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Electric power wheelchairs (EPWs) enhance the mobility capability of the elderly and the disabled, while the
human-machine interaction (HMI) determines how well the human intention will be precisely delivered and how
human-machine system cooperation will be efficiently conducted. A bibliometric quantitative analysis of 1154
publications related to this research field, published between 1998 and 2020, was conducted. We identified the

development status, contributors, hot topics, and potential future research directions of this field.

EPW driving HMI methodology bibliometric analysis research status emerging trends

| 1. Introduction

HMI is an essential technology, especially for the EPW. With the rising need for better life quality for all, there has
been an increasing demand for affordability, ease of use, safety, and humanization for the EPW and its HMI. The
vigorous development of autonomous ground vehicles and multimodal perception technology has led to an
upgrade of the potential of the human-machine system’s capability and accordingly the driving behavior. Moreover,
it has gradually transformed, from assistive equipment to carry people here and there, to a hybrid human-machine
collaboration partner with diverse merits from the aspects of extended functionality, usability, feasibility, and social
technology. In most cases, the HMI defines how people cooperate with the EPW,; the effects can affect the
adoption of the entire system, or even impact the overall success or failure of an EPW. Therefore, it is important to
conduct the HMI research for the EPW, since the dedication to HMI implies not only a positive attitude regarding
the latest advances in perception and information conveying technology but also the understanding of users and

their needs.

Due to the advent of powerful low-cost computer equipment, and expanding application and in-depth research of
HMI technology, the development of robotics, and growing recognition of the needs and potential of the disabled,
more attention has been focused on the study of EPW HMI methodology, and numerous academic outputs have
been published accordingly. These studies apply the latest progress in technology or human-centered design
frameworks to conduct direct and in-depth investigations into specific EPW HMI scenarios. Therefore, a systematic
analysis that presents an overview of the evolving research over the past few decades and conveys the latest
progress of EPW HMI is essential. However, to the best of our knowledge, there is still a lack of more systematic
guantitative review work on the EPW HMI. Thus, this paper concentrates on conducting a visualized bibliometric
analysis of academic publications from the Web of Science (WOS) to determine the development status,

contributors, hot topics, and latest trends.
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The contributions of this work are listed as follows:(1)To the best of our knowledge, our work is the first up-to-date
systematical review work on relevant HMIs for the EPW which is essential in the EPW human-machine loop and
socio-technical meaning.(2)This work interprets the EPW HMI objective quantitative bibliometric analysis, which
differs from the conventional qualitative review.It presents and analyzes the essential aspects of the corresponding
bibliometrics, including Journal co-citation map, collaboration-ship, co-authorship, co-citation-ship of author and
references, and keywords co-occurrence-ship.(3)This work focuses not only on the aspects of engineering and
intelligence but also includes relevant works from the field of socio-technical system design and interaction design.
Compared with review works from a pure engineering viewpoint, our work is solid regarding interdisciplinary

research and cooperation.

The remainder of this paper is organized as follows. In the next section, we provide a literature review of EPW HMI
methodology. Then, we describe the data collection procedure and analysis methods. Next, we present the main
results of the bibliometric analysis and a discussion of the findings. Finally, we conclude the key findings and

explain the contributions and limitations of this work.

| 2. Literature Review on EPW HMI Methodology

Due to the advancement of speech recognition, pupil detection, computer vision, electro-ophthalmogram (EOG),
electroencephalogram (EEG), and electromyography (EMG) technologies, there are numerous academic reports
on EPW HMI research. Cooper et al.compared the isometric joystick with a conventional position-sensitive joystick
during a driving task in a virtual environment and a real environment. The isometric joystick converts the force
vector exerted by the operator’s hand into the magnitude and direction of the input, having the possible advantage
of reducing the cognitive overhead normally required to monitor joint orientations and torques plus the inertia
generated by the mobile limb. Their study found that performance with an isometric joystick and a conventional
position-sensing joystick was similar while performing selected driving tasks in both virtual and real environments,
supporting additional testing of the isometric joystick as an interface device Ll. Barea et al. introduced an EOG-
based eye control method that can be used to guide and control wheelchairs [&. By combining EOG and EMG
technologies, Tsui et al.proposed an EPW hands-free control system that can analyze EMG signals of eyebrow
movement and EOG signals of eye movement and convert them into steering control commands (forward, left,
right, etc.)for wheelchair driving Bl Faria et al.used voice commands, facial expressions, head movements, and
joysticks as main inputs to control wheelchairs through a flexible multimodal interactive interface. They evaluated
the use of the smart wheelchair (SW) in real and simulated environments to demonstrate its practicability and
usability . Grewal et al. introduced a new type of automatic wheelchair with a sip-and-puff (SnP) user interface,
which can alleviate users’ fatigue compared with traditional SnP-controlled wheelchairs Bl. Kim et al. applied the
tongue drive system (TDS) to drive the wheelchair, giving people with severe motor impairment access to a
computer and a wheelchair. They proved that the TDS has a better performance in terms of speed and accuracy
than the SnP system [ElZ (turrate introduced a non-invasive brain-powered wheelchair using a P300
neurophysiological protocol and automated navigation E. Long et al. introduced the hybrid brain-computer

interface (BCI) to solve the problem of previous BCI systems not providing the multiple independent control signals
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needed for the continuous control of wheelchairs. The hybrid BCI provides control commands with higher accuracy
for users [, These studies prove the usability of EPW driving for severely disabled people, improving the mobility

experience of users, and helping the disabled and the elderly achieve self-independence.

There are also some reviews of HMI methods for EPWSs.Lebedev reported that brain-machine interfaces (BMIs)
have undergone rapid development in recent years and have a broad range of clinical goals, in addition to
enhancing normal brain functions 9. Phinyomark et al. reviewed the latest EMG-controlled EPW technologies and
various EMG-based control methods and summarized the achievements of EMG 11, Simpson et al. summarized
the current technical status of SWs and the direction of future research. Leaman et al. gave a complete overview of
the research trends in SWs, including input methods 213l The integrated and analyzed numerous individual
studies. Most, however, were expert dependent, and, to a certain degree, this individual preference leads to a lack
of objective, systematic quantitative analysis in this field. Thus, this paper concentrates on filling the gap in EPW

HMI methodology research by performing a visualized bibliometric analysis of academic publications in this field.

| 3. Bibliometric Results and Discussion

It can be seen from these analyses that the landmark studies on EPW HMI methodology research mostly focus on
BCWs.These studies confirm the critical role and widespread application of BCI in EPW HMI, indicate the main
neurophysiological protocols used in BCl-based HMI, and reflect the continuous improvement of BCl-based EPW
HMI performance. Two studies introducing the shared control architecture demonstrate that man-machine
collaborative control is an adaptive form of cooperation between humans and machines in EPW HMI because it
fuses multiple information sources, decides on appropriate maneuvers for execution, takes advantage of the
respective benefits of humans and machines, and reduces the workload of human operators. In addition, safety,
efficiency, accuracy, and user workload were important metrics for EPW HMI evaluation in these studies, showing
that traditional machine performance and human factors are both considerations in determining the success of
EPW HMI design.

Top 10most cited references in EPW HMI methodology research.

Keyword analysis is used to gain more insight into the substance of a field and can identify current research
hotspots and future directions [14].CiteSpace can detect keywords with the highest frequency and align them based
on their appearance time. These functions can be used to depict the knowledge structure of focus and potential
future trends visually. To reduce noise, we first combined words with the same meaning, such as brain-computer
interface; electroencephalogram (EEG), and electroencephalogram; people and individual; disabled person and
disabled people.

To determine the evolution of the research focus, a time zone view of the keywords is illustrated, and this
visualization arranges the keywords according to the time of their first appearance.EOG and EMG were used as
input interfaces for EPW HMI before 2007 1316 The extensive appearance of intelligent wheelchairs, BCI, and

EEG in 2007, consistent with the first sharp increase in EPW HMI methodology research publications stated,
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indicates that research on brain-controlled wheelchairs has flourished since 2007 due to the advancement of BCI
technology and EEG application. Motor imagery, P300, and SSVEP appeared in 2012, 2014, and the same year
2014, respectively, indicating that research has focused on further exploration of BCl-based HMI to realize better-
humanized control (continuous control and prevention on fatigue driving) of wheelchairs [EIRILAMLSILN20121] The
appearance of signals, recognition, feature extraction, classification, and neural networks focusing on information
processing and shared control focusing on control strategies proves that not only machine performance (efficiency
and accuracy) but also human factors (comfort and independence) are increasingly considered in EPW HMI

research [221123][24][25][261[27](28][29] The relatively large nodes of the time zone map in recent years, such as speed,

tetraplegia, brain, switch, eye movement, and human-robot interaction, demonstrate that speed control (high
speed, low speed) and state (moving forward, stopped) or control mode switching [BQE1B2IE83] the application of
computer technology (neural network, deep learning)24, the development of novel EOG-based HMI 22 and the

accessibility of people with tetraplegia 28, have become hot topics in recent years.
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