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Abstract: Welfare refers to the state of happiness and well-being experienced by a person.
Welfare robots can directly contribute to people’s happiness and well-being. Specific welfare
robots include health promotion robots, rehabilitation robots, assistive robots, nursing care
robots, etc. Welfare robots are used in human living spaces and exert actions on humans
through force and information. Because industrial robots that handle objects prioritize
high speed and efficiency, if their control methods were to be applied directly to welfare
robots, the results would be unsatisfactory and extremely dangerous. This paper proposes
a method for constructing a human-machine system for welfare robots that includes the
estimation of the user’s work intention, a measurement of riding comfort, and motion
generation. Furthermore, various types of welfare equipment for people with walking
disabilities have been developed, but most of them have a single function. Equipping small
homes with many single-function devices is difficult, and their use is complicated and not
standardized. Therefore, in this study, we developed a multifunctional assistive robot that
integrates mobility, transfer, work support, and training. It is a typical welfare robot and
is effective in preventing a user’s minor disabilities from becoming more severe. In this
paper, we discuss the research challenge points of human-machine welfare robot systems
and their current situation using the multifunctional assistive robot as a typical example.

Keywords: welfare robots; multifunctional assistive robot; human-machine system; intention
estimation; measurement of riding comfort; motion generation

1. Introduction

A recent survey by the United Nations revealed a demographic shift owing to a decline
in births and an increase in the elderly population [1]. For the first time in history, the
elderly population over the age of 65 has surpassed the number of children under the
age of 5, and their population is expected to increase by more than double by the middle
of the twenty-first century. The world is now rapidly aging and is about to experience a
super-aged society, as defined by the United Nations [1,2].

In an aging society worldwide, if social well-being (health, medical care, assistance,
nursing care, etc.) is universally improved, older people will be able to live happily with no
worries. To improve people’s well-being, prolong healthy life expectancy, and achieve a society
in which all people are happy, many countries have implemented strategic countermeasures.
In the field of robotics, various welfare robots are being developed [3-8]. Welfare refers to the
state of happiness and well-being experienced by a person, and welfare robots are robots
that can directly contribute to people’s happiness and well-being. Welfare robots operate in
human spaces, interacting directly with and serving humans. The scope of welfare robots is
broad but not abstract. Robots that can contribute specifically to health promotion (disease
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prevention), rehabilitation medicine (functional recovery), and life support (functional
assistance) can be collectively referred to as welfare robots [3]. As a solution to the problems
of an aging society, the field of research into welfare robotics comprises three primary areas:
health promotion, rehabilitation medicine, and functional assistance.

First, age is not an essential problem in an aging society. The more experienced
and healthier the elderly population is, the more efficient society as a whole will be.
All things in nature undergo the process of “birth, growth, maturity, decay, and death”,
including human beings. For each individual, if the process of “ripeness — decline” can
be prolonged, a high-quality life can be achieved. A long and healthy life is a happy life,
which can result in a vibrant society [3]. In order to promote people’s health, a riding
robot system was developed using a six-degrees-of-freedom parallel robot that faithfully
reproduces the movements of a live horse and uses virtual reality (VR) technology [3,9].
The effects of exercise intervention using the equestrian robotic system were examined, and
significant improvements were observed in all measured items for frail elderly and young
people [10,11]. Furthermore, a new robotic horseback-riding simulator was proposed, and
multiple equine therapies for treating gross motor function in children with cerebral palsy
were developed [12-14].

Next, owing to changes in the living environment, eating habits, and various stresses,
humans can become ill, similar to machines that break down due to strain. Chemical
approaches using medicine are available to cure illnesses, as well as physical approaches
such as surgery and rehabilitation. If a person is unable to walk owing to a cerebral
infarction or spinal cord injury and is unable to recover, their range of activities will
gradually narrow, their mental and physical aging will accelerate, and they will often
become bedridden [15,16]. Therefore, in the field of rehabilitation medicine, gait training as
a physical function recovery is considered the most important, and various gait training
devices have been developed [17-19]. Recently, an omnidirectional gait training robot was
researched and developed to improve gait while correcting posture [20].

However, in some cases, walking function cannot be restored even with gait training.
Enabling independent living by assisting lost functions is one of the aims of the field of
welfare robots [3,4]. Thus, as a physical functional aid for people with walking disabilities,
electric wheelchairs have been actively researched and developed, but most of them are
only a passive means of transportation [21-25]. People with walking disabilities are also
prone to upper body disuse syndrome. Elderly people who are essentially gait-impaired
tend to stay in bed and eventually rapidly fall into a bedridden state [26,27]. Recently,
various devices have been developed for people with walking disabilities or weak standing
posture, such as silver cars for mobility, walking wheels, electric wheelchairs, training
walkers, chairs to support standing, and lifts for transfers. However, most of these devices
have only a single function. Equipping a small home with many single-function devices is
difficult. The use of these devices is not standardized and can be cumbersome. Therefore, in
this study, we developed a multifunctional assistive robot that integrates mobility, transfer,
work support, and training as an effective and easy-to-use functional assistance robot for
preventing mild disabilities from becoming more severe.

Furthermore, the control theory for industrial robot systems that handle objects was
largely established in the early 1990s. Target values (position and velocity) are given
externally, and high speed and efficiency are pursued. In contrast, welfare robots that aid
humans do not require high speed; they provide functional assistance by exerting force
on the user. If the control methods of industrial robot systems were directly applied to
welfare robots, the results would be unsatisfactory and extremely dangerous. In addition,
the target values (position and speed) of the welfare robot system are not given externally;
instead, the support motion that satisfies the user’s intention and riding comfort must



Appl. Sci. 2025, 15,1621

30f15

be generated internally and automatically. Therefore, this paper proposes a method of
constructing a human-machine system for welfare robots that includes an understanding
of a user’s intention, a measurement of riding comfort, and motion generation.

In this paper, we first describe the features, prototype, and mathematical model of
a multifunctional assistive robot. Next, we propose a method for constructing a human—
machine system for welfare robots. We discuss the research challenge points of servo
control, intention understanding, riding comfort measurement, and motion generation
in the human-machine system, assessing the current situation using a multifunctional
assistive robot as a typical example. We also discuss a trial use of the multifunctional
assistive robot in a welfare facility and hospital. Finally, we describe the prospects of the
human-machine system for welfare robots.

2. Multifunctional Assistive Robot

Currently, various devices and robots are being developed to support the living and
rehabilitation of elderly people and people with disabilities. However, due to the single
function of these devices, they cannot meet the needs of all the basic movements required
for independent living. It is also difficult to equip a small home with a large number of
single-function devices. In addition, the use of these devices is not standardized and is
complicated. For assistive robots to truly contribute to the popularization of society, robots
must be multifunctional. In this study, we developed a multifunctional assistive robot that
integrates transferring, moving, training, and work support, which are considered to be
the most basic functions in daily life.

2.1. Robot Features

The multifunctional assistive robot is shown in Figure 1. For use in small homes or
private rooms in facilities, it uses omnidirectional movement technology with small high-
power omni-wheels. The seat is fabricated from soft material. Unlike ordinary wheelchairs,
the seat is narrower in the front than in the rear, enabling use in a straddling position. This
enables the user to perform various daily activities.

Joystick

Force Sensor

Heighten and
Lower Supporter

.

Microcomputer

Controller
Omni-Wheel

: >
Omni-Wheel Posture Sensor

Power Cord Omni-Wheel

Figure 1. Multifunctional assistive robot.

As shown in Figures 1 and 2, the safety bar enables the left and right armrests to rotate
in a 90° range and the foldable backrest to retract 180° to the rear to achieve zero-distance
access to a bed, sofa, or toilet bowl during transfers. The height can be adjusted vertically
to accommodate users of different heights and to work at different altitudes and heights. A
joystick is also provided, but it can be stored in the lower part of the wheelchair, similar to
the driving operation of an electric wheelchair. This enables the user to climb on and off
the wheelchair from a chosen direction and in a comfortable posture. Electric cords and a
microcomputer are placed in a control box or pipe to conceal them.
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(a) Cleaning.

Figure 2. Height adjustment and storage underneath.

With a posture sensor attached to the main body, the system measures the relative
relationship between objects and people during autonomous movement in a room and
guides the user to their destination while avoiding the objects. Force sensors are installed
in four locations to measure the position of the user’s center of gravity and the direction
from the center toward the center of gravity in real time, enabling operation by turning the
body to one side.

It has three operation methods: O the hand operation mode, (2 the foot operation
mode, and (@) the body tilt operation mode. Operation mode (D is used for mobility and
work assistance; operation mode (3) is used for training and rehabilitation; and operation
mode (2 is used for transfers. Operation mode (1), which uses a joystick, is the same as
operating a normal electric wheelchair, but mode @), which uses the feet, and mode (@),
which uses body tilt, are modern and easy to switch between each other, enabling the user
to operate them instantly.

Figure 3 shows example uses of the multifunctional assistive robot that maximizes
the use of upper body locomotors to prevent a person with a walking disability from
becoming bedridden.

Figure 3a—g show images of various work supports such as cleaning, carrying, and
meal preparation; Figure 3h,i show images of moving in a confined space and avoiding
obstacles; Figure 3j-1 show transfer support; Figure 3m shows stand-up support; and
Figure 3n shows seated walking training.

2.2. Robot Prototype

The prototype of the multifunctional assistive robot is shown in Figure 4. Figure 4a,b
show the altitude adjustment of the main body, and Figure 4c shows the left and right
armrests rotated at 90° and the foldable backrest stowed backward at 180°.

/e
S
y

(b) Transportation. (c) Wiping a table.

Figure 3. Cont.
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(i) Obstacle avoidance.
.l/_.;
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(m) Rising up. (n) Seated-position walking training.
Figure 3. Example uses of the multifunctional assistive robot.

The outer diameter is W630 mm x D670 mm x H760 to 1070 mm, the adjustable seat
height range is 400 to 710 mm, and the cart weight is about 40 kg. All three drive wheels
use an omni-wheel unit integrating a motor and reduction gear. The power source is a
lead-acid battery that operates continuously for 3 to 4 h on a full charge. The maximum
passenger weight is 80 kg, and the travel speed is 1.07-2.73 km/h.

2.3. Mathematical Model

To develop the control method, we derived the kinematics and dynamics of the
multifunctional assistive robot. The coordinate setup and structural model are shown in
Figure 5.
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(c) Lower storage.

Figure 4. Prototype of the multifunctional assistive robot.

0

Figure 5. Robot coordinate settings and structural model.

The parameters in Figure 5 are defined as follows:

Y.(x,y,0): Absolute coordinate system.

Y. (xt, ¥, C): Relative coordinate system.

F = (fg, f;, fr)T: Driving force vector.

Ve = (Vex ch)T = (xc,yC)T: Movement speed vector.

V = (vg, vy, Vr)TZ Tangential velocity vector of each drive wheel.

11,15,13: Distance from the driving wheel to the geometric center.

0(t): Angle between the x- and y-axes.

@(t): Angle between the x-axis and the moving speed.

«: Angle between the front and left (or right) wheel directions.

B: Angle between the left and right wheel directions.

m, M: Mass of the robot; weight of the user.

I: Moment of inertia around the Z-axis passing through the center of gravity, G, of
the robot.

dy: Distance between the robot’s center of gravity and the center.

dy: Distance between the user’s center of gravity and the center.

ds: Distance between the centers of mass of the robot and the user.

For this coordinate system, the kinematics are described in Equation (1) and the
dynamics are shown in Equation (2).

—sin(0) cos(6) I [xc vf
—sin(a+ 0) cos(a+0) DL |yc| = |u 1)
—sin(a+B+0) cos(a+p+6) I3| |6 Uy
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3. Human-Machine System for Welfare Robots

Welfare refers to the state of happiness and well-being experienced by a person.
Welfare robots can directly contribute to people’s happiness and well-being [3]. Specific
welfare robots include health promotion robots, rehabilitation robots, assistive robots,
nursing care robots, etc.

In this chapter, we first explain the differences between industrial robots and wel-
fare robots in terms of system construction; then, we propose a human-machine system
construction method for welfare robots. Next, using a multifunctional assistive robot as
an example, the characteristics of welfare robot systems and the challenge points of the
research are discussed.

3.1. Human—Machine System Construction

As shown in Figure 6, in an industrial robot system, the control object is an inanimate
object, and the target values of the system, such as position and speed, are given externally,
with the aim of attaining high speed and efficiency.

practical
input Trodusteisl position and speed
Controls |——» Workpiece f———m>
Robots

S '

| ensor |<

Figure 6. Industrial robot system.

In welfare robot systems that interact with people, their purpose is to robotically assist
the user in moving around, assisting in their daily life and activities, and so on. Therefore,
welfare robot systems do not need to attain high speed or high operational efficiency. If
conventional control methods for industrial robot systems were directly applied to welfare
robots, one would attain unsatisfactory control results, and great danger would be posed
to a user. Constructing a welfare robot system requires the robot to understand the user’s
intent (orientation intent, behavioral intent, etc.) and to consider the user’s comfort, posture,
and center-of-gravity position during the control process; the system’s target value is not
given by a higher-level system but is automatically generated within the system under the
premise of satisfying the user’s intent and comfort. In this paper, as shown in Figure 7, for
the welfare robot, we propose a human-robot system construction method that includes
an understanding of the user’s intention, the measurement of ride comfort, and motion
generation. In other words, we construct a total system that considers the user’s intentions
and riding comfort, generates safe actions based on those data, and safely controls the robot
(Figure 7).
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Figure 7. Human—machine system for welfare robots.

In the following sections, we discuss the research challenge points that arise in ad-
dressing welfare robot human-machine systems and the current situation, as shown in
Figure 7, using the multifunctional assistive robot shown in Figures 1 and 3 as an example.

3.2. Servo Control

As shown in Figure 3, the multifunctional assistive robot assists the user not only in
moving but also in transferring, standing, daily tasks, and seated-position walking training.
Therefore, advanced servo control methods are required.

3.2.1. Handling Center-of-Gravity Misalignment

In daily work and seated walking training, the center of gravity of the robot shifts
from its geometric center, owing to the influence of the user’s upper body movements
(e.g., changes in the sitting position and posture). If the driving force acting on the robot is
left unchanged, the robot generates extra rotational motion in its linear motion, owing to
center-of-gravity misalignment. This not only affects the accuracy of the robot’s trajectory
tracking but may also cause the robot to fall over.

The problem of center-of-gravity misalignment is an important issue for welfare robots.
However, the extent of the center-of-gravity misalignment varies greatly depending on
the actual use case (work content). For example, when a user is working in front of a
table, as shown in Figure 3c,d, or moving, as shown in Figure 3h,i, there is only a small
center-of-gravity misalignment. If the center-of-gravity misalignment is within a negligibly
small range, the most practical and effective PID control method is sufficient. However,
there are sweeping tasks, as shown in Figure 3a, transfers, as shown in Figure 3j-1, and
standing and seated walking training, as shown in Figure 3m,n; these have a large range
of center-of-gravity offsets. For the problem posed by wide ranges of center-of-gravity
shifting, the adaptive-control method of identifying the center-of-gravity position, although
effective, is not practical if the center of gravity is not homogenized quickly. In response
to this, several advanced control methods have been proposed [28-31]. However, these
methods has not been experimentally verified.

3.2.2. Handling Nonlinear Frictional Forces

To enable use in a narrow environment, the multifunctional assistive robot uses a
small Mecanum wheel with a built-in motor and sensor. Unlike conventional wheels, the
frictional force on the Mecanum wheel from the floor is nonlinear and depends on the angle
between the body and the direction of movement, which is a challenge for servo control.
Furthermore, the frictional force differs significantly between different flooring materials,
such as wood-based, fiber-based, and resin-based flooring. In order to fundamentally solve
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this nonlinear friction problem, a digital acceleration control method based on the physical
motion process of the mechanical system was developed [32]. However, since the inertia
matrix of the digital acceleration control method is known, it is not yet applicable to the
various cases shown in Figure 3 without improvement. A feedforward friction observer
was also proposed [33]. Regarding the nonlinear friction problem, there is great potential
for developing simple and effective control methods to deal with nonlinear friction—this
would be useful not only for welfare robots but also in the field of robotics as a whole.

3.2.3. Safety Control

Unlike industrial robots, the welfare robots do not control objects but humans. Welfare
robot are used in human living spaces and exert actions on humans through force and
information. Therefore, safety must be ensured.

A common safety measure for robots is the installation of hardware such as emergency
stop buttons, safety circuits, and speed-limiting mechanisms. However, a more important
aspect is to achieve safety and security from the perspective of control. We only need to
examine the process of a human driving a car to easily understand its importance. The
driver is equivalent to the controller, and the driving method in the brain is equivalent to
the control algorithm. Most traffic accidents are not caused by the fault of the car itself but
by the wrong driving method being employed by the driver. Therefore, controller design
that ensures safety is essential for welfare robot systems. Research on controller design
for safety has been conducted in the development of omnidirectional walking training
robots [34]. It can be extended to multifunctional assistive robots. Regarding safety control,
model-free safety-critical control, safety-based speed control using robust adaptive model
predictive control, and fast computational path tracking control strategies considering
safety and stability are also proposed [35-37].

3.3. Intention Estimation

The user’s intentions (e.g., direction of movement, transfer, various tasks, standing,
sitting, and gait training) can be transmitted to the robot by operating joysticks or other
devices. However, as shown in Figure 3, when no hand is available to operate a joy-
stick or another device when carrying an object with both hands (Figure 3b) or cleaning
(Figure 3a), the assistive robot must estimate the user’s motion intention to provide appro-
priate assistance.

Human intentions, especially those expressed as fuzzy concepts, are difficult to infer
using binary logic reasoning methods [38-40]. Based on a distance-type fuzzy inference
method, we developed an approach for inferring the user’s intention (direction of move-
ment, transfer, various tasks, standing, etc.) from upper body motions via wearable
sensors [41]. However, for more complex intent inferences, an inference method that type-2
fuzzy inference or extends fuzzy sets to graphs would be more effective [42-45].

3.4. Measurement of Ride Comfort

As shown in the human-machine system of the assistive robot in Figure 7, a human
who has difficulty walking is transported during the movement and work support oper-
ation. This is fundamentally different from the industrial robot shown in Figure 6, and
the comfort of the person being moved must be considered. Ride comfort can be assessed
essentially by the acceleration to which the human body is subjected. There are various
methods of measurement. We have developed a simple method: a force sensor is embedded
in the soft seat, allowing the acceleration of the user’s center of gravity to be calculated in
an approximate manner. If the acceleration of the center of gravity produced by the motion
is moderate, good ride comfort can be achieved. However, based on the experimental
results, further improvement in accuracy is needed.
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3.5. Motion Generation

Because the welfare robot operates in the same space as humans, it must generate
motion that provides security to humans while ensuring safety. In other words, it must
generate paths and trajectories for comfortable assistance. Although many path and
trajectory planning methods have been proposed for industrial robots to achieve high
speeds, these are not applicable to welfare robots that assist humans. Welfare robots must
generate safe actions based on a user’s work intention in a safe domain; ride comfort
information can be obtained from ride comfort measurements. If robots are controlled by
reassuring motions, robots can assist people in their lives in a safe and reassuring way. This
is a challenging topic that has not yet been fully researched.

4. Robot Trial and Discussion

In order to confirm the practicality of the developed multifunctional assistive robot,
trials were conducted in a nursing home (12 patients) and in a rehabilitation patient ward
(2 patients) and interviews were conducted. In addition, the feasibility of seated gait
training was verified in a university laboratory (3 patients). These trials and experiments
were reviewed by the Ethical Review Committee of Kochi University of Technology prior
to their commencement. The license number was 31-132.

4.1. Trial Use

Figure 8 shows some of the uses of this robot in a nursing home. Figure 8a shows
someone explaining the use of the robot. Figure 8b shows the rising-up operation. Figure 8c
shows the robot moving laterally in front of a table. Figure 8d shows the transfer from a bed.
Figure 8e shows the transfer to a bed. Figure 8f shows the transfer from a sofa. Without any
special training or practice, the trial went smoothly. It is recognized that welfare facilities
require assistive robots with a variety of functions.

141

(d) Transferring from the bed. (e) Transfer to the bed. (f) Transferring from the sofa.

Figure 8. Trial of the multifunctional assistive robot in a welfare facility.

Rehabilitation patients tried the robot in their wards and toilets. The trials are shown
in Figures 9 and 10. Figure 9a shows the patient sitting up from the bed. Figure 9b,c
show the transfer from the bed. Figure 9d,e show movement within a small hospital room.
Figure 11f shows the movement in the hallway. Figure 10a,b show the transfer from a toilet
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bowl, and Figure 10c shows the robot leaving the toilet. The above trials were performed
smoothly without any special training or practice.

(c) Transfer completed.

g I
&
3 g f

(d) Moving around indoors. . (e) Going through the door. (f) Moving in the hallway.

Figure 9. Trial in a rehabilitation patient’s room.

WA Y

(a) Transfer from the toilet. (b) Transfer completed. (c) Exiting the toilet.

Figure 10. Trial use of the multifunctional assistive robot in a restroom.

(@) Forward-facihg :craining. (b) Béck-facing training. (c) Turning sideways.
Figure 11. Seated-position walking training.

We also conducted a seated walking training experiment in the university laboratory.
The experimental situation is shown in Figure 11. Figure 11a shows the experimenter
facing forward, Figure 11b shows the experimenter facing backward, and Figure 11c shows
training with the experimenter facing sideways. It is demonstrated that this robot can not
only assist in a user’s daily life but also perform a full range of walking training activities.

4.2. Discussion

Elderly people and people with disabilities who have difficulty walking or are unable
to walk at all are more likely to develop upper body disuse syndrome. There is a concern
that older adults who are otherwise only walking-impaired may become “bedridden older
adults” and rapidly end up in a bedridden state. Therefore, it is important for people
with walking disabilities to actively use their healthy upper body in order to retain as
much residual upper body function as possible. The purpose of this study is to promote
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upper body health and improve the self-care ability of people with walking disabilities
by assisting their physical function. Recently, various types of welfare equipment for
people with walking disabilities have been developed, but most of them have a single
function. Equipping small homes with many single-function devices is difficult, and their
use is complicated and is not standardized. In this study, we developed a multifunctional
assistive robot that integrates mobility, transfer, work support, and training. It is a typical
welfare robot.

Through the trial use of the multifunctional assistive robot in nursing homes, reha-
bilitation wards, and laboratories, the characteristics of the robot were verified, and the
importance of human—machine system construction for the application of welfare robots in
real society was recognized.

The following findings were confirmed regarding the robot’s characteristics.

1.  The robot uses omnidirectional movement technology (compact, low-speed, and high-
power omni-wheels). Thus, it can move smoothly even in small facilities or private
rooms in hospitals. When moving in front of a workbench in a small room, it can
easily achieve direct lateral movement rather than rotational advancement.

2. The height of the robot can be adjusted. Thus, it can accommodate users of different
heights and adjust to the height of the objects being transferred. Furthermore, it can
enable a user to reach objects in high places or on the ground.

3. The seat shape of the robot is narrower at the front than at the back, unlike a normal
wheelchair. Thus, the user can sit on the robot in a straddling position, which provides
a sense of security and enables the user to flexibly perform various movements.

4. The robot can achieve zero distance between itself and a bed or toilet when transferring.

o

A user can climb on and off easily in a comfortable position.

6. With an orientation sensor attached to the main unit, it can measure the relative
relationships between objects and people while moving autonomously within a room
and move to its destination while avoiding these obstacles.

In addition, industrial robots that handle objects are designed for high speed and high
efficiency; if their control methods were directly applied to welfare robots, the results would
be both unsatisfactory and very dangerous. This paper proposes a method for constructing
a human-machine system for welfare robots that includes an estimation of the user’s work
intention, measurement of riding comfort, and motion generation.

The multifunctional assistive robot is a typical example of a welfare robot. Through
trials of the multifunctional assistive robot in a welfare facility and rehabilitation ward, we
observed that a standalone, multifunctional, and independent assistive robot that achieves
various support movements should accurately understand the user’s intention, actively
generate motion, and control it in a manner that is both comfortable and safe for the user.

5. Conclusions and Future Research Directions

Over 7 million years of evolution, humans have coexisted with nature, pursued “life”
and “joy”, created tools and language, and achieved a high level of civilization. It took
humans only 100 years to extend their average lifespan by 50 years. In response to a
suddenly aging society, many countries worldwide have implemented corresponding
strategic countermeasures. Correspondingly, in the field of robots, diverse welfare robots
have been developed for health promotion, rehabilitation medicine, life assistance, disability
care, etc.

Various devices have been developed for people with walking disabilities and weak
standing postures, but most of them have only a single function. Equipping a small home
with many single-function devices is difficult, and their use is complicated and is not
standardized. In this study, we developed a multifunctional assistive robot that integrates
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transfer, mobility, training, and work support. It is a typical welfare robot. Furthermore,
industrial robots handle objects and prioritize high precision and speed; if those control
methods were to be applied directly to welfare robots, they would not yield satisfactory
results and would be extremely dangerous. Therefore, this paper proposes a human-—
machine system construction method for welfare robots that includes the incorporation
of intention estimation, riding comfort measurement, and motion generation. Using a
multifunctional assistive robot as an example of a welfare robot, the characteristics of
welfare robot systems and the challenge points of the research are discussed. We also
discuss the trial use of the standalone multifunctional assistive robot in welfare facilities
and hospitals.

This paper has clarified the concept of the welfare robot system and the necessary
functions and interrelationships of welfare robots from the perspective of control engineer-
ing. Therefore, we believe it can provide a paradigm for next-generation welfare robots
and inspire a new trend in research and development. The widespread use of this welfare
robot in society can reduce the workload of medical professionals and caregivers looking
after people with disabilities, expand the sociality of people with disabilities, improve their
quality of life, and reduce the number of people who are bedridden, thereby contributing
to the creation of a vibrant society.

Funding: This research was funded by the JSPS Grant-in-Aid for Scientific Research under Grant
number 24300203, the Canon Foundation, and the Casio Science Promotion Foundation.

Institutional Review Board Statement: The safety of the assistive robot was reviewed and approved
by the ethics committee of Kochi University of Technology prior to the experiment. The approval
number was 31-132.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The datasets generated during this study are available from the
corresponding author upon reasonable request. The data are not publicly available due to privacy.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. United Nations Department of Economic and Social Affairs. World Population Prospects; United Nations Department of Economic
and Social Affairs: New York, NY, USA, 2019.

2. Sander, M.; Oxlund, B.; Jespersen, A.; Krasnik, A.; Mortensen, E.L.; Westendorp, R.-G.-].; Rasmussen, L.-J. The challenges of
human population ageing. Age Ageing 2015, 44, 185-187. [CrossRef]

3. Wang, S.-Y. Robot Technology for the Health Promotion, Rehabilitation and Welfare. |. Jpn. Soc. Fuzzy Theory Intell. Inform. 2007,
19, 360-369. Available online: https://www.jstage.jst.go.jp/article/jsoft/19/4/19_360/_pdf (accessed on 5 March 2024).

4. Yasuoka, M.; Homma, K.; Akutsu, Y.; Matsumoto, Y. Key Practices for Welfare Robots provision. Assessment Framework and
Participation. In Proceedings of the 2021 IEEE International Conference on Advanced Robotics and Its Social Impacts (ARSO),
Tokoname, Japan, 8-10 July 2021.

5. Kyrarini, M.; Lygerakis, F.; Rajavenkatanarayanan, A.; Sevastopoulos, C.; Nambiappan, H.R.; Chaitanya, K K.; Babu, A.R;;
Mathew, J.; Makedon, F. A Survey of Robots in Healthcare. Technologies 2021, 9, 8. [CrossRef]

6. Ide, H.; Kodate, N.; Suwa, S.; Tsujimura, M.; Shimamura, A.; Ishimaru, M. The ageing ‘care crisis’ in Japan: Is there a role for
robotics-based solutions? Int. J. Care Caring 2021, 5, 165-171. [CrossRef]

7.  Romero-Garcés, A.; Bandera, J.P.; Marfil, R.; Gonzélez-Garcia, M.; Bandera, A. CLARA: Building a Socially Assistive Robot to
Interact with Elderly People. Designs 2022, 6, 125. [CrossRef]

8. Wengefeld, T.; Schuetz, B.; Girdziunaite, G.; Scheidig, A.; Gross, HM. The MORPHIA Project: First Results of a Long-Term User
Study in an Elderly Care Scenario from Robotic Point of View. In Proceedings of the International Symposium on Robotics (ISR
Europe), Munich, Germany, 20-21 June 2022; pp. 1-8.

9.  Shinomiya, Y.; Ozawa, T.; Hosaka, Y.; Wang, S.; Ishida, K.; Kimura, T. Development and physical training evaluation of horseback

riding therapeutic equipment. In Proceedings of the IEEE/ ASME International Conference on Advanced Intelligent Mechatronics,
Kobe, Japan, 20-24 July 2003. [CrossRef]


https://doi.org/10.1093/ageing/afu189
https://www.jstage.jst.go.jp/article/jsoft/19/4/19_360/_pdf
https://doi.org/10.3390/technologies9010008
https://doi.org/10.1332/239788220X16020939719606
https://doi.org/10.3390/designs6060125
https://doi.org/10.1109/AIM.2003.1225520

Appl. Sci. 2025, 15,1621 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Mitani, Y. The effect of Exercise Intervention Using a Horse-riding Simulator on Frail Seniors: A Crossover Design. Phys. Ther. Sci.
2013, 28, 157-163. [CrossRef]

Lim, J.-H.; Cho, W.-S,; Lee, S.-].; Park, C.-B.; Park, J.-S. Effects of mechanical horseback riding velocity on spinal alignment in
young adults. J. Phys. Ther. Sci. 2016, 28, 1836-1839. [CrossRef]

Qin, Z.; Guo, Z.; Wang, ]. Multiple Equine Therapies for the Treatment of Gross Motor Function in Children with Cerebral Palsy.
A Systematic Review. J. Community Health Nurs. 2024, 41, 82-95. [CrossRef] [PubMed]

Lee, W,; So, B.-R; Lee, Y.; Moon, C. A New Robotic Horseback-Riding Simulator for Riding Lessons and Equine-Assisted Therapy.
Int. J. Adv. Robot. Syst. 2018, 15, 1-11. [CrossRef]

Dominguez-Romero, ].G.; Molina-Aroca, A.; Moral-Munoz, ].A.; Luque-Moreno, C.; Lucena-Anton, D. Effectiveness of mechanical
horse-riding simulators on postural balance in neurological rehabilitation: Systematic review and meta-analysis. Int. ]. Environ.
Res. Public Health 2020, 17, 165. [CrossRef]

Hornby, T.G.; Reisman, D.S.; Ward, I.G.; Scheets, P.L.; Miller, A.; Haddad, D.; Fox, E.J.; Fritz, N.E. Clinical practice guideline to
improve locomotor function following chronic stroke, incomplete spinal cord injury, and brain injury. J. Neurol. Phys. Ther. 2020,
44, 49-100. [CrossRef] [PubMed]

Krishnan, C.; Kotsapouikis, D.; Dhaher, Y.-Y.; Rymer, W.-Z. Reducing robotic guidance during robot-assisted gait training
improves gait function: A case report on a stroke survivor. Arch. Phys. Med. Rehabil. 2013, 94, 1202-1206. [CrossRef]

Mehrholz, J.; Thomas, S.; Elsner, B. Treadmill training and body weight support for walking after stroke. Cochrane Database Syst.
Rev. 2017, 23, CD002840. [CrossRef] [PubMed]

Kim, J.; Park, H.-S.; Damiano, D.-L. An Interactive Treadmill Under a Novel Control Scheme for Simulating Overground Walking
by Reducing Anomalous Force. IEEE/ASME Trans. Mechatron. 2015, 20, 1491-1496. [CrossRef]

DeJong, A.E; Hertel, J. Gait-training devices in the treatment of lower extremity injuries in sports medicine: Current status and
future prospects. Expert Rev. Med. Devices 2018, 15, 891-909. [CrossRef]

Wang, S.; Ishida, K.; Enoki, H.; Yang, G.; Okuhata, K.; Ino, S.; Mizobuchi, Y.; Fujie, M.; Mukaidono, M. Development and Clinical
Evaluation of an Omnidirectional Walking Training Robot for Simultaneous Gait Improvement and Posture Correction. . Biomed.
Fuzzy Syst. Assoc. 2021, 26, 21-35.

Grand View Research. Wheelchair Market Size, Share & Growth Report; Technical Report; Grand View Research: San Francisco, CA,
USA, 2022.

Baltazar, A.R.; Petry, M.R,; Silva, M.E,; Moreira, A.P. Autonomous wheelchair for patient’s transportation on healthcare institutions.
SN Appl. Sci. 2021, 3, 354. [CrossRef] [PubMed]

Ryu, H-Y,; Kwon, J.-S,; Lim, J.-H.; Kim, A.-H.; Baek, S.-J.; Kim, J.-W. Development of an Autonomous Driving Smart Wheelchair
for the Physically Weak. Appl. Sci. 2021, 12, 377. [CrossRef]

Scudellari, M. Self-Driving Wheelchairs Debut in Hospitals and Airports. IEEE Spectr. 2017, 54, 14. [CrossRef]

Boninger, M. The Manual Wheelchair: What the SCI Consumer Needs to Know; The University of Washington Model Systems
Knowledge Translation Center (UW MSKTC): Seattle, WA, USA, 2011.

Dolbow, D.R.; Gorgey, A.S. Effects of use and disuse on non-paralyzed and paralyzed skeletal muscles. Aging Dis. 2016, 7, 68.
[CrossRef] [PubMed]

Fernandes, T.; Mendes, E.; Preto, L.; Novo, A. Experience of a mobilization and active exercise program on the range of motion of
bedridden patients with disuse syndrome. . Rehabil. Med. 2015, 19, 6420. [CrossRef]

Su, X.; Qing, F.; Chang, C.; Wang, S. Trajectory Tracking Control of Human Support Robots via Adaptive Sliding-Mode Approach.
IEEE Trans. Cybern. 2024, 54, 1747-1754. [CrossRef]

Qiao, L.; Zhang, W. Trajectory tracking control of AUVs via adaptive fast nonsingular integral terminal sliding mode control.
IEEE Trans. Ind. Informat. 2020, 16, 1248-1258. [CrossRef]

Wang, N.; Su, S. Finite-time unknown observer-based interactive trajectory tracking control of asymmetric underactuated surface
vehicles. IEEE Trans. Control Syst. Technol. 2021, 29, 794-803. [CrossRef]

Yang, X.; Yan, J.; Hua, C.; Guan, X. Trajectory tracking control of autonomous underwater vehicle with unknown parameters and
external disturbances. IEEE Trans. Syst. Man Cybern. 2021, 51, 1054-1063. [CrossRef]

Wang, Y.; Wang, S.; Ishida, K.; Kobayashi, Y.; Fujie, M.G.; Ando, T. High path tracking control of an intelligent walking-support
robot under time-varying friction and unknown parameters. Adv. Robot. 2017, 31, 739-752. [CrossRef]

Ruderman, M. Tracking Control of Motor Drives Using Feedforward Friction Observer. IEEE Trans. Ind. Electron. 2014, 61,
3727-3735. [CrossRef]

Sun, P; Wang, Y. Redundant input safety tracking for omnidirectional rehabilitative training walker with control constraints.
Asian J. Control 2017, 19, 116-130. [CrossRef]

Molnar, T.G. Model-Free Safety-Critical Control for Robotic Systems. IEEE Robot. Autom. Lett. 2022, 7, 944-951. [CrossRef]
Yuan, M.; Wang, Y.; Li, L.; Chai, T.; Ang, W.T. Safety-Based Speed Control of a Wheelchair Using Robust Adaptive Model
Predictive Control. IEEE Trans. Cybern. 2024, 54, 4464-4474. [CrossRef]


https://doi.org/10.1589/rika.28.157
https://doi.org/10.1589/jpts.28.1836
https://doi.org/10.1080/07370016.2024.2304825
https://www.ncbi.nlm.nih.gov/pubmed/38229243
https://doi.org/10.1177/1729881418784433
https://doi.org/10.3390/ijerph17010165
https://doi.org/10.1097/NPT.0000000000000303
https://www.ncbi.nlm.nih.gov/pubmed/31834165
https://doi.org/10.1016/j.apmr.2012.11.016
https://doi.org/10.1002/14651858.CD002840.pub4
https://www.ncbi.nlm.nih.gov/pubmed/28815562
https://doi.org/10.1109/TMECH.2014.2341039
https://doi.org/10.1080/17434440.2018.1551130
https://doi.org/10.1007/s42452-021-04304-1
https://www.ncbi.nlm.nih.gov/pubmed/33644692
https://doi.org/10.3390/app12010377
https://doi.org/10.1109/MSPEC.2017.8048827
https://doi.org/10.14336/AD.2015.0826
https://www.ncbi.nlm.nih.gov/pubmed/26816665
https://doi.org/10.3390/ijerph19116420
https://doi.org/10.1109/TCYB.2023.3253171
https://doi.org/10.1109/TII.2019.2949007
https://doi.org/10.1109/TCST.2019.2955657
https://doi.org/10.1109/TSMC.2019.2894171
https://doi.org/10.1080/01691864.2017.1339636
https://doi.org/10.1109/TIE.2013.2264786
https://doi.org/10.1002/asjc.1335
https://doi.org/10.1109/LRA.2021.3135569
https://doi.org/10.1109/TCYB.2023.3309369

Appl. Sci. 2025, 15,1621 15 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

Li, Z.; Li, J.; Min, Q.; Liu, B. A Fast-Computing Path Tracking Control Strategy for Autonomous Multiaxle Electric Vehicle
Considering Safety and Stability. IEEE Trans. Transp. Electrif. 2024, 10, 6024-6038. [CrossRef]

Chien, S.H.; Wang, J.H.; Cheng, M.Y. Robotic Assistance for Physical Human—Robot Interaction Using a Fuzzy RBF Hand
Impedance Compensator and a Neural Network Based Human Motion Intention Estimator. IEEE Access 2021, 9, 126048-126057.
[CrossRef]

Bai, Y.X,; Lu, X].; Xu, B. A Probabilistic Fuzzy Classifier for Motion Intent Recognition. IEEE Trans. Fuzzy Syst. 2023, 32, 1098-1107.
[CrossRef]

Wen, H.; Fu, W,; Chen, W.; Huan, J.; Li, C.; Duan, X. Imitation Learning and Teleoperation Shared Control With Unit Tangent
Fuzzy Movement Primitives. I[EEE Trans. Fuzzy Syst. 2024, 32, 6252-6266. [CrossRef]

Shen, B.; Wang, S. An Independent Life Support Robot for the Lower-Limb Handicapped and Elderly, Task-Intention-Identification
and Assistive-Motion-Planning Algorithm. In Proceedings of the 2015 IEEE International Conference on Robotics and Biomimetics
(ROBIO), Zhuhai, China, 6-9 December 2015; pp. 1169-1176.

Wang, S. A new distance-type fuzzy inference method based on characteristic parameters. Mathematics 2024, 12, 308. [CrossRef]
Lv, S.; Li, Z.; Huang, J.; Shi, P. A Novel Interval Type-2 Fuzzy Classifier Based on Explainable Neural Network for Surface
Electromyogram Gesture Recognition. IEEE Trans. Hum.-Mach. Syst. 2023, 53, 955-964. [CrossRef]

Almaraashi, M.; Abdulrahim, M.; Hagras, H. A Life-Long Learning XAI Metaheuristic-Based Type-2 Fuzzy System for Solar
Radiation Modeling. IEEE Trans. Fuzzy Syst. 2024, 32, 2102-2115. [CrossRef]

Rasidescu, V.; Taghavifar, H. Socially Intelligent Path-Planning for Autonomous Vehicles Using Type-2 Fuzzy Estimated Social
Psychology Models. IEEE Access 2024, 12, 112399-112411. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TTE.2023.3323797
https://doi.org/10.1109/ACCESS.2021.3111875
https://doi.org/10.1109/TFUZZ.2023.3317938
https://doi.org/10.1109/TFUZZ.2024.3443713
https://doi.org/10.3390/math12020308
https://doi.org/10.1109/THMS.2023.3310524
https://doi.org/10.1109/TFUZZ.2023.3343955
https://doi.org/10.1109/ACCESS.2024.3443196

	Introduction 
	Multifunctional Assistive Robot 
	Robot Features 
	Robot Prototype 
	Mathematical Model 

	Human–Machine System for Welfare Robots 
	Human–Machine System Construction 
	Servo Control 
	Handling Center-of-Gravity Misalignment 
	Handling Nonlinear Frictional Forces 
	Safety Control 

	Intention Estimation 
	Measurement of Ride Comfort 
	Motion Generation 

	Robot Trial and Discussion 
	Trial Use 
	Discussion 

	Conclusions and Future Research Directions 
	References

