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Abstract
Technological development offers new opportunities for people with disabilities, to improve their quality of life and increase 
their inclusion in society. Motor disability is an alteration that affects, at different levels, the movement or manipulation of a 
person. This paper presents the design and construction of the second version of an electronic device adaptable to a motorized 
wheelchair that serves as an intelligent navigation system. The first version of the electronic device only allowed for control 
of the wheelchair through head movements and voice commands. In this new version, the previous functions were improved 
and two new functions were incorporated. Muscle flexion and muscle contraction increase the options to control a motorized 
wheelchair by people with greater limitation of movement. The tests carried out demonstrate the viability of the prototype.
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1  Introduction

A disability is a limitation or deficiency that affects the 
way some people interact and participate in daily life. This 
condition is considered a complex phenomenon because it 
involves individuals in isolation and also considers their 
interaction with the environment where they live. People 
with the same type of disability can be affected in differ-
ent ways and some disabilities may be hidden or difficult 
to notice [19]. There are many types of disabilities, such as 
those that affect vision, movement, thinking, remembering, 
learning, communicating, hearing, mental health, and social 
relationships [12]. In recent years, concern for the human 

rights of the most vulnerable groups and the growing trend 
of medium- and long-term demographic aging have brought 
greater attention to people with disabilities [10]. Difficulties 
related to mobility alter the functions of movement as well 
as limit personal and social development. This disability 
usually requires the help of another person or some instru-
ment (wheelchair, walker, etc.) or prosthesis to carry out 
activities of daily life. It also requires an accessible environ-
ment to achieve social inclusion [45, 20].

Motor disability is a life condition that affects the control 
and movement of the body. There are several problems that 
result from motor disability, including uncontrolled move-
ments, coordination difficulties, limited reach, reduced force, 
unintelligible speech, difficulty with fine and gross motor 
skills, and poor accessibility to the physical environment 
[22]. This disability occurs when there are alterations in 
the muscles, bones, joints, spinal cord, or the motor area 
of the brain. Often the disability is not noticeable; in other 
cases it requires special supports such as braces, a cane, 
crutches, a walker or wheelchair, an orthosis or prosthesis. 
It is estimated that 15% of the population, approximately 
one billion people worldwide, live with a disability [45]. 
In Mexico, according to INEGI data, 6.4% of the country’s 
population (7.65 million people) reported having at least one 
disability [20, 40]. The most frequent difficulty among the 
population with disabilities is related to mobility, since 58% 

 *	 J. Andrés Sandoval‑Bringas 
	 sandoval@uabcs.mx

	 Mónica A. Carreño‑León 
	 mcarreno@uabcs.mx

	 M. Andrea Sandoval‑Carreño 
	 monicasandovalc@gmail.com

	 Olivia López‑Martinez 
	 olivialope@gmail.com

	 Jonathan Hernández‑Alonso 
	 josejonath@alu.uabcs.mx

1	 Universidad Autónoma de Baja California Sur, Carretera al 
Sur Km. 5.5, La Paz, México

http://orcid.org/0000-0003-2035-9523
http://crossmark.crossref.org/dialog/?doi=10.1007/s10209-022-00889-5&domain=pdf


1136	 Universal Access in the Information Society (2023) 22:1135–1142

1 3

of people in this population group experience limited walk-
ing or movement [20]. There are no official statistics about 
spinal cord injuries specifically, although it is known that 
they belong in this category. These are serious injuries that 
cause a loss of motor and sensory function due to damage to 
the nerve structures of the spinal cord. They can also cause 
fatigue and weakness in the arms and legs. It is necessary 
to help patients diagnosed with spinal cord injuries to carry 
out basic activities of daily life, which have personal, social, 
and economic impact for patients and their families [27].

The development of new technologies focused on dis-
ability is of vital importance. The use of an instrument, 
device or software provides individuals with some autonomy 
when carrying out their activities, thus increasing inclusion 
in society and improving their quality of life. According 
to statistics from the World Health Organization (WHO), 
in the majority of low- and middle-income countries, only 
between 5% and 15% of people who need support devices 
and technologies have access to them. This is attributable to 
poor production and high costs [30]. The number of people 
who need the help of a device to move is increasing continu-
ously. The investments made by commercial enterprises for 
the production of materials, both hardware and software, 
are minimal; public or private institutions must take care 
of them [7].

Much research related to the design of wheelchairs or 
devices that help the mobility of disabled people is based on 
the generation of mathematical models to design automatic 
control systems [2, 33] and [3]. Some research goes a little 
further by modeling systems that allow a patient to be in a 
vertical position [38]. Other research proposes designs that 
can detect obstacles, rotate 360 degrees, perform functions 
from the owner ’s voice sensor [14, 9], or help compensate 
for the limitations of disabled people [13]. Many people 
who use a wheelchair cannot use their hands, which hin-
ders their ability to control a motorized wheelchair. Because 
conventional wheelchairs lack universality, several custom 
prototypes have been designed to cater to different capabili-
ties. Various researchers [5] [26] have proposed using voice-
based control systems. Other research proposes a control 
system based on facial expressions [35] or eye movements 
[34, 32, [16]. The research works of [18, 15, 29, 23, 21, 
46] report the use of motorized wheelchair control systems 
through head movements. Some research projects [8] [37] 
focus on the development of a control system based on EOG 
to drive a wheelchair model. The electrooculogram (EOG) 
signal is one of the most commonly studied signals due to 
the appearance of defined signal patterns. The work reported 
in [17] mentions an electric wheelchair controlled by elec-
tromyography (EMG) which is placed on the arm muscles. 
The arm muscle signal has an electric potential difference 
that is read by EMG sensors. Subsequently, the data are con-
verted from analog to digital by Arduino.

In most cases, designers assume that disabled people 
require a “robotic-advanced” device in order to develop emo-
tionally, cognitively and socially. These types of assumptions 
have caused various elements to be coupled to the redesign 
of a conventional wheelchair, which has generated high-cost 
products to which few people have access. This is especially 
true in Mexico where there is a high proportion of people with 
disabilities in the low socioeconomic and educational strata 
(44.6% stratum I and 35.2% stratum II) [6, 41].

Motorized wheelchairs are designed for the personal use 
of individuals who cannot walk or have reduced mobility. 
They have sufficient cognitive, physical, and visual capabili-
ties to control the vehicle safely, both outdoors and indoors. 
Motorized wheelchairs consist of five elements: the battery 
that provides a power source, two motors that drive the wheel-
chair, the transmission and brake system, the control circuit 
and power that commands the motors, and the joystick which 
allows the user to direct the wheelchair [36, 11]. The majority 
of motorized wheelchairs have to be imported from different 
manufacturers without after-sales service, and lack technical 
information and spare parts for their maintenance. Conven-
tional wheelchairs with motors have a control that requires 
a physical effort that not all users can perform. An example 
is users who cannot move their upper limbs or do so with 
difficulty. The robotic wheelchair is a motorized commercial 
wheelchair that has been equipped with computers and sen-
sors. The wheelchair has two electric DC motors that drive the 
two rear wheels (traction wheels). The two freely moving front 
wheels allow the chair to rotate. There are currently various 
prototype wheelchairs in development for people with spinal 
cord injuries [24, 44], but the use of techniques for motion cap-
ture and speech recognition as a whole are not widely used in 
these types of projects. These techniques do not work properly 
due to the amount of noise that comes from being in a real and 
complex environment.

In order to contribute toward activities that improve the 
quality of life for people with disabilities and encourage social 
inclusion, the second version of a prototype of a low-cost adap-
tive electronic device has been developed. It provides direct 
control over a motorized wheelchair by voice commands, head 
tilts, muscle movements, and/or arm flexing. The first version 
of an electronic device adapted to a motorized wheelchair 
allowed a person with a motor disability to direct a wheelchair 
by means of head tilts detected on an accelerometer implanted 
in a headset, and/or through voice commands using a mobile 
application developed for devices that have the Android oper-
ating system [39].
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2 � Materials

This project was developed in the laboratory of the Group 
for Research and Development of Inclusive Technologies 
and Educational Innovation (GIDTIITEC), at the Univer-
sidad Autónoma de Baja California Sur (UABCS), méx-
ico. For the development of the prototype, a commercial 
motorized wheelchair, model powerchair from the pow-
ercar brand was used. The wheelchair has two electric 
motors that drive the two rear wheels. Free-moving front 
wheels allowed the wheelchair to rotate. The maximum 
speed of the wheelchair is 6 km / hr forward and 3.5 km 
/ hr in reverse. For the construction of the prototype we 
used:

•	 Three arduino UNO board based on the Atmega328P 
microcontroller. Each board has 14 digital input / out-
put pins (of which 6 can be used with PWM), 6 analog 
inputs, a 16Mhz crystal, USB connection, power jack 
connector, terminals for ICSP connection and a reset 
button [4];

•	 A MX2125 accelerometer, a low cost, dual axis thermal 
accelerometer capable of measuring inclination, accel-
eration, rotation and vibration with a range of + -2 g 
[31];

•	  A 2.2 ”(5.588cm) long Flex Sensor, with its resistivity 
changing when flexed. It is used to measure the angle of 
rotation in joints for robotic, biometric or user interface 
applications [42];

•	 A myoelectric muscle sensor that measures, filters, rec-
tifies, and amplifies the electrical activity of a muscle 
and produces an analog signal that can be easily read 
by a microcontroller [43];

•	  A HC-05 Bluetooth Module. The module is ideal to use 
in all kinds of projects where a reliable and easy-to-use 
wireless connection is required. It is configured using 
AT commands and can work in both master and slave 
mode [25].

3 � Methods

Figure 1 shows the general idea of how an Electronic 
Device Adaptable(EDA) works. The device is adapted to a 
motorized wheelchair so that it can be controlled by people 
with different physical movement limitations. EDA con-
templates control by voice, head movements, muscle flex-
ions, and muscle contractions. A multiplexer was designed 
where the four individual circuits designed for each EDA 
function were concentrated. This multiplexer is respon-
sible for controlling the various inputs and generating a 

single output to control the wheelchair. It also has an on/
off switch that controls the motor of the wheelchair.

3.1 � Head movements

An MX2125 accelerometer, which is based on two axes, 
is used for control through movements of the head. It is 
capable of measuring angles of rotation, collisions, accel-
eration, rotation and vibrations in a range of up to +/- 2 g. 
The first Arduino UNO board, was connected to bluetooth 
HC-05 on digital bridge 0 and 1, which are TX and RX. The 
bluetooth was connected to the current (5V) and negative 
(GND) ports. The accelerometer was also connected on the 
same Arduino (MPU 6050). There is a USB input for the 
use of the accelerometer. Finally, a switch connected to the 
Arduino was included in the port. This can be seen in Fig. 2, 
where the connection scheme is shown.

3.2 � Muscle flexions

For control through flexions, a Flex sensor was used that 
measures the amount of deflection or bending. On the sec-
ond Arduino UNO board, the Flex sensor was connected to 
the analog port pin A0 to the current (5V) and the negative 
(GND) port. The navigation light system that is connected 
to the multiplexer was also connected. This can be seen in 
Fig. 2, where the connection scheme is shown.

3.3 � Muscle contractions

For control through muscle movements a myoelectric mus-
cle sensor was used. It measures, filters, rectifies, and ampli-
fies the electrical activity of a muscle and produces an analo-
gous signal. In the third Arduino UNO board the myoelectric 
sensor was connected. The connections were the same as in 
the Flex sensor, with the analog port pin A0 to the current 

Fig. 1   Functional diagram of the Electronic Device Adaptable
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(5V) and the negative (GND) port. The navigation system 
was also connected to the multiplexer in the same way. This 
can be seen in Fig. 2, where the connection scheme is shown.

3.4 � Control by voice

To achieve communication with the multifunctional elec-
tronic module through voice commands, a mobile appli-
cation was designed, and a Bluetooth module HC-05 was 
incorporated. The mobile application can also be used as a 
navigation system. Upon entry, the user can see the arrows 
indicating the direction in which the wheelchair can move. 

The user is also able to see the option of voice command 
and can select the control mode of the wheelchair by voice 
or by navigation system. The interface of the mobile appli-
cation can be seen in Fig. 3, left.

3.5 � Navigation light system

To control the wheelchair through muscle movements and 
flexions, a navigation light system was incorporated. It 
can be mounted on the front of the wheelchair. The sys-
tem includes five movement lights: forward, left, back-
ward, right, and stop. The operation of the navigation light 
system is cyclical, illuminating each of the options for a 
second and allowing the user to select their displacement 
using the Flex sensor or the myoelectric sensor. Figure 3 
(right) shows the navigation light system.

Figure 4 shows the block diagram of the complete pro-
totype. The user generates the signals according to the 
way the wheelchair will be controlled. In the case of the 
accelerometer, the control signal can be entered directly 
since it is operated with digital levels. In the case of voice 
control, the mobile application transfers the instructions 
directly to the microcontroller. For the flex sensor and the 
myoelectric sensor, instructions are transmitted by the 
luminous navigation system. The microcontroller gener-
ates the necessary sequences to control the motors through 
a power stage powered by 12V 45Ah batteries that are 
built into the wheelchair. The system is self-regulating 
through the user who combines the control actions accord-
ing to the direction desired. Figure 5 shows photographs 
taken during the development of the prototype.

Fig. 2   Arduino connection diagrams

Fig. 3   App and navigation system Fig. 4   Prototype block diagram
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4 � Results

Figure 6 shows the completed EDA prototype, which can 
be attached to any side or the lower area of the wheelchair.

With the EDA attached to the motorized wheelchair, 
various tests were carried out in order to verify the opera-
tion of the control system.The participants received written 

information about the study and were asked to give their 
written consent to be included. The study received ethi-
cal approval from the Ethics Committee of the Research 
Group for the Development of Inclusive Technologies and 
Educational Innovation (GIDTIITEC), which belongs to 
the Academic Department of Computer Systems of the 
Universidad Autónoma de Baja California Sur. The study 
had the participation of ten volunteers, who had no expe-
rience with motorized wheelchairs, or the sensors used 
in the prototype. Depending on the mode selected for 
wheelchair control, the switches were activated. Prelimi-
nary tests were performed for each of the implemented 
functions.

1.	 Head movements. Ten (10) users participated in head 
movement detection tests. The EDA was able to cap-
ture signals from the head movements registered by the 
accelerometer, process them, and execute the wheelchair 
travel orders. The head tilt control worked as expected. 
Users made the corresponding turns by tilting their 
heads to the right or left. When users tilt their heads 
forward or backward the wheelchair moved accordingly. 
While the head was kept straight, the wheelchair stopped 
moving. The test performed with the accelerometer is 
shown on the lower right corner of Fig. 7.

	   Table 1 shows test results using head movements.
2.	 Muscle flexions. The EDA was able to capture signals 

from the flexing of fingers registered by the flex sensor, 
process them, and execute movement orders through 
the light navigation system. The light navigation system 
begins to cycle through each of the available options. 
When the light illuminates the desired movement option, 
users flex their finger to start the wheelchair with the 

Fig. 5   Moments of work for the development of EDA

Fig. 6   Electronic Device Adaptable

Table 1   Response test results using head movement

Head movement Control command Correct Accuracy (%)

Left Left turn 9 90
Right Right turn 9 90
Up Back movement 9 90
Down Forward movement 10 100
Average Accuracy 92.5%

Table 2   Response test results using muscle flexions

Control command Correct Incorrect Accuracy (%)

Left turn 9 1 90
Right turn 8 2 80
Back movement 8 2 80
Forward movement 9 1 90
Average Accuracy 85%
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illuminated option. They must keep it flexed until they 
want to stop the movement of the wheelchair. The test 
performed with the flex sensor is shown in the upper left 
corner of Fig. 7.

	   Table 2 shows test results using flex finger movement.
3.	 Muscle contractions. The EDA was able to capture sig-

nals from the contraction of arm muscles registered by 
the myoelectric muscle sensor, process them, and exer-
cise the wheelchair travel commands through the light 
navigation system. The light navigation system begins 
to cycle through each of the available options. When 
the light illuminates the desired movement option, the 
user makes a muscle contraction to start the wheelchair 
with the illuminated option, and must keep the muscle 
contracted until they want to stop the movement of the 
wheelchair. The test performed with the myoelectric 
muscle sesnsor is shown in the photo in the upper right 
corner of Fig. 7.

	   Table 3 shows test results using muscle contractions.
4.	 Voice control. The EDA was able to capture the sig-

nals from the voice commands registered by the mobile 
application, processed them, and executed the wheel-
chair travel orders. The voice control responded cor-
rectly to the different voices of the people who used the 
wheelchair. The test performed with the mobile device 
is showin in the photo on the lower left corner of Fig. 7.

	   Table 4 shows test results using voice command.
5.	 Light navigation system. The EDA was able to capture 

the signals coming from the navigation control system 
by lights activated by flexing or contracting muscles, 
process them, and executed the wheelchair travel orders.

A precision parameter is used to evaluate the performance 
of the selected mode to control the movement of the wheel-
chair. In the mode for detecting the user’s head movement, 
accuracy is the overall success rate when the user makes a 
particular head movement and the system responds with the 
corresponding control commands on the wheelchair. The 
results of the response test, presented in Table 1, show that 
the success rate of a particular head movement with aver-
age precision is 92.5%. In muscle flexions mode, precision 
is the overall success rate when the user selects a particular 
movement through finger flex and the system responds with 
the corresponding control commands on the wheelchair. The 
results of the response test, presented in Table 2, show that 
the success rate in flexing muscles with average precision 
is 85%. In muscle contraction mode, precision is the over-
all success rate when the user through muscle contractions 
selects a particular movement and the system responds with 
the corresponding control commands on the wheelchair. The 

Table 3   Response test results using muscle contractions

Control command Correct Incorrect Accuracy (%)

Left turn 9 1 90
Right turn 8 2 80
Back movement 8 2 80
Forward movement 7 3 70
Average Accuracy 80%

Table 4   Response test results using voice command

Voice command Correct Incorrect Accuracy (%)

Left 10 0 100
Right 10 0 100
Go 10 0 100
Reverse 9 1 90
Stop 10 0 100
Average Accuracy 98%

Table 5   Security system test results

Mode selected Correct Incorrect Accuracy (%)

Head movement 10 0 100
Muscle flexions 10 0 100
Muscle contractions 10 0 100
Voice command 10 0 100
Average Accuracy 100%

Fig. 7   Functional tests EDA
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results of the response test, presented in Table 3, show that 
the success rate in contracting muscles with average preci-
sion is 80%. In voice control mode, precision is the overall 
success rate when the user through voice commands selects 
a particular movement and the system responds with the cor-
responding control commands on the wheelchair. The results 
of the response test, presented in Table 4, show that the suc-
cess rate in voice control with average precision is 98%.

For safety reasons, an automatic stop mechanism was 
installed on the wheelchair. As part of the safety mecha-
nism, two HC-SR04 ultrasonic sensors were installed in the 
wheelchair to detect unevenness or the presence of an object 
that obstructs traffic in those areas where there is not a good 
angle of vision. Taking a reverse movement as an example, 
when one of these sensors is activated a signal is sent to 
the microcontroller and the motors are stopped immediately. 
In order to verify the operation of the security mechanism, 
various tests were carried out to detect obstacles, steps and 
unevenness in the four implemented modalities. In all cases 
the system worked correctly, as can be seen in Table 5.

5 � Conclusions

According to UN data, 80% of people with disabilities in the 
world live below the poverty line [28]. A study carried out 
by the Adecco and Keysight Foundation shows that approxi-
mately 55% of people with disabilities continue to encoun-
ter barriers to using conventional technological tools, and 
most of these barriers are economic [1]. For this reason, it 
is essential to develop accessible technology for low-income 
people.

This paper presented the design and construction of an 
electronic device adaptable to a motorized wheelchair, serv-
ing as a navigation system.The tests carried out demonstrate 
the viability of the prototype. This prototype, unlike other 
similar devices, was developed with very little investment, 
making it low-cost and therefore accessible to people with 
limited resources. The prototype also provides flexibility 
to change the way the wheelchair is controlled, in order to 
adapt to the different needs of each individual.

The implementation of an accelerometer with a gyro-
scope is considered an improvement point of the project. 
The commands to turn right or left can be made by turning 
the head to both sides and not by tilting the head to the right 
or left, as is done with currently used accelerometers

As a future enhancement, a mobile application could col-
lect additional data which would allow users to monitor and 
analyze health information such as heart rate, temperature, 
and oxygenation, among others.

Undoubtedly, Information and Communication Technolo-
gies (ICT) are a powerful tool toward social inclusion, espe-
cially in developing countries.
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