (𝑂_𝑍𝐸). If the error value is larger (more positive or 

pb), then the steering value is also larger (𝑂_𝑃𝐵). 

 

 

 
 

Figure 8. Membership fuzzification for forward and reverse command-free areas 

 

 

 
 

Figure 9. Membership function for corridor areas 

 

 

Table 1. Rule base for the free area 
Input Output 

𝑖𝑓 (𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸 𝑖𝑠 𝑣𝑛) 𝑡ℎ𝑒𝑛 (𝑃𝑊𝑀 𝑖𝑠 𝑣𝑠) 
𝑖𝑓 (𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸 𝑖𝑠 𝑛𝑟) 𝑡ℎ𝑒𝑛 (𝑃𝑊𝑀 𝑖𝑠 𝑠𝑙) 
𝑖𝑓 (𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸 𝑖𝑠 𝑓𝑟) 𝑡ℎ𝑒𝑛 (𝑃𝑊𝑀 𝑖𝑠 𝑓𝑠) 
𝑖𝑓 (𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸 𝑖𝑠 𝑣𝑓𝑟) 𝑡ℎ𝑒𝑛 (𝑃𝑊𝑀 𝑖𝑠 𝑣𝑓) 

 

 

Table 2. Rule base for wall following behavior 
Input Output 

𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑛𝑏) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑁𝐵) 
𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑛𝑚) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑁𝑀) 
𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑛𝑠) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑁𝑆) 
𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑧𝑒) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑍𝐸) 
𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑝𝑠) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑃𝑆) 
𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑝𝑚) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑃𝑀) 
𝑖𝑓 (𝐸𝑅𝑅𝑂𝑅 𝑖𝑠 𝑝𝑏) 𝑡ℎ𝑒𝑛 (𝑆𝑇𝐸𝐸𝑅 𝑖𝑠 𝑂_𝑃𝐵) 
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2.7.  Defuzzification 

This study employed fuzzy Sugeno, therefore the membership function took the form of a rod. The 

output membership function of the PWM setting in the free area following the wall is shown in Figure 10. 

Meanwhile, the output membership displacement of the PWM setting in the free area following the wall is 

shown in Figure 11. 

 

 

 
 

Figure 10. Membership function for speed defuzzification output from free areas 

 

 

 
 

Figure 11. Membership function for steering defuzzification output from corridor areas 

 

 

3. RESULTS AND DISCUSSION  

3.1.  Decrease in PWM value 

According to Figure 12, when the wheelchair approaches an obstruction, the initial drop distance is 

200 cm from the sensor to the barrier. This also occurs as the wheelchair moves backwards. At the initial 

drop from 200-70 cm, the drop process involves a large decrease of up to 9% in PWM. In the subsequent 

decline, there is a sharp drop. When the wheelchair moves forward, the PWM decrease reaches 4.3%. 

Meanwhile, when the wheelchair moves backward, the decrease in PWM reaches 4.7%. This causes the 

motor to no longer be strong enough to move the wheelchair. 

In prior experiments, wheelchairs with PWM control were more linear and comfortable with 

percentages of 40%, 60%, 80%, and 100%. However, the right and left motors received PWM values from 

Android commands [33]. This method allows the wheelchair to move at varied rates depending on the 

distance to the impediment, which improves user safety. Furthermore, for distances higher than 200 cm, the 

wheelchair moves swiftly and gradually decreases speed. Moving forward, the average distance between the 

wheelchair and the impediment was 34.06 cm. When traveling rearward, the wheelchair stops at an average 

distance of 45.16 cm. 
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Figure 12. PWM graph as the wheelchair moves forward and backward in the free area toward the 

obstruction 

 

 

3.2.  Corridor area 

Figure 13 shows that both studies started at a distance of 40 cm. Both wheelchairs simultaneously 

moved away when they detected the distance. Subsequently, the sensor adjusted the wheelchair's position to 

maintain the set distance from the wall. In the right-following mode, the farthest distance between the 

wheelchair and the right wall was 68 cm, while the closest distance was 28 cm. In this case, there was a spike 

in the data obtained by the sensor, likely due to interference from other sensors. Meanwhile, in the left-

following mode, the farthest gap between the wheelchair and the left wall was 56 cm, and the closest was 28 cm. 

 

 

 
 

Figure 13. The graphic depicts the distance between the wheelchair and the wall in the corridor area 

 

 

In the actual setup, the right and left motor PWM configurations were adjusted to enable the 

wheelchair to track a straight line. However, it encountered erratic movements. The ultrasonic sensor readings 

were translated into PWM values in the corridor region to allow the wheelchair to move straight along the right 

or left wall; nonetheless, the wheelchair still displayed winding movements [42]. As shown in Figure 13, The 

ultrasonic sensor data indicated that the distance between the wheelchair and the wall during movement ranged 

from 28 to 68 cm, and the wheelchair's movement was still too winding. 
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3.3.  Sensor reading area 

An experiment was conducted to determine the width of the sensor coverage area using a 5 cm wide 

brick with a flat surface. The sensor can detect obstructions up to ±30° at a distance of 100 cm. Figure 14 

illustrates how the shape and surface area of the obstacle influenced the sensor response. 

 

 

 
 

Figure 14. LV-MaxSonarEZ1 reading area mapping 

 

 

4. CONCLUSION  

The goal of this study was to develop a wheelchair with EMG control and an adaptive safety system 

employing fuzzy logic control. The LV-MaxSonar EZ1 ultrasonic sensor can detect obstructions up to ±30°, 

providing a broader sensor range than the HC-SR04 sensor. The sensor response is affected by the form and 

surface area of the impediment being read. Furthermore, the results of this research show that the wheelchair 

safety control design can reduce speed linearly when an obstruction is detected, converting linguistic input 

from distance readings into PWM for motor output using a fuzzy logic controller. The wheelchair starts to 

reduce its speed at a distance of 2 m. The wheelchair can operate a safety riding system in both free areas and 

hallways. It can stop at an average distance of 34.06 cm when moving forward and at an average distance of 

45.16 cm when moving backward. To acquire the best results, it is vital to determine the precise location of 

the sensor and consider the movement of the wheels to avoid altering sensor readings when the wheelchair is 

moving. Excessive use of multisensory systems needs to be minimized to prevent sensor data loss, which can 

affect the fuzzy process. Therefore, a self-test is needed on the wheelchair to ensure that all sensors are 

functioning properly. The research results can be implemented as a safety system solution for wheelchairs for 

tetraplegic sufferers to help support their daily lives. 
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