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Abstract

Considerable research has been conducted on assistive technologies for people with
disabilities, which have improved their quality of life (QOL). Recent developments in
manufacturing technologies, such as 3D printers, and information and communication
technologies, such as the Internet of Things (IoT) and artificial intelligence, have acceler-
ated the development of advanced assistive technologies for persons with disabilities. As
these technologies become more sophisticated and specialized, there is a growing need to
conduct clinical evaluations and incorporate the actual voices of people with disabilities,

hence, creating more valuable solutions for them.

In addition, most studies on assistive technologies for persons with disabilities focus
on approaches based on the individual model, which aim to overcome disabilities by
treating or improving the individual disabilities. To further improve the QOL of people
with disabilities, it is necessary to increase efforts based on the social model, which
view disability as a social barrier and seek to improve society. Specifically, a protocol
considering the implementation of the developed technology in society, facilitating access
to new technology for people with disabilities, and promoting the reform of social systems

through social implementation is necessary.

In recent years, methods for developing assistive technologies centered on people with
disabilities have been proposed. This is significant because it enables researchers with-
out knowleges about real-life of people with disabilities to propose assistive technologies
to address real-life problems they may not have been previously addressed. In reality,
however, the needs of people with disabilities are often not well understood, and sev-
eral issues may be difficult to identify without specialized technical knowledge. If such
methods are immediately adopted as the optimal developmental methods, researchers
may be discouraged, potentially leading to a decrease in research and development ef-
forts for assistive technologies. This could lead to lost opportunities for this population,
ultimately putting them at a disadvantage. Therefore, it is necessary to conduct research

and develop methods that consider the diverse needs of persons with disabilities without



significantly deviating from the current research and development process.

Therefore, this study aimed to clarify the problems of assistive technologies and systems
for persons with disabilities through the development of a myoelectric prosthetic hand
and to investigate methods for developing assistive technologies that can sustainably
improve their QOL. A myoelectric prosthetic hand (MPH) is an electric prosthetic hand
that can be controlled using myoelectric potentials, which are electrical signals generated

when the muscles contract.

To achieve the objectives of this study, as a new developmental approach, this study

proposed a method that utilizes feedback from long-term clinical applications.

The study is presented in four main steps:

e Development of a practical multi-degree-of-freedom (DOF) MPH system.

e Elucidation of the requirements of people with disabilities through functional and
subjective evaluation in clinical application of the MPH.

e Development of control methods to solve issues related to pattern recognition
obtained from clinical application of the MPH.

e Improving user accessibility by registering inexpensive and highly functional MPHs

as components for ready-made parts (5ECHERMH).

The remainder of the paper is organized as follows. In Chapter 2, the related technolo-
gies for MPHs and their requirements that have been investigated in previous studies
are summarized. Based on these previous studies, a roadmap for the future research
and development of MPHs was created. Finally, a problem was set up based on these

requirements to achieve the study’ s objective.

Chapter 3 describes a multi-DOF MPH developed by the University of Electro-
Communications (UEC) and the Beijing Institute of Technology (BIT), called the
“BIT-UEC-Hand.” The developed MPH has a pattern recognition control function that
enables seamless change of motions and is 100—200 g lighter than the existing com-

mercially available five-finger electric prosthetic hands. This is an essential contribution
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to prosthetics, as lightweight MPHs are a high-priority requirement for the users of
assistive prostheses. In addition, a long-term clinical application of the BIT-UEC-Hand
was conducted, and, in the process, task and questionnaire evaluations were performed,
which are described in Chapter 5. Task evaluation revealed an increase in the number
of tasks that could be performed. However, as the number of movements increased,
the control reliability decreased. The questionnaire evaluation results showed that the
multi-DOF MPH could function effectively. These results support the advantage of the
availability of various motions in pattern recognition control, which has been extensively

studied, and the accompanying decrease in the control stability.

A method to address the MPH’s loss of control stability caused by time variation in
electromyogram (EMG) signals was developed and described in Chapter 4. Learning,
self-organization, and adaptation were identified as approaches for the system to follow
the time variation in the EMG signals, and the approaches that corresponded to each
of the existing methods were explained. A time variation tracking method combining
these three approaches was then proposed, which is more stable and responsive compared
with the existing method. Evaluation of the developed system showed that it achieved a

significantly higher recognition rate than the nonoptimized system.

In Chapter 5, to address the limitation in the number of movement patterns that can
be realized by people with upper limb deficiency, an MPH control method was developed
that could autonomously adapt to an object and grasp it based on information on the
contact state between the hand and grasped object obtained from a touch sensor, rather
than solely on EMG information. The evaluation results of a physics engine simulation,
using EMG signals from six participants, including a child with an upper limb deficiency,
confirmed that the object pickup task is possible regardless of the participant; moreover,
the optimized system enables the grasping of a wider variety of objects compared to con-
ventional methods. The requirements for ideal hardware to apply the proposed method

were also verified.

In Chapter 6, the requirements for the registration of the developed BIT-UEC-Hand

as ready-made parts, the current problems based on the sales situation after registration,
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and the process of supplying the prosthetic device are discussed. In particular, two
problems were noted: first, the need to inform the physicians about the MPH because
they are responsible for selecting the prosthetic device to be supplied; and second, in
the case of supply by an industrial accident compensation insurance, user must have a
“used mastery” proficiency level with the supplied MPH. Therefore, it is necessary to
provide prosthetic hands for training and establish training programs to promote the use
of the developed prosthetic hands. The results of the application of the proposed system

described up to this point to the various participants are also summarized and discussed.

Chapter 7 discusses the impact of this study on the improvement of the QOL of people

with disabilities. Finally, the conclusions of this thesis and future prospects are discussed.
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CHAPTER 1. INTRODUCTION

1.1 Population of people with disabilities and their protection

for realizing a sustainable society

1.1.1 Population of people with disabilities

The World Health Organization (WHO) and the World Bank estimate that more than
1 billion people or approximately 15 % of the world’s population (based on 2010 global
population estimates) experience a significant disability. This number is increasing owing
to various factors, such as an increase in the aging population(World Health Organiza-
tion. and World Bank. 2011). In Japan, the Cabinet Office reported that approximately
9.65 million people or 7.6 % of the total population have some form of disability(Cabinet
Office Japan 2022). This figure is considerably lower than the estimated ratios of peo-
ple with disabilities by the WHO and World Bank, even considering the trend of high
percentages of this population in developing countries. It is assumed that several people
with disabilities are not diagnosed by a doctor or are considered to be outside the scope
of Japanese statistics. In Japan, disability is classified into three categories at the time of
the survey: physical, intellectual, and mental disability, with approximately 4.36 million,
1.094 million, and 4.193 million persons having physical, intellectual, and mental disabil-
ities, respectively. This estimate shows that the number of persons with disabilities is
increasing. These facts make it even more essential to provide security for the disabled

in Japan.



1.1. POPULATION OF PEOPLE WITH DISABILITIES AND THEIR PROTECTION
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Fig.1.1: Number of persons and children with physical disabilities by age group (not institu-
tionalized). Prepared with reference to (Cabinet Office Japan 2022).
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tutionalized). Prepared with reference to (Cabinet Office Japan 2022).



1.1. POPULATION OF PEOPLE WITH DISABILITIES AND THEIR PROTECTION
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Fig.1.3: Number of persons and children with mental disabilities by age group (not institution-
alized). Prepared with reference to (Cabinet Office Japan 2022).

1.1.2 Protection of people with disabilities

One of the most significant events related to discrimination against people with dis-
abilities in the modern era is the spread of eugenics and the enactment of the law of
sterilization, which was based on eugenics. In 1859, Charles Darwin’s ”On the Origin
of Species” was published. This book argued that organisms evolve to adapt to their
environment through natural selection. Since then, attempts to interpret humans and
their society through Darwinian principles have begun to appear. Eugenics was one of

these attempts.

Fugenics was proposed by Francis Galton, Darwin’s cousin, as ”a movement to improve
the human race, or at least to halt its perceived decline, through selective breeding
(Wikler 1999)”.
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There are two types of eugenics: positive eugenics, which aims to actively increase
good genetic traits, and negative eugenics, which aims to suppress bad genetic traits.
However, due to the challenges in achieving an increase in positive genetic traits, negative
eugenics was actually practiced; a typical example of negative eugenics is sterilization
(S. Yonemoto et al. 2000). Sterilization refers to the removal of reproductive capabilities
through surgical procedures that involve cutting or tying the vas deferens or fallopian

tubes.

Laws on sterilization were enacted in the United States, Germany, and Sweden in the
first half of the 20th century. In Japan, the Eugenic Protection Act was enacted in 1948;
official statistics show that approximately 855,000 sterilizations were performed under the
Eugenic Protection Act until 1994, when the law was amended to the Maternal Health

Act and the eugenic provisions were removed.

Such eugenic thought rapidly declined after the Nazi eugenic policies in Germany were
revealed post World War II (Lombardo 2018). However, even today, the ideological
foundations that served as the starting point of eugenics is still accepted in some parts
of the world (Ladd-Taylor 2017).

This eugenic ideology that discriminates against people with disabilities has been re-
jected from scientific and ethical perspectives (Brosius and Kreitman 2000; Notake 2005;

Aultman 2006; Buchanan et al. 2001), as explained in the following sections.

Necessity of protecting people with disabilities from a scientific perspective (species survival)

Brosius and Kreitman; Notake argued for the necessity of protecting people with dis-
abilities from the perspective of species preservation. The human species survives as a
collective by creating new individuals (children) to pass on genetic information. Humans
produce new individuals with unique genetic information through sexual reproduction.
However, this diverse genetic combination can sometimes result in individuals who are

less adapted to current environmental conditions.

If such errors in the replication of genes between individuals (mutations) do not occur,

adaptation to infectious diseases and new illnesses will not take place, and the species



1.1. POPULATION OF PEOPLE WITH DISABILITIES AND THEIR PROTECTION

will perish. This genetic diversity is, in fact, a survival strategy for the human species.

Moreover, humans lack foresight, and environmental and social conditions can change
significantly over a few generations, making future prediction impossible. For instance,
certain genes considered disadvantageous in past environments have adapted over time
to current conditions. In areas where malaria is endemic, a high incidence of sickle cell
anemia is observed. This is because the red blood cells of individuals with sickle cell
disease are resistant to malaria (Wiesenfeld 1967). Additionally, hereditary hemochro-
matosis, a genetic disorder causing excessive iron absorption, could have been naturally
selected to compensate for iron-deficient diets, suggesting a possibility of survival (Feder
et al. 1996).

Necessity of protecting people with disabilities from an ethical perspective

According to WHO, it is estimated that approximately 15 % of the world’s population
lives with some form of disability (World Health Organization. and World Bank. 2011).
Furthermore, in many regions, there is an increase in disabilities due to the worsening
of chronic health conditions such as diabetes, cardiovascular disorders, mental illnesses,
cancer, and respiratory diseases. Additionally, the risk of disability increases with age.

Therefore, it can be considered that everyone is at a risk of becoming disabled.

In such circumstances, how can everyone maintain happiness and quality of life? This

question can be addressed by employing the Capability Approach of Sen (Sen 1999).

The Capability Approach is a theoretical framework containing two normative claims
(Robeyns 2021; Robeyns 2005):

1. The freedom to achieve well-being is the most important moral value.
2. Well-being should be understood based on people’s ”capabilities” and the ”func-

tions” they realize.

Capabilities refer to the actions and states people can achieve by choice, such as getting
married, receiving education, consuming adequate nutrition, or traveling. Notably, the

term ”capability” in the general sense does not merely refer to actions that an individual
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can achieve. Rather, it encompasses a broader meaning that includes social and envi-
ronmental elements. Functions are the realized capabilities. Whether an individual can
convert a range of means, such as resources and public goods, into functions, or in other
words, whether they possess certain capabilities, depends largely on personal, social, and

environmental conditions. These are termed as conversion factors.

Based on this theory, ensuring a diverse range of people’s capabilities implies that even
if someone becomes disabled, they will not lose happiness or quality of life (Toboso 2011).

Therefore, the protection of people with disabilities becomes essential.
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1.2 What is a disability?

Humans have evolved and acquired a variety of abilities. These include bipedal mobility
that enables us to move over large obstacles, hands that can perform complex movements
with tools, eyes that can distinguish various colors, and so on. However, these abilities
are those considered typical or standard in an individual, and not all humans have the
same capability. For example, We have all observed people in wheelchairs or those using
white canes to detect obstacles in their path. Some people have acquired or congenital
characteristics that make them different from the typical person, such as a lack of vision
or lower extremities. These people are generally referred to as being disabled. However,
the definition of the term ”disability” is unclear to many. For example, people that use
eyeglasses daily are not referred to as being disabled in Japan, even though they cannot
perform their daily activities typically without eyeglasses. Therefore, how is a person

with a disability defined?

1.2.1 Individual model and social model

Two significant disability models have been proposed: the individual (medical) model
and the social model. The concepts of each model are described as follows (Ogawa and
Sugino 2014)(Hori 2021):

Individual model
The cause of the problems associated with a disability is ”individual impairment”.
It is necessary to treat, improve, or make these individual impairments less notice-
able for people with disabilities to adapt to society.

Social model
Disability is viewed as a social barrier (disability), and society must take respon-
sibility for its resolution. Proponents of this model believe that the assertion of
rights based on the experiences of people with disabilities is a means to solve

problems.
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In this manner, each model differentiates between impairment and disability by defin-
ing them using different terms. The idea of distinguishing between these two terms
to pursue social responsibility for a socially formed disability was developed from the
Fundamental Principles of Disability published by the Union of the Physically Impaired
Against Segregation in the 1970s. The Fundamental Principles of Disability define im-
pairment and disability as follows (Union of the Physically Impaired Against Segregation
1976):

Impairment
Lacking part of or all of a limb, or having a defective limb, organ or mechanism of
the body.

Disability
The disadvantage or restriction of activity caused by a contemporary social orga-
nization which takes no or little account of people who have physical impairments

and thus excludes them from participation in the mainstream of social activities.

1.2.2 Bio-psycho-social model

The International Classification of Functioning, Disability and Health (ICF), estab-
lished by the WHO in 2001, uses the ”bio-psycho-social model” as a framework for
understanding disability (World Health Organization 2001). The ICF considers function
and disability as a dynamic interaction between the health status and contextual fac-
tors, which are both individual and environmental, as shown in Fig.1.4. In this context,
disability is an umbrella term for impairment, activity limitation, and participation lim-
itation and refers to the negative aspects of the interaction between an individual (in a

state of health) and his/her contextual factors (environmental and personal factors).
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Fig.1.4: Bio-psycho-social model. Prepared with reference to (World Health Organization
2001).

However, according to Ogawa and Sugino, ICF can objectively measure the ”degree of
disability,” but it cannot define a ”person with a disability. In other words, it can measure
the "type of disability,” but cannot indicate to what extent a person is ”disabled” and
to what extent they are ”"not disabled.” The only way to determine a ”person with
a disability” is for the government to define the term politically through legislation or
for people with disabilities to identify themselves as ”persons with disabilities” and for

society to recognize this (Ogawa and Sugino 2014).

The scope of disability varies from country to country, as it depends on the environment
in which the individual belongs, as described in the bio-psycho-social model. One example
is Brazil, where several children are forced to drop out of school because they cannot
afford reading glasses, which are widely available in many high-income countries (Mont
2007). However, as mentioned earlier, most people in Japan are not defined as being

disabled simply because eyeglasses are easily accessible.
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1.3 Disability and technological development

Historically, there has been a close relationship between people with disabilities and
technology. Efforts have been made toward compensating for lost bodily functions owing
to physical impairments through technological means. Such technologies that maintain

or enhance an individual’s function and autonomy are known as assistive technology.

In particular, assistive technologies are some of the most effective mediators in achiev-
ing broad development goals such as the Sustainable Development Goals (SDGs), which
advocate ”leaving no one behind” and cover a wide range of economic, social, and envi-
ronmental development (Tebbutt et al. 2016; MacLachlan et al. 2018). For example, even
with improved access to food, water, and sanitation services, people with disabilities and
the elderly may need assistive technologies such as wheelchairs, hearing aids, or glasses

for mobility and information access.

The hand is a crucial part of the human body, essential for interacting with the external
world. Most tools that are used in daily life require hand manipulation, making them
inaccessible if a person lacks hand functionality. This limitation can significantly reduce

the quality of life and freedom of employment.

Engineers have long attempted to replicate hand functionality through prosthetic
hands. The replicated functions and methods have evolved with changes in technol-
ogy and social circumstances. While the focus used to be solely on the individual model,
emphasizing complementing or restoring hand function, recent years have seen an in-
creasing adoption of a social model approach, including the introduction of policies to

improve accessibility.

Here, the prosthetic hand is used as a model case to explain the evolution of the
relationship between disability and technological development, considering both the in-
dividual and social models. Additionally, this discussion considers the constitution of
an appropriate method for developing assistive technologies for users, in light of these

transitions.
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1.3.1 Approach based on individual model: prosthetic hand

Prosthetic hands replace hand functions in people with congenital or acquired loss of
hand function. Four types of prosthetic hands are available: cosmetic prosthetic hands
that replace the appearance of the hand and the role of pressing an object; activity-
specific prostheses that are specialized for specific tasks rather than appearance; body-
powered prosthetic hands that transmit shoulder movement to the hand through a har-
ness and enable the hand to open and close; and electric prosthetic hands that enable the
hand to be driven by a motor powered by electricity delivered through a battery. The
MPH is a type of electric prosthetic hand that reads and controls the user’s motion in-
tention from myoelectricity generated when the muscles contract. In recent years, MPHs
have been used because they have the appearance of cosmetic prosthetic hands and can
overcome the limitation of not being able to open and close at the position where the
wire is slack, as is the case with body-powered prosthetic hands. In Japan, Myobock by

Ottobock is the most commonly used assistive device(Tanaka 2018).

1.3.2 Approach based on social model: improving accessibility
The systems utilized to support people with disabilities have been improved in various

ways. This section presents the essential support systems and treaties for people with

disabilities available in Japan and other countries (Table.1.1).
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Table.1.1: History of support for people with disabilities

Era | Japan Foreign countries
1990 Americans with Disabilities Act (United
States)

1993 | Basic Act for Persons with Disabilities
2006 | Services and Supports for Persons with | Convention on the Rights of Persons with
Disabilities Act Disabilities (CRPD) adopted (United Na-~
tions)

2012 | Act on Providing Comprehensive Sup-
port for the Daily Life and Life in Society
of Persons with Disabilities

2014 | Japan ratified the CRPD

Americans with Disabilities Act (ADA)

The ADA is a civil rights act proposed in the United States, enacted in 1990, and
amended in 2008. One of the significant purposes of the ADA is to guarantee employment
opportunities to all people with disabilities; there are two important rules in the ADA

regarding employment (Tokoro 2010):

Prohibit discrimination against people with disabilities in employment
This rule prohibits discrimination in hiring, recruitment, job training, dismissal,
compensation, etc., based on disability.

Providing reasonable accommodation for people with disabilities
Employers are required to adjust the work environment. Specifically, these include
the provision of ramps, sign language interpreters, Braille books, flexible working

hours, and vacations.

However, evaluations of the effectiveness of the ADA in improving the employment status
of people with disabilities are divided. Although the ADA came into effect in 1990, the
employment rate of people with disabilities has been reported to be declining until 2000
since its enactment; this has been attributed to the excessively high costs borne by the

companies to comply with the ADA act(Acemoglu and Angrist 2001). However, posi-
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tive evaluations included improvements in the workplace (National Council on Disability
2007).

Convention on the Rights of Persons with Disabilities (CRPD)

The CRPD is a treaty that was adopted by the United Nations General Assembly in
December 2006, based on the concept of international human rights law. It aims to ensure
the dignity and security of the human rights of people with disabilities of all types (Ogawa
and Sugino 2014). In Japan, it was ratified in 2014. The Convention is characterized
by its clarification of the rights of people with disabilities and its practical guarantees
of rights, such as reasonable accommodation, based on the social model of disabilities
(Okamura 2015). The main contents of the Convention are summarized byMinistry of

Foreign Affairs of Japan as follows:

General Principles
Respect for the dignity, autonomy, and independence of people with disabilities;
non-discrimination; complete and adequate participation and inclusion in society;
etc.

General Obligations
To ensure and promote the full realization of all human rights and fundamen-
tal freedoms of all people with disabilities without any discrimination based on
disability, including failure to provide reasonable accommodation, etc.

Measures for the realization of the rights of people with disabilities
The Convention stipulates the measures to be taken by the state parties concerning
the right to liberty, such as the freedom of body, prohibition of torture, and freedom
of expression, and social rights, such as education and labor. The realization of
social rights is allowed to be achieved progressively.

Framework for implementation of the Convention
Establishment of a national framework for implementation and monitoring of the
Convention. Consideration of reports from each state party in the committee on

the rights of people with disabilities.
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Japan has developed domestic laws in preparation for the ratification of the Convention.
Specifically, the Basic Act for Persons with Disabilities was amended in 2011, the Act for
Eliminating Discrimination against Persons with Disabilities was enacted, and the Act

to Facilitate the Employment of Persons with Disabilities was amended in 2013.

Basic Act for Persons with Disabilities (BAPD)

The BAPD is a law that established basic principles regarding measures to support
the independence and social participation of people with disabilities. It was enacted
in 1993 as an amendment to the Basic Act for Countermeasures Concerning Mentally
and Physically Handicapped Persons, which was originally enacted in 1970. In the 2011
amendment, the definition of ”person with disabilities” (Article 2, Item 1) was changed
from ”a person who, because of a disability, is continuously and substantially restricted in
daily life or social life” to ”a person with a disability who is in a state of facing substantial
limitations in their continuous daily life or social life because of a disability or a social
barrier”. The Annual Report on Government Measures for Persons with Disabilities
(Summary) 2012 (Cabinet Office Japan 2012) explained that the definition was revised
"based on the so-called ’social model,” which states that the limitations people with
disabilities face are not solely because of functional disabilities but arise from the various

barriers in society” (Okamura 2015).

Services and Supports for Persons with Disabilities Act (SSPDA)

The SSPDA is a law enacted in 2005 that established administrative procedures and
cost-sharing for providing medical care and services for people with disabilities. It is
based on the concept of "service as a right,” in which service users select the services they
need and pay a fee to purchase them from service providers (Ogawa and Sugino 2014).
This law was enacted as part of the ”"Social Welfare Basic Structural Reform,” which
changed the administrative procedures from a safeguarding system to a contract system
and the fees from a tax system to a social insurance system. This change addressed
the situation where the rights and autonomy of recipients were not guaranteed under

the previous system. The reorganization of the service system and strengthening of
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employment support and community life support were epoch-making features of this act
(Kitagawa 2018).

Kitagawa summarized the six aspects that have changed with the enactment of the
SSPDA from (Hiraoka et al. 2011; Sato and Ozawa 2013) as follows (Kitagawa 2018):

1. People with mental disabilities who were not included in the support system were
also included, and a centralized service provision system was established that tran-
scends the types of disabilities.

2. The centralized service provision system by the municipalities was established,
and the services were divided into ”Payment for Services and Supports for Persons
with Disabilities” (mandatory budgetary measure), which was provided uniformly
throughout the country, and ”Community Life Support Program” (mandatory
budgetary measure), which was provided according to local conditions and budgets.
In addition, local governments are obliged to formulate welfare plans for people
with disabilities to develop the infrastructure of the service system.

3. The employment support function was fundamentally strengthened by introducing
a new category of support for people with disabilities who wish to work at home
or in public companies based on individualized support plans and by introducing
a new category of employment transition support business.

4. From the viewpoint that people with disabilities themselves become members of
the system and support the costs together, ”fair burden” or ”fair benefit sharing”
according to actual expenses, such as food and service usage fees are required. The
primary purpose of introducing the ”fair burden” was to reduce the use of services
by people with disabilities and to reduce the burden on the national treasury
(Sugimoto 2008).

5. Transparency and clarification of the service use decision mechanism were made.
The government introduced six levels of disability classification uniformly through-
out the country and set 106 survey items for all people with disabilities who use
services; it certified their disability level based on the primary and secondary judg-
ment of the municipal examination board. The types of services to be provided
and usage fees were determined.

6. The government’s financial responsibility has been clarified by making it obligatory
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for the government to bear the costs.

As mentioned above, this law has been evaluated by some as an attempt to curb social
security costs owing to the tightening of state finances (Okamura 2015). In particular,
increasing the benefit-sharing burden of services has provoked strong opposition from
persons with disabilities (Nakagawa and Nitta 2015). This is because people with dis-
abilities are forced to use multiple services and long-term residential care services, and,

yet, their income level is low in comparison, increasing their burden.

Act on Providing Comprehensive Support for the Daily Life and Life in Society of Persons
with Disabilities (APCSDLLSPD)

The APCSDLLSPD is a law that was amended from the SSPDA in 2012. The back-
ground of the revision stems from lawsuits filed at various places in Japan claiming that
the ”copayment” system violates the Constitution, infringing on equality under the law,
the right to life, and the right to the pursuit of happiness. In the written agreement
reached to settle the lawsuits (Ministry of Health and Welfare 2010), the then Demo-
cratic Party of the Japan government decided to abolish the SSPDA and implement new

comprehensive welfare legislation.

In terms of content, the objectives and fundamental principles included in the BAPD
were also incorporated into this law. The basic principle of the law is that support for
daily and social life based on the law shall be provided comprehensively and systemati-
cally to ensure opportunities for social participation, coexistence in the community, and
the removal of social barriers to realize a symbiotic society. Major changes include the
addition of intractable diseases, etc., to the scope of disability to fill the "gap in the
system” and the revision of the ”disability level classification” to determine the payment
of independence support benefits, such as long-term care benefits to the ”disability sup-
port classification” that comprehensively indicates the standard level of support needed
according to various disability characteristics and other physical and mental conditions
(Okamura 2015). In addition, the 2010 amendment to the user-fee system for welfare

service benefits changed to the principle of ”ability to pay.”
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Assistive medical devices (AMD) payment system in Japan

In Japan, the AMD payment system was established based on the APCSDLLSPD.
The AMD payment system provides a part of the cost required for the purchase or repair
of prosthetic devices. The term "AMD?” is defined in Article 5-23 as ”artificial limbs,
braces, wheelchairs, and other devices specified by the Minister of Health, Labour and
Welfare (MHLW) as those complementing or replacing the physical functions of persons
or children with disabilities which are intended for continuous use over long periods,
or otherwise, as those devices conforming to the standards prescribed by Order of the
MHLW.” Here, ”prescribed by Order of the MHLW?” is defined in the ”Standards for the
Categories of AMD and the Calculation of the Amount of Cost Required for Purchase
or Repair” (Notification No. 528 of the MHLW, September 29, 2006). The applica-
ble categories are: 1. prosthetic limbs (shell and skeletal prosthesis), 2. orthoses, 3.
sitting position support devices, 4. safety bobbins for blind persons, 5. artificial eyes,
6. eyeglasses (corrective glasses, light-shielding glasses, low vision glasses and contact
lenses), 7. hearing aids, 8. wheelchairs, 9. motorized wheelchairs, 10. sitting chairs,
11. standing holding devices, 12. walkers, 13. head holding devices, 14. defecation aids,
15. walking aids, and 16. communication devices for persons with severe disabilities.
Prosthetic limbs, orthotic devices, and sit-to-stand devices are manufactured by combin-
ing ”manufacturing element prices” and "ready-made parts (5EHERE)” according to
the basic manufacturing methods specified for each of these devices. Other outlines are

summarized in Table.1.2 concerning (Ministry of Health and Welfare n.d.[b]).
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Table.1.2: Overview of AMD payment system

Target People with disabilities, children with disabilities, patients with in-
tractable diseases, etc., requiring AMD *Patients with intractable dis-

eases, etc., are limited to those diseases specified in the public notice.

Implementing entity | municipality

Application method | People with disabilities or guardians of children with disabilities apply
to the mayor of the municipality and receive AMD expenses according
to the decision of the mayor based on the judgment or opinion of the
rehabilitation consultation office for persons with disabilities, etc.

Cost public The AMD fee is defined as the number of expenses required for the
burden | expen- purchase, etc., of AMD (standard amount) minus the user’s contribu-
diture tion (10 % in principle), and the following ratio bears this AMD fee:

Burden ratio (Country: 50/100, Prefecture: 25/100, City: 25/100)

In principle, a fixed rate of 10% is charged. The maximum monthly,
contribution is set according to the household income as follows:

(Income bracket and maximum monthly contribution)

Welfare Persons belonging to house- 0 Yen
holds on welfare

Low-income | Municipal tax-exempt 0 Yen
households
User- General Municipal taxable house- | 37,200 Yen
charge holds

*However, if either the person with disabilities or a household member
has an income over a certain income level (the tax payment of the
person with disabilities or the household member who pays the largest
municipal inhabitant tax per income is 460,000 Yen or more), the AMD

allowance will not be provided.

*There are measures to prevent the transition to welfare.

Budget amount The budgeted amount is calculated by considering past results (average

unit price and average number of grant decisions).
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1.3.3 What is appropriate assistive technology development and research for

users?

As previously explained, assistive technologies, including prosthetic hands, have con-
tributed to enhancing the quality of life for users through technological advancements
and the corresponding expansion of social systems to improve accessibility. However, the
rapid development of information and communication technologies and manufacturing
techniques such as 3D printing has led to a lag in the establishment of social security

systems, resulting in insufficient diffusion of these technologies.

For example, MPHs, commercialized in the 1960s, are assistive technologies that have
been slow to disseminate in Japan. A 2001 survey showed that the penetration rate of
MPH was in the range 25-—40 % in the United States and was 70 % in Germany, whereas
the rate was 2.3 % in Japan (Kawamura et al. 2001). Furthermore, according to a 2011
survey of ready-made parts in Japan, the number of MPH prescriptions was 5 (2.3 %)
out of 219 new prescriptions for prosthetic hands (Kajimoto 2013). At that time, the
provision was based on the SSPDA act; however, even after taking this statistic into

account, the number of new prescriptions for MPH was small.

This subsection summarizes research that review the kind of assistive technology de-

velopment and research that should be pursued to improve this situation.

Research Gap in Assistive Technology

The Global Research, Innovation, and Education on Assistive Technology (GREAT)
Summit, organized by WHO’ s Global Cooperation on Assistive Technology (GATE),
discussed global priority research topics for GATE to ensure access to high-quality, afford-
able assistive products worldwide (Smith et al. 2018; MacLachlan et al. 2018). Building
on this summit, MacLachlan et al. organized thoughts on how to unravel and understand
the practical gap between the need for appropriate assistive devices, their provision, and
their use (MacLachlan et al. 2018). The principles for accessing assistive devices are
described as follows (MacLachlan et al. 2018; World Health Organization 2022):
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Awareness  Potential users and healthcare/welfare professionals must be aware of the
potential for assistive technology to mitigate or overcome many disabilities.
Availability ~ There must be a sufficient quantity of products and services to meet the
needs of those requiring them, and they must be provided near the users’ resi-

dences.

Affordability Products and services must be affordable for users, and economic barriers
must be identified and addressed.

Accessibility  Services, facilities, and information should be easy to access and fair for
everyone, regardless of the personal background or attributes.

Adaptability Products and services must be adaptable to individual needs and respon-
sive to changes in people’ s needs and goals over time.

Acceptability The product and service design and provision must consider efficiency,
reliability, simplicity, safety, and aesthetics. Users should be able to choose and
control their use of products and services, which must be appropriate for their age,
gender, and cultural elements.

Quality  Products must meet standards for strength, durability, performance, safety,
and comfort. Guidelines, including staff training requirements, must be met, and

users should be involved in assessing the quality of products and services.

These principles can be used to identify the strengths and weaknesses of the current

assistive technology system and develop strategies to reduce access barriers.

For instance, in the development of assistive technologies for dementia, although the
quantity and diversity of technologies are rapidly expanding, there still are structural
challenges to their adoption as assistive devices. These include inadequate clinical val-
idation and a lack of focus on the needs of potential users (MacLachlan et al. 2018).
These principles highlight the necessity of user involvement, particularly in the aspects

of ”adaptability” and ”quality”.

The lack of user involvement in many assistive devices is also pointed out by Smith et
al. However, they also note that not all potential consumers can envision using a product

until they try it in a natural environment (Smith et al. 2018).
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Crip technoscience manifesto

Shew criticizes technoableism, the idea that technological development is the only
way to solve the problems of people with disabilities. Shew argues that the design of
technology and artificial intelligence to address disability issues is often led by people not
deeply involved in the disability community. The author viewed this as being problematic
to technology design based only on what is imagined as problems of the disabled and
elderly and introduced Crip technoscience (Hamraie and Fritsch 2019) as a framework
for considering appropriate technology for people with disabilities (Shew 2020). Crip
technoscience aims at technopolitics (the design and use of technology to realize political
objectives) that people with disabilities and the disability community themselves build.
Crip technoscience consists of four main principles (Hamraie and Fritsch 2019), described

below by quoting key sections from the original text.

1. Crip technoscience centers the work of disabled people as knowers and makers
Unlike typical approaches to disability that objectify disabled people and situate
expertise in medical professionals and non-disabled designers or engineers, crip
technoscience posits that disabled people are active participants in the design of
everyday life.

2. Crip technoscience is committed to access as friction
As Kelly Fritsch explains, ... , the etymology of the word “access” reveals two fric-
tional meanings: access as “an opportunity enabling contact,” as well as “a kind
of attack” (Fritsch, O’connor, and Thompson 2016). Taking access as a kind of
attack reveals access-making as a site of political friction and contestation. While
historically central to the fights for disability access, crip technoscience is never-
theless committed to pushing beyond liberal and assimilation-based approaches to
accessibility, which emphasize inclusion in mainstream society, to pursue access as
friction, particularly paying attention to access-making as disabled peoples’ acts
of non-compliance and protest.

3. Crip technoscience is committed to interdependence as political technology
As Alison Kafer (2013) demonstrates, the imagination of disability in feminist
technoscience is often limited to either eugenicist ideals of a disability-free future
or to “depoliticized” ideals of the cyborg hybrid body (Kafer 2013)(p. 8-10); dis-
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ability is either a “master trope of human disqualification” (Snyder and Mitchell
2006)(p. 125) or a “seamless” integration of body and machine (Kafer 2013)(p.
105). ... If, as Kafer argues, disabled people have often uneasy or “ambivalent rela-
tionshipl[s] to technology” (Kafer 2013)(p. 119), our practices of interdependence,
access intimacy, and collective access can be understood as alternative political
technologies: “disabled people,” she writes, “[are not] cyborgs because of our
bodies (e.g., our use of prosthetics, ventilators, or attendants), but because of our
political practices” (p. 120). Crip technoscience offers interdependence as a central
analytic for disability—technology relations, recognizing that in the disability cul-
ture, community, and knower-maker practices, interdependence acts as a political
technology for materializing better worlds.
4. Crip technoscience is committed to disability justice

Crip technoscience emphasizes that disabled people are not mere consumers of, or
objects for, assimilationist technologies, but instead have agential, politicized, and

transformative relationships to technoscience.

As a specific example of Crip technoscience, C. Kim and W. Kim described Mission
Arm Japan (MAJ), established in 2014 and introduced in Ito’s book, The Remembering
Body (Ito 2019). MAJ provides planning, proposal, and development support to compa-
nies specializing in prosthetic limbs and products for people with disabilities. Natsuko
Kurasawa is a right shoulder amputee who suffered from phantom pain and the sensation
of having a right arm even after amputation. Kurasawa discovered through a proposal
by Minatsu Takekoshi, who joined MAJ as a designer and researcher, that a 3D printer
could relieve phantom pain by creating a shoulder pad that fits snugly to the body. The
two then lived together while experimenting with different types of padding. Through
Kurasawa’s case study, Ito highlighted the importance of disabled people making their
own needs tangible. Technology ”for the people with disabilities” developed by engineers
for non-disabled people is often out of sync with the needs of people with disabilities.
However, Takekoshi stated that people with disabilities often do not know what their
needs are. This is why Crip technoscience, in which through communal living, disabled
people become the center of knowledge production with the cooperation of technologists,

is important.
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Research Gap in Prosthetic Hand Research and Development

As presented in Section 1.3.3 and 1.3.3, it has been pointed out that various gaps exist

as common issues for assistive devices for people with disabilities.

Similar gaps have been identified in the development of prosthetic hands. Kawamura
conducted a survey among 427 individuals with upper limb amputations to evaluate their
desires for prosthetic hands. The results revealed that despite a small number of MPH
users at the time, a majority of amputees expressed a desire to use them (KAWAMURA
et al. 1999). Although this study dates back to 1999, a 2011 survey in Japan indicated
that out of 219 new prescriptions for prosthetic hands, only 5 (2.3 %) were for the MPH
(Kajimoto 2013). This suggests that the gap between the needs of upper limb amputees
and the supply of MPHs likely persists.

The limited availability of MPHs for actual users remains a significant problem. A
Google Scholar search for a ”multi degree of freedom myoelectric prosthetic hand” yielded
11,800 results (as of December 23, 2023). However, as will be described in more detail in
Section 2.3.1, as of December 2023, the only commercially available multi-DOF MPHs
in Japan, excluding those developed in this study, are Ottobock’s Bebionic and Ossur’s
i-limb. This disparity between desire to use and supply indicates that the social imple-
mentation of such research is considerably limited. Evidently, the approach to disability
in research has been predominantly based on an individual model, focusing on treating
or improving individual disabilities. However, to further enhance the quality of life for
people with disabilities, it is necessary to increase efforts based on a social model, such
as improving accessibility to high-functioning prosthetic hands through social implemen-

tation.

The fact that most research is conducted in laboratories and lacks sufficient clinical
studies is another reason for the slow social implementation (Geethanjali 2016). As
mentioned in Section 1.3.3, this lack of clinical research is a common issue for other
assistive devices. As pointed out in Sections 1.3.3 and 1.3.3, it is necessary to develop

user-friendly assistive devices by incorporating user feedback through clinical research.

The mismatch between users and technology is a problem not limited to assistive

devices. However, for assistive devices, where the user base and market are small, incor-
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porating user feedback becomes even more critical (Choi 2015). Particularly, as noted in
Section 1.3.3, technologies designed ”for disabled people” by non-disabled engineers often
miss the needs of the disabled. Often, the disabled themselves may not fully understand
their needs (Ito 2019). Therefore, having disabled users try out assistive devices under

expert guidance to analyze problems and identify improvements may be effective.

Moreover, disability cases vary even within the same type, and the corresponding
assistive devices differ accordingly. Improving accessibility for a diverse user base remains
a challenge. For example, there has been little research on prosthetic hands for children
compared to adults. This is due to stricter constraints such as weight and the area
available for placing sensors on residual limbs in children (Nakao et al. 2022), rendering
it challenging to apply the same systems as those of adults. Technically overcoming such

limitations in coverage will also improve accessibility.
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1.4 Research Objective

Considerable research has been conducted on assistive technologies for people with dis-
abilities, which have improved the quality of life (QOL) of people with disabilities. Recent
developments in manufacturing technologies, such as 3D printers, and information and
communication technologies, such as the Internet of Things (IoT) and artificial intel-
ligence, have accelerated the research and development of more sophisticated assistive
technologies for persons with disabilities that incorporate these technologies. As assistive
technologies for people with disabilities become more sophisticated and their functions
more segmented, it is becoming increasingly important to conduct clinical evaluations
and incorporate the actual voices of people with disabilities to develop more valuable

technologies for them.

In addition, most studies on assistive technologies for persons with disabilities have
focused on approaches based on the individual model described in Section 1.3, which
aims to overcome disabilities by treating or improving individual disabilities. Research
and development of assistive technologies for people with disabilities falls into this cate-
gory. To further improve the QOL of people with disabilities, it is necessary to increase
efforts based on the social model, which views disability as a social barrier and seeks to
improve society. Specifically, a protocol considering the implementation of the developed
technology in society, facilitating access to new technology for people with disabilities,

and promoting the reform of social systems through social implementation is necessary.

In recent years, methods for the research and development of assistive technologies
centered on people with disabilities have been proposed (Hamraie and Fritsch 2019).
This is valuable because it allows researchers to propose assistive technologies to address
real-life problems they may not know. In reality, however, as mentioned in (Ito 2019),
the needs of people with disabilities are often unknown, and several issues are difficult
to identify without technical knowledge. In addition, if such methods are immediately
adopted as the optimal developmental method, researchers may be discouraged, and the

research and development of assistive technology for persons with disabilities may de-
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crease. This would lead to lost opportunities for this population, which would ultimately
be a disadvantage. Therefore, it is necessary to conduct research and develop methods
that incorporate many of the needs of persons with disabilities in a manner that does

not deviate significantly from the current research and development process.

The objective of this study is as follows:
To clarify the problems of assistive technologies and systems for persons with disabilities

through the actual development of a myoelectric prosthetic hand and to investigate

methods for developing assistive technologies that can sustainably improve their QOL.
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1.5 Structure of this paper

In this chapter, the situation of people with disabilities and the need for the protection
of people with disabilities, the concept of disability, recent changes in thinking about
disability, and the relationship between disability and technology are described. Sub-
sequently, the support system as well as the research and diffusion status of assistive
technology for persons with disabilities are summarized using the prosthetic hand as a

model case. The purpose of this study is clarified.

In Chapter 2, a roadmap of this research field is first developed to clarify the position
of this research. The related technologies for MPHs and the requirements for MPHs that
have been investigated in previous studies are then summarized. Finally, a problem is

set up based on these requirements to achieve the study’ s objective.

In Chapter 3, the BIT-UEC-Hand, a multi-DOF MPH that I developed, is described.
Subsequently, a long-term clinical application and assessment of the BIT-UEC-Hand,

and, in the process, task and questionnaire evaluations, are conducted and described.

A method to improve the control stability of the MPH to solve the problems observed
during long-term clinical application was developed, which is described in Chapter 4.
Learning, self-organization, and adaptation were identified as approaches to follow the
time variation in EMG signals, and the approaches that corresponded to each of the
existing methods were explained. This study then proposed a time variation tracking
method by combining these three approaches, which is more responsive than the existing

method.

In Chapter 5, to address the limitation in the number of movement patterns that can
be realized by people with upper limb deficiency, an MPH control method was developed
that could autonomously adapt to an object and grasp it based on information on the
contact state between the hand and grasped object obtained from a touch sensor, rather
than solely on EMG information. The purpose of this chapter is to verify the effectiveness
of this approach and pre-emptively test the hidden design requirements of multi-DOF
prosthetic hands through physical simulations. This will establish guidelines for the

technical development of hardware based on the proposed method in this study.
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In Chapter 6, the requirements for the registration of the developed BIT-UEC-Hand
as ready-made parts, the current problems based on the sales situation after registration,
and the process of supplying prosthetic devices are described. Additionally, a summary
and discussion is presented on the results of the application of the proposed system that

have been described thus far to various participants.

Chapter 7 discusses how this study improved the QOL of people with disabilities.

Finally, the conclusions of this thesis and future prospects are discussed.

The structure of this paper is illustrated in Fig.1.5.
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2.1. INTRODUCTION

2.1 Introduction

This chapter summarizes the related technologies for MPHs and the requirements for
MPHs that have been evaluated in previous studies. Based on these requirements, a

problem to achieve the study’ s objective is set up.
Section 2.2 describes the general system configuration and control methods for MPHs.
In Section 2.5, the position of this study in MPH research is clarified using a roadmap.

Section 2.3 describes and compares previous studies on electric hands, focusing on

commercial MPHs.

Section 2.4 classifies the control methods of MPHs into six categories and describes

the existing control methods.

In Section 2.6, the requirements for the long-term clinical application of the multi-DOF

MPH are clarified based on previous related studies.

Section 2.7, summarizes the studies investigating the users’ requirements for MPHs

and clarifies the requirements that should be considered when developing a prosthetic
hand.

Section 2.8, describes the functional requirements for the implementation of a multi-
DOF MPH.

In Section 2.9, the functional requirements of the MPH control system are described.
Specifically, the section discusses the issue of the time variation of myoelectric signals

and the limitation of the number of recognizable motions.
Section 2.10 describes the practical requirements for an MPH control system.

Finally, Section 2.11 describes the problem setting of this study.
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2.2  Myoelectric Prosthetic Hand

An MPH is an electric prosthetic hand that can be controlled using myoelectric po-
tentials, which are electrical signals generated when the muscles contract. Because my-
oelectric prostheses use biological signals as the control input, they are believed to be

more intuitive than body-powered prosthetic hands.

2.2.1 System configurations

MPHs consist primarily of an electric hand, controller, EMG sensor, battery, and
socket. Depending on the required function, a cosmetic glove may be used in addition to

the electric hand.

Electric Hand
The electric hand replaces the function of the human hand and primarily aims to
replace the grasping function and appearance.

Controller
The controller is the brain of the MPH system that controls the electric hand and
measures myoelectricity. The controller may be mounted on the electric hand or
on the socket independent of the electric hand.

EMG Sensor
EMG sensors are used to measure the myoelectric potential generated when mus-
cles contract. They consist of an electrode that touches the skin and an amplifier
that amplifies the weak myoelectric potential read by the electrode and filters out
the noise. Ag/AgCl electrodes are primarily used as electrodes; however, in recent
years, sensors using conductive silicone, which can measure EMG signal robustly,
have also become commercially available (Togo, Yuta, et al. 2019).

Battery
The battery is a component that supplies electricity to the MPH system. Nickel-
cadmium and lithium-ion batteries are commonly used. However, in recent years,

with the development of battery technology, lithium polymer batteries that can
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2.2. MYOELECTRIC PROSTHETIC HAND

output large currents have also been used.

Sockets
The socket is a component that connects the residual limb to the MPH system.
It consists of an inner socket that fits into the residual limb and support that
holds the load of the MPH and protects the inner components from the outer
environment.

Cosmetic Glove
Cosmetic gloves are used to cover the electric hand. They are primarily used for
aesthetic purposes and improve the friction of contact points. Vinyl chloride and
silicone are the predominantly used materials. In recent years, gloves made of
more flexible elastomers have been developed to reduce the load on the joint drive

of electric prosthetic hands.

2.2.2 Control method

The MPH is used by attaching the socket to the user’s residual limb.

The control of MPHs generally consists of three processes: ”EMG measurement,” which
measures EMG signals; "motion intention estimation,” which determines what the user

9

intends to do from the measured EMG; and ”"motion generation,” which determines ex-
plicitly the control amount of the actuator based on the determined motion intention.
The "motion intention estimation” method includes proportional control, in which the
voltage input to the motor is proportional to the strength of the EMG (Bottomley, Wil-
son, and Nightingale 1963), and pattern recognition, in which the user’s motion intention
is estimated from the EMG using machine learning and the motion is reproduced by the

MPH (Jiang et al. 2014; Hiroshi Yokoi et al. 2009).
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~ Recognize Generate
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Fig.2.1: Control method of the MPH
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2.3  Previous studies: Electric hand

Several electric hands have been developed for use as MPHs. This section summarizes
the features of electric hands that are already available in the market. Electric hands
developed until 2013 are outlined in detail in (Belter et al. 2013). The summary is based

on the research by Belter et al. with the addition of latest information.

2.3.1 Commercial MPH

Table.2.1 lists the MPHs sold to date. The registration statuses and prices of the ready-
made parts required to use the AMD supply system in Japan are also summarized. The
weight of the hands that need gloves is also included, as gloves affect the weight of the

hand during use.
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2.3. PREVIOUS STUDIES: ELECTRIC HAND

Myobock

Myobock (Ottoobock Japan n.d.; Ottobock n.d.[a]; Ottobock n.d.[b]) (Fig.2.2) was
the world’s first commercially available MPH; it was released in 1965. Four types of
devices are available depending on the opening/closing speed and control method. The
opening/closing speed control method, also known as the proportional control, controls
the opening and closing speed of the hand in proportion to the magnitude of the EMG.
The ON-OFF control method opens and closes the hand when the EMG value exceeds a
threshold. Table2.2 presents the differences between the four types of hands. The MPHs
provided to unilateral upper limb amputees at public expense in Japan are typically
Myobocks (Tanaka 2018).
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Fig.2.2: Myobock
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Table.2.2: Types of Myobock

the grasping force
up to 1.5 times.

SensorHand VariPlus Speed DMC plus Digital Twin
Speed

Characteristics | There is a sensor | The world’s most | The open- | Constant open-
at the tip of the | popular system. ing/closing speed | ing/closing speed
thumb that de- is slower than | and gripping
tects slippage of that of other | force. ON-OFF
the grasped ob- models. control is used
ject and increases for those who

have difficulty in
producing strong
EMG signals and
for those who
can place EMG

Speed (mm/s)

sensors at only
one place.
Control Proportional con- | Proportional con- | Proportional con- | ON-OFF control
Method trol trol trol
Grip force (N) | 0-100 0-100 0-90 90
Open/Close 15-300 15-300 15-130 110

Bebionic

The Bebionic hand is a type of MPH developed by Steeper. Ownership of the hand was
transferred to Ottobock in 2017 (Steeper 2017). It is capable of producing 14 different

motions. Switching between lateral and opposing thumb positions is performed passively

(The Association for Technical Aids n.d.[a]). The characteristic feature of this device is

that the space between the fingers can be narrowed during the gripping motion, which

enables the user to hold thin objects between the fingers (Ottobock 2022).
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Michelangelo

This MPH was developed by Ottobock, with separate actuators for the four fingers
and thumb, which can switch between opposing and lateral positions by changing the
position of the thumb. The wrist is flexible, and compensatory movements can be reduced

(Ottobock 2018).

i-Limb

The i-Limb is an electric prosthetic hand originally developed by Tocuh Bionics in the
UK. Ossur in Iceland has now acquired it. Several types of prosthetic hands are currently
available, including i-Limb Quantum, i-Limb Ultra, and i-Limb Access; i-Limb Quantum
and i-Limb Ultra are registered as ready-made parts in Japan and can be purchased
through the AMD payment system (The Association for Technical Aids n.d.[b]; The
Association for Technical Aids n.d.[c]). The i-Limb Quantum enables the user to select
36 patterns of hand movements. The control method utilized is proportional control, in
which EMG sensors are attached to the extensor and flexor muscles of the forearm, and
each electrode controls the opening and closing movements. The controlled movements

can be switched in the following four ways (Ossur 2018; Pacific Supply Co. n.d.):

Motion change by the built-in acceleration sensor
The acceleration sensor mounted inside the hand can change the motion by moving
the hand back and forth and left and right.

Motion change triggered by the EMG
Motion can be changed by detecting simultaneous contractions of the flexor and
extensor muscles, double impulses (consecutive muscle contractions at short inter-
vals), and triple impulses.

Motion change by a smartphone application
Movement can be changed using a smartphone application.

Motion change by a chip device
Motion can be changed using a coin-shaped device called a ” Grip Chip;” the motion
change can be performed by placing the hand close to the Grip Chip or by double-
tapping on the Grip Chip.
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Universal electromyographic control electric (UEC-e) hand

The UEC-e hand is a type of MPH developed by Hoshigawa et al. at UEC (Hoshigawa et
al. 2015). It is equipped with two servo motors and can move the carpometacarpal (CM)
joint of the thumb and metacarpophalangeal (MP) joints of the four fingers. Moreover,
it can grasp a 500-g plastic bottle despite being light in weight, weighing approximately
130 g. Pattern recognition control using an artificial neural network (ANN) is used as the
control method, and the user’s EMG pattern is learned by the ANN before use to enable
quicker control (Kato, Yokoi, and Arai 2006). In addition, a flexible conductive silicone
sensor is used as the EMG sensor, which can reduce the load on the skin compared
with conventional hard Ag/AgCl electrodes (Togo, Yuta, et al. 2019). This MPH was
registered as a ready-made part in 2018 (Togo, Hiroshi Yokoi, et al. 2020).

2.3.2 MPH in this study

This section presents the existing MPHs. As a commercial MPH, a multi-DOF MPH
has already been registered as a ready-made part and is available for purchase using
public funds. However, when an MPH is provided at public expense, it is the Myobock
that is often offered because previous studies reported that 90 % of the activities of daily
living (ADL) can be performed with only one non-disabled hand (Glynn et al. 1986)and
the Myobock is inexpensive compared with other MPHs (Tanaka 2018). Furthermore,
as explained in Section 1.3.2, the basic principle of the APCSDLLSPD is to ”ensure
opportunities for social participation, coexistence in the community, and removal of social
barriers”. Hence, it is not considered that people with disabilities can acquire physical
functions similar to those of non-disabled persons. This is believed to be one of the
reasons for the current situation regarding the use of assistive technology. Therefore,
this study aimed to provide a multi-DOF MPH at a price range close to that of Myobock

as one of the options for people with disabilities.
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2.4  Previous studies: Control method

This section describes the existing control methods for MPHs. Yamanoi classified
the control methods for MPHs into six major categories (Yamanoi 2019), as presented
in Table2.3. Here, the control methods with a red background are primarily used for
single-DOF MPHs and those with a blue background are primarily used for multi-DOF
MPHs.

Table.2.3: Control method and control target

Non-learning Learning
Discrete Threshold Pattern recognition
Continuous Single regression ~ Multiple regression
Discrete+Continuous | Switching control Combination

As a factor for classifying the control methods for MPHs, the methods can be classified
based on whether the control target is a discrete quantity, a continuous quantity, or a
combination of the two. In the case of a discrete quantity, motion intention estimation
and motion generation are independent of each other among the three steps of MPH
control described in Section 2.2.2, and the motion corresponding to the estimated motion
intention must be programmed manually. In the case of a continuous quantity, the control

quantity of the actuator is also determined by EMG.

Two types of factors separate the control methods of MPHs: non-learning and learning.
Non-learning methods focus on the presence or absence of EMG expression and perform
ON-OFF control. In contrast, proportional control methods focus on amplitude intensity
information and adjust the opening and closing speed of the hand accordingly. These
methods have the advantage of being less susceptible to noise because they use simple
EMG information. Nonetheless, they can only use limited information, and their feasible

operations are few.

Consequently, they are often used to control single-DOF MPHs that can control only
two motions: opening and closing of the hand. In the case of ON-OFF control for hand

opening and closing, this method requires information only on the activity of one of the
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muscles. The proportional control requires information only on the activity of the flexor
and extensor muscles. This means that if the sensors are placed in positions on the
socket corresponding to the flexor and extensor muscles, the prosthetic hand can be used
immediately after it is attached. Most commercially available MPHs use non-learning

control methods.

In contrast, learning-type control methods use machine learning to model and control
the relationship between EMG and motions using features extracted from the EMG as
input. As the number of parameters to be adjusted is large when classifying and con-
trolling motions with several DOF, such as those of a normal hand, machine learning is
used to perform these operations automatically. Therefore, it can be applied to the con-
trol of multi-DOF MPHs. As with the non-training type control methods, the input of
learning-type control methods can be time-domain features such as the EMG amplitude
intensity information, frequency-domain features such as the power spectra, or a com-
bination of both. This method utilizes more detailed EMG information and can realize
more motions than the non-learning type method. However, the user must manipulate
several types of muscle contraction patterns to take advantage of this learning method

owing to the need for detailed EMG information.

Each control method is described in detail below.

2.4.1 Threshold-type * Single regression—type

Threshold—type control methods include ON-OFF control, in which the hand opens
and closes when the EMG exceeds a certain threshold value. Single regression-type
control methods have proportional control, in which voltage is input to the motor in
proportion to the amplitude intensity of the EMG (Bottomley, Wilson, and Nightingale
1963). According to the evaluation of the proportional control method by the MPH users
surveyed by Sears and Shaperman, the proportional control method received a higher
evaluation than the digital control method, in which the voltage applied to the motor

changes on and off (Sears and Shaperman 1991).

Ottobock’s Myobock, one of the most commonly used MPHs, uses two EMG sensors,
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one each for the "open” and ”close” switches. The control method depends on the hand

option, with the ON-OFF and proportional controls being selectable.

2.4.2 Switching control type

The switching control type realizes multi-DOF motion by switching the grasping pat-
tern of the MPH with a switch or triggering motion. The control itself is based on the
ON-OFF and proportional controls. However, intuitiveness is reduced because a button

must be pressed each time the motion is switched.

In the Bebionic hand by Ottobock, 14 different grasping patterns are realized by com-
bining proportional control and switches (Ottobock US n.d.).

EMG signals
2 ch

TN
-t | Realize
co-contraction [> Select
v vt | EMG activity grasp pattern
/ A

Selected pattern

Fig.2.3: Diagram of switching type control. The case of using co-contraction for switching is

shown. Prepared with reference to (Yang et al. 2019).

2.4.3 Pattern recognition type

MPH control methods based on pattern recognition generally use supervised learning,
a type of machine learning, in which EMG and hand motions are sampled in advance
and learned based on these signals to estimate hand motions from EMG. In this method,

features are extracted by obtaining integral EMG from the EMG input by calculating
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the integral value or obtaining frequency components through the fast Fourier transform
(FFT), which are then input to a classifier unit trained in advance to estimate hand
motions. Neural networks (NNs) (Jiang et al. 2014; Hiroshi Yokoi et al. 2009), the support

vector machine, linear discriminant analysis (Atzori et al. 2015), and other methods are

Selected }"

Pattern |
Recognition

used for discrimination.

|

EMG signals
Multi-ch

vy 4+

AR

:

Only one
can be selected

|

-—

Fig.2.4: Diagram of Pattern recognition control. Prepared with reference to (Yang et al. 2019).

2.4.4 Multiple regression type

In the multiple regression-type control method, NNs and so on are used to acquire the
force and joint angle data at the time of movement from force sensors and strain gauges

and learn the relationship with the myoelectric potentials at that time to realize motion.

Nielsen et al. used a multilayer perceptron (also known as NN) to regress and control
the three-DOF's of the wrist using five-channel EMG sensors (Nielsen et al. 2009). The
multilayer perceptron uses force sensors to measure the force generated when the three-
DOFs of the wrist are moved as well as the EMG signals; subsequently, these data are

used to learn the multilayer perceptron.
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Hioki et al. outputted the target joint angles using the NN, which enabled pinch motion
with the thumb and index finger, wrist rotation, and hand opening using four-channel
EMG sensors (Hioki et al. 2011). The learning method is based on combining EMG

measurements during the three motions.

2.45 Combination type

The combination-type method combines pattern recognition and regression.

Tsuji et al. proposed a new MPH control method that considers the basic motions
that constitute five-finger motions as muscle synergies and enable the control of various
five-finger complex motions by combining muscle synergies (Tsuji et al. 2003; Furui et
al. 2019). Using this method, they realized 10 motions (five basic movements and five
compound motions) by pre-learning five motions of flexion of each finger (the ring finger
and little finger are flexed simultaneously) and grip as basic motions using eight-channel
EMG sensors. The prosthetic hand uses an encoder to detect the grasping of an object
and switches for proportional control to generate a grasping force according to the muscle

contraction level calculated from the EMG.

2.4.6 Summary of the control method and control target

This section presents the six classified MPH control methods and existing research
related to these methods. The review demonstrates that most commercially available
MPHs employ ON-OFF, proportional, or switching controls between these and grasping
patterns using switches. Although the multiple regression type and the combination
type have been realized at the research stage, no long-term clinical studies have been
conducted, and these methods are not practical at this stage. On the contrary, the
pattern recognition type has been used in clinical studies in recent years (Franzke et
al. 2019; Simon, Turner, et al. 2019; Resnik et al. 2018), and previous studies have
reported that MPHs with the pattern recognition-type control tend to use more variety
of motions than those with the conventional switching-type control (Simon, Turner, et al.

2019). Therefore, this study uses the pattern recognition-type control, which is expected
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to have more practical use in multi-DOF MPHs.
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2.5 Position of this study in MPH research

Before describing the problem setting in detail, the position of this study in context to
related research is clarified. For this purpose, Fig.2.6 shows a roadmap for MPH research.
The roadmap is divided into social impact, development method, hardware, and software,
in descending order of influence. Each element influences each other; however, the upper
elements have a greater influence on the lower elements. The items addressed in this
study are circled in red, and their influence on the other elements is indicated by arrows.

The problems to be solved in this study are also indicated by red squares.

Additionally, the explanation of the relationships between the elements of the roadmap
and their respective frames is illustrated in Fig.2.5. When the frames are diagonally
adjacent to each other, it indicates that these elements coexist in the same period. The
distinction between the dashed and solid lines is particularly important. These represent
the stages of implementation for the items addressed in this research, with dashed lines
indicating elements that are implemented only in a research environment, and solid lines

representing elements that have reached a stage where they can be used in everyday life.

With these considerations in mind, each item is described in chronological order.
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A and B exist at the
same time

A

===+ Dashed line = Implementation in a laboratory environment
— Solid line = Implementation applicable in daily life

Laboratory Daily Life

Fig.2.5: Explanation of the differences in relationships based on the types of frames in the
roadmap.
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2.5.1 Prosthetic hand until approximately 1965

The earliest description of a prosthetic hand is that of an ornamental forearm prosthesis
around 330 B.C., and an iron forearm prosthesis with a passive mechanism around 219
201 B.C (Takahashi 2011). The fact that prosthetic hands were produced as early as

they were indicate that hands have been important to humans since ancient times.

The oldest extant iron prosthetic hands include the Florenz prosthetic hand and the
Getz von Berlichingen prosthetic hand, which are believed to have been made in the late

15th century. These prosthetic hands were made by arm smiths and watchmakers.

2.5.2 Prosthetic hand until approximately 2000

Since the commercialization of the single-DOF myoelectric prosthetic hand in 1965, this
type of single-DOF prosthetic hand has been in common use to this day. The control
is either threshold control, in which the prosthetic hand moves when the myoelectric
potential exceeds a certain value, or proportional control, in which the grasping force and
speed of the prosthetic hand change in proportion to the magnitude of the myoelectric

potential.

In this case, the hand, controller, battery, and other components of the prosthetic hand
are manufactured at a factory. The prosthetist then makes a socket that matches the
shape of the user’s residual limb, and the prosthetic hand is assembled into this socket

to complete the prosthetic hand.

2.5.3 Modern prosthetic hand

Today, advances in battery and motor technology have made it possible to reduce the
size and weight of drive units, bringing multi-DOF MPHs to a level where they can be

used in everyday life. These hands are now being sold and used commercially.

In addition, the manufacturing and control methods of machines have changed con-

siderably owing to advances in digital technology (Digital transformation (DX)) and
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artificial intelligence technology.

Regarding hardware, there are examples of low-cost MPHs manufactured using 3D
printers (Togo, Hiroshi Yokoi, et al. 2020), one of the DX technologies. Unlimited To-
morrow sells MPHs using 3D scanning and 3D printers (Tomorrow n.d.). The company
uses a 3D scanner to scan the residual limb at each home and then uses a 3D printer
to create a socket based on the data. This enables the production of MPHs without the

need for a prosthetist.

This study also attempts to produce a low-cost multi-DOF MPH using a 3D printer

and to commercialize it.

Regarding software, machine learning, a type of artificial intelligence, is used to make
effective use of the multi-DOF MPH. In particular, pattern recognition that uses machine
learning to learn and map the relationship between the motion of an operation target and
the pattern of myoelectric potentials, and then predicts the motion from the newly input
myoelectric potentials is applied. This method enables the user to use a large number of
motions as long as the user can separate the muscle contraction patterns, and is suitable
for controlling a multi-DOF MPH. This method has reached a stage where it can be used
in daily life and has already been implemented and sold in some prosthetic hands (Togo,

Hiroshi Yokoi, et al. 2020). However, these methods have the following problems.

Problem1
EMG have the characteristics of instability and time-variation.
Problem?2

The number of separable muscle contraction patterns is limited.

In this study, each of these issues is addressed by the following methods.

1.Adaptive learning
A method that adapts to and follows time variation in EMG
2.Approach based on embodiment
A method that enables autonomous adaptive grasping of objects based not only on

myoelectric information but also on information about the state of contact between
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the hand and grasped object obtained from the touch sensor.

As shown in Fig.2.6, there are examples of adaptive learning implemented in a labora-
tory environment. However, all these are intended for use with devices such as PCs that

are difficult to carry, and none are at a stage where they can be used in daily life.

The embodiment-based approach is a new concept not previously proposed as a control
method for MPHs, as shown in Fig.2.6.

These methods will be fundamental in MPH research in the modern era and beyond.

The reasons for this are explained in the next subsection.

2.5.4 Prosthetic hand after modern times

The prosthetic hand, which only improves the degree of freedom, acquires dexterity
by imitating the flexible structure of the human hand (Fig.2.7). The approach based on
embodiment (Fig.2.8) enables skillful control by combining an MPH with this flexible
structure. This approach is described in Chapter 5 of this paper. When controlling
a prosthetic hand by effectively utilizing the flexible structure, the flexible structure in-
evitably involves contact with an object. The embodiment-based approach autonomously
adapts to the object based on the information about the contact state between the hand
and grasped object obtained from the touch sensor, and thus enables adaptive grasp-
ing of the object by utilizing information that becomes richer as the number of flexible
structures that have touch sensors increases. So far, this concept has not been proposed
in the control of MPHs, and the embodiment-based approach development results dis-
cussed in Chapter 5 of this thesis will be a guide for future multi-DOF MPH research

and development.

To effectively utilize an embodiment-based approach, it is crucial to have a hand that
imitates the flexible structure of the human hand and fingers and palms that can maintain
this flexibility while acquiring contact information. This is because the human hand
uses its flexible structure to limit control space, thereby achieving stable control (V. K.

Nanayakkara et al. 2017) and efficiently collecting contact information (Heller, Rogers,
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and Perry 1990; Voisin, Benoit, and Chapman 2002). The embodiment-based approach
described in Chapter 5 of this thesis will emphasize the importance of these developments.
Specifically, the hand’s flexible structure will facilitate interaction between the hand
and objects, restrict the control space, and utilize it for kinesthetic control, leading to
dexterous hand control. However, until now, no research in MPHs has connected these
structures with intelligence. An embodiment-based approach on the hand’s physicality
enables more efficient learning, leading to dexterous control; this research contributes
significantly to understanding the mechanisms of grasp stabilization enabled by these

hand structures.

Fig.2.7: Flexible structure of the hand. The softness of the fingertips allows them to deform
around the object being grasped, increasing the contact area, and stabilizing the grip.
The hand also contains various other flexible structures such as tendons and ligaments.
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Fig.2.8: Embodiment-based approach. The hand’s movement adapts to the shape of the object
being grasped, based on the contact state between the hand and object obtained from

touch sensors.

Regarding software, the parallel processing performance is expected to improve due to
the technological innovation of mobile devices with DX. In this case, research is expected
to progress in the direction of combining multiple control methods as a more stable
method of controlling MPHs. Here, the subsumption architecture by Brooks will serve
as a reference. Subsumption architecture enables robots to combine prioritized actions in
parallel and operate hierarchically, creating an autonomous control system that is flexible
with respect to its environment (Brooks 1986). Here, this system is applied to a control
system for MPHs and the control method is called subsumption control. By combining
adaptive learning, pattern recognition control, and an embodiment-based approach, an

MPH control system that can control more stable and skillful motion can be created.

If MPHs acquire functions equivalent to those of human hands in the above manner,
they can be used not only for welfare purposes, but also as end-effectors of autonomous
labor in industry and the home. In addition, as MPHs approach the functions of the

human hand, the fusion of man and machine will be accelerated (cyborg).
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2.6 Requirements: Requirements for long-term clinical

application of multi-DOF MPHs

Few studies have been conducted on the long-term clinical application of multi-degree-
of-freedom myoelectric prosthetic hands. In particular, there are even fewer studies on
the long-term clinical application of myoelectric prosthetic arms with pattern recognition
control, which have recently been put to practical use. There have been studies on the
long-term application of a high-performance MPH including the long-term application of
a five-finger MPH with a commercial pattern recognition function (Coapt COMPLETE
CONTROL) for more than eight weeks (Simon, Turner, et al. 2019) and a six-month
application of Michelangelo, a commercially available MPH (Luchetti et al. 2015). Simon,
Turner, et al. applied multi-DOF MPHs to four individuals with upper limb deficiencies
over a period of eight weeks. They found that users tended to use a greater variety
of motions through pattern recognition. Studies that evaluated high-functioning MPHs
by interviewing the stakeholders have also been reported. Franzke et al. interviewed
experienced MPH users and therapists (Franzke et al. 2019) and reported that pattern
recognition was evaluated as being intuitive but unreliable for everyday use and that the
users required extensive training. L. J. Hargrove et al. compared pattern recognition
control with conventional direct control, which includes conventional threshold control
and proportional control, in patients undergoing targeted muscle reinnervation (TMR)
surgery. TMR is a surgical procedure in which the residual nerve in the amputated
limb is surgically transferred to the residual muscle nerve and reinnervated to enable
efficient control of the MPH(Todd A Kuiken et al. 2007). Participants used the pattern
recognition control at home for six to eight weeks. The results showed that seven out of

eight participants preferred the pattern recognition control(L. J. Hargrove et al. 2017).
These studies are summarized in Table.2.4.

According to Table.2.4, the duration of clinical application varied, but most of the
studies were conducted for more than two months. Therefore, this study aims to achieve

clinical application for more than two months.

In addition, the evaluation method is often a combination of not only task evaluation
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but also subjective evaluation using questionnaires. Therefore, in this study, a combina-

tion of these evaluation methods is used.

Although the number of participants in previous studies has been four or more, it is
difficult to secure participants in Japan, where the use of myoelectric prosthetic hands
is low. Therefore, the goal is to conduct long-term clinical application to at least two

participants.

When evaluating a multi-DOF MPH, it is desirable to be able to evaluate it with a
greater number of patterns than when controlling a single-DOF MPH. Therefore, in this
study, at least four motions have to be included in the upper limb function evaluation
test in addition to the motions possible with a single-DOF MPH, i.e., resting, grasping,

and opening.
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2.7 Requirements: Users' Requirements for MPH

2.7.1 Engdahl et al.'s study

Engdahl et al. used a Likert scale to survey 149 upper limb deficient individuals regard-
ing their interest in each skill level of MPH (Engdahl et al. 2015). Two questionnaires
were administered: one in which each skill level was independent and another in which
the skill levels were cumulatively added as the questions progressed. The results of these

questionnaires are presented in Tables.2.5 and 2.6, respectively.

In Table.2.5, wrist rotation, simple grasping movements, and various types of grasping
movements received the highest ratings, whereas in Table.2.6, slow opening and closing
movements received the highest ratings. According to Cipriani, Controzzi, and Carrozza,
grip, precision, and lateral grasping account for 35%, 30%, and 20%, respectively, of the
minimum ADL required by a person (Cipriani, Controzzi, and Carrozza 2010). The
study by Cipriani, Controzzi, and Carrozza and the results of this survey indicate that
the emphasis is on the user’s demand for the prosthetic hand to enable ADLs. However,
in Table.2.5, various types of grasping movements are also rated among the highest
technology levels. Table.2.6 lists the tasks requiring advanced motor control (writing
with a pen or typing)that are also rated highly at 68%. This indicates a high need for
MPHs that enable advanced hand control.

Table.2.5: Probability of favorable responses for individual technology levels. Prepared with
reference to (Engdahl et al. 2015).

Performance level Positive responses (%)
1. Open and close your hand slowly 72
2. Open and close your hand, and also rotate your wrist 74
3. Move to any location in your workspace and perform a simple grasp 74
4. Move to any location in your workspace and perform one of several 74

types of grasps, in which you can control the force used

5. Perform fine tasks like writing with a pen or typing 51

6. Perform fine tasks and have touch sensation in the missing limb 40
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Table.2.6: Probability of favorable responses on the cumulative level of technology. Prepared
with reference to (Engdahl et al. 2015).

Performance level Positive responses (%)
1. Open and close your hand slowly 78
2. Do all the above AND rotate your wrist 71
3. Do all the above AND move to any location in your workspace and 77

perform a simple grasp

4. Do all the above AND perform several types of grasps, in which you 75
can control the force used

5. Do all the above AND perform tasks that require fine motor control 68
(such as writing with a pen or typing)

6. Do all the above AND have touch sensation in the missing limb 59

2.7.2 Cordella et al.'s study

Cordella et al. reviewed the literature investigating the needs of previous upper ex-
tremity prosthetic users (Biddiss and Chau 2007; Kyberd and Hill 2011; Jang et al.
2011; Pylatiuk, Schulz, and Doderlein 2007; Ostlie et al. 2012; Bouffard et al. 2012;
Luchetti et al. 2015) and summarized the requirements to be met by the prosthetic de-
vices (Cordella et al. 2016). Here, this study summarized the essential requirements from

Cordella et al.’s review, focusing on those related to MPHs.

Kyberd and Hill investigated the hours of daily use of MPHs and found that, in a survey
of 42 individuals, 40% used MPHs for 12 h or more and 43% used them for 812 h. A
survey of 2- to 5-year-old children showed an average of 5.8 h of use per day (Egermann,
Kasten, and Thomsen 2009). The results of sPylatiuk, Schulz, and Déderlein’s study are
presented in Table.2.7. The duration of use tended to be long in these studies, which may
be related to the fact that the studies were conducted to evaluate the needs of people
who use prosthetic hands (Kyberd and Hill 2011).
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Table.2.7: Time of prosthesis usage at work and while performing recreation activities (%) (Py-

latiuk, Schulz, and Déderlein 2007)

Time of prosthesis usage females males children
At work / school > 8h 83 86 14
4-6 h 17 14 14
0-4h 0 0 72
During recreation > 8h 67 67 12
4-6 h 0 6 0
0-4h 33 27 88

In addition, Biddiss and Chau and Kyberd and Hill summarized the priorities for
the design and features of MPHs. The results of these two studies are presented in
Table.2.8. From Table.2.8, it can be observed that the weight of the prosthetic hand
is an essential factor. This is a severe problem in the study by Pylatiuk, Schulz, and
Doderlein, in which 77 % of the respondents reported that their prosthetic hand was
too heavy. In particular, as summarized in Table refTable:CommercialMPH, multi-DOF
MPHs require several motors to be mounted inside the hand and tend to be heavier
than low-DOF types. Therefore, developing a lightweight multi-DOF MPH is essential

in improving user convenience.

Considering that the weight of a human hand is approximately 400 gw, there are
several multi-DOF MPHs that weigh 400-500 gw, as reported in (Kaye and Konz 1986)
and Table.2.1, which appear to be comparably heavy. However, humans reduce the load
by distributing this weight to the upper limb through the muscles, fascia, tendons, and
bones, among others (Liu et al. 2022; Sun, Cao, and Song 2020; Lessard et al. 2016).
When an MPH is attached to a person with an upper limb defect, the MPH and the
residual limb are entirely independent; therefore, the loads of the MPH and grasping
object are applied to the residual limb. Hence, the MPH needs to be as light as possible.

Reliability is also mentioned, and improving the reliability of electrodes and batteries

is also highly important.
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Table.2.8: Survey results on the priority of features to be developed for MPH

(Biddiss and Chau 2007)

(Kyberd, Wartenberg, et al. 2007)

Weight
Glove durability
Cost
Sensory feedback
skills/dexterity
Heat
Appearance
Reliability
Independently moving fingers
Fit
Wrist

movement /control

1) Ability to move separately the fingers and thumb

2

) Ability to prevent object slipping
3) Adaptability of grip strength

4) Increase the wrist Range of Motion(RoM)

5) Increase movement speed

6) More natural appearance (size, color, and surface materials)

7) Control of temperature/transpiration

8) Reliable precision
9) Less weight
10) Reduction of noise
11) Increase sensory feedback
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2.8 Requirements: Design requirements for a multi-DOF MPH

2.8.1 Implementation requirements

In this section, we will describe the implementation requirements that have to be
considered when applying MPHs. As described in Section 2.2.1, an MPH consists of an
electric hand, controller, EMG sensor, battery, and socket. When in use, the electric
hand is connected to the end of the socket; the controller, EMG sensor, and battery are
built inside the socket. In some MPHs at the research stage, the controller, battery, and
sensor were mounted and installed outside the socket (Kato, Yokoi, and Arai 2006). In
the case of wire-driven or pneumatic actuator-type multi-DOF MPHs (Seki et al. 2013;
Seki et al. 2014; Ryu Kato and Hiroshi Yokoi 2009; Ryu Kato 2008; G. Gu et al. 2021),

the motor and pump module may be mounted in a pouch for portability.

In the laboratory, short-term experiments can be conducted in such a state; however,
in actual home use, such systems can easily break down owing to the generation of shocks
during use. As reported by Bhaskaranand, Bhat, and Acharya, repeated failures were
cited as the primary reason for discontinuing the use of prosthetic hands. Therefore, it
is essential to manage shock generation during MPH use. In other words, it is crucial to
protect the controller, which is prone to failure, and the cables that connect the electric
hand, EMG sensor, and battery from shocks by placing them inside the socket. To
achieve this, the controller must be miniaturized to the point where it can be built into
the socket. Similarly, the battery must be sufficiently small to be built into the socket
or not protrude from the socket. The shock resistance of the electric hand itself is also

essential.

For the controller, if the user has a long residual limb, the controller should be mounted
close to the wrist of the socket. Therefore, this study refers to the statistics of the wrist
width of the Japanese as the size that can be mounted in the socket (Kouchi 2012).
According to Kouchi, the average wrist width of the Japanese is 55.5 mm, and the
minimum is 45.8 mm. Even if the controller is mounted in the center of the socket, the
width or depth of the controller should be smaller than this because the height of the
controller is basically smaller than the width or depth of the socket. Therefore, the size
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of the controller should be less than 40 X 40 X 20 mm to enable a larger margin than

the minimum wrist width of 45.8 mm.

The battery should be designed for the long-term use of the myoelectric prosthetic
hand, as described in Section2.7.2. However, since there is a trade-off between the usable
time and battery weight, the longer the usable time, the heavier should the battery be.

Moreover, the battery must be replaceable.
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2.9 Requirements: Functional requirements for MPH control

systems

2.9.1 Addressing time-variation in EMG

Typically, EMG is used to control electric prosthetic hands. Although there are studies
on controlling MPHs using muscle bulges or brain waves, these have not yet reached
practical application. Currently, EMG is the most practical source of control signals; it

has been used for many years and its usefulness has been verified.

During the use of an MPH, physiological and psychological factors can alter the my-
oelectricity during the performance of any given movement. Sensinger, B. A. Lock,
and Todd A. Kuiken has specifically mentioned the causes of such changes: electrode
conductivity changes (perspiration and humidity), electrophysiological changes (muscle
fatigue, atrophy, or hypertrophy), spatial (displacement) changes (electrode movement,
on the skin or soft tissue fluid fluctuations), user changes (cognitive intent variations or
contraction intensity changes), and other potential factors (Sensinger, B. A. Lock, and
Todd A. Kuiken 2009).

Pattern recognition control uses supervised learning, a type of machine learning, in
which myoelectric signals and hand motions are sampled in advance and learned from
them to estimate hand motions from myoelectric signals. The purpose of pattern recog-
nition is to map a newly input EMG pattern to one of the hand motions. The concepts
to be recognized by pattern recognition, such as hand motions, are referred to as classes.
When ”grasp” is set as one of the classes, for example, it is called a label. A pair of my-
oelectric signals (data) and hand motions (labels) is called teacher data. The operation

of the associating data and labels is called labeling.

Fig.2.9 illustrates the concept of pattern recognition control. In pattern recognition
control, myoelectric potentials are basically converted into a feature vector that represents
the characteristics of the data by FFT or other means. The space formed by these feature
vectors is called the feature space. In the feature space, clusters with similar features

are formed; these are called clusters. In pattern recognition, feature vectors are classified
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by drawing boundaries that divide these clusters. Hand movement corresponding to the
new EMG data can be estimated depending on the side of the decision boundary that the
new input comes from. The patterns around the decision boundary are similar; hence,
they may contain erroneous motions. Therefore, the area around the decision boundary

is sometimes treated as unrecognizable, otherwise called a reject area.

As shown in the lower part of Fig.2.9, because EMG signals vary interpersonally,
the position of the training data for the same movement differs. By creating individual
training data for each person in advance, pattern recognition control can create a classifier

tailored to each individual, thus enabling it to accommodate personal differences.
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EMG Feature Extraction boundary region
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Fig.2.9: Explanation of pattern recognition control method.

In pattern recognition control, recognition depends on the teacher data obtained in
advance. If this is the case, the correspondence between myoelectric patterns and mo-
tions can change owing to the time variation of the myoelectric potentials, resulting in

malfunctions.

Therefore, for a stable MPH control system, it is necessary to deal with this time
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variation.

Q. Huang et al. referred to such a method of online updating of classifiers following
time-varying changes adaptive learning and classified it into supervised adaptation and
unsupervised adaptation, depending on whether the learning method requires labeled
samples to relearn the prediction model or not (Q. Huang et al. 2017). Supervised
adaptation is also called online learning in some studies (Nishikawa et al. 2000). There are
also methods that combine supervised and unsupervised adaptation, which are referred
to as semi-supervised adaptation in this study. Supervised adaptation can achieve high
recognition accuracy, but it requires a complicated learning process in which labeled
samples are repeatedly acquired. Unsupervised adaptation is easier to use because it

does not require retraining; however, there is a risk that the recognition accuracy will be
degraded (Sensinger, B. A. Lock, and Todd A. Kuiken 2009).

Studies that address the time variation of EMG are discussed in more detail in Chapter
4.

2.9.2 Limitation of the number of recognizable motions
Pattern recognition control is expected to be of practical use in multi-DOF MPHs; how-

ever, problems exist due to its characteristic of realizing various motions using different

muscle contraction patterns.
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Fig.2.10: Conceptual diagram of pattern recognition control. The complexity of the user’s
operation increases with the number of movements. Prepared with reference to (Yang
et al. 2019).

In pattern recognition control, the operator changes the muscle contraction pattern
and intensity of muscle contraction to achieve multiple movements. In this case, there is
a one-to-one correspondence between the myoelectric patterns and hand movements. In
other words, as the number of degrees of freedom to control increases, the muscle control
required of the operator becomes more complex and difficult to control. In particular,
because humans unconsciously perform grasping that is adaptive to the shape of the

object to be grasped, operability is reduced when the user chooses to do this.

Fig.2.11 summarizes the grasping motions of a sphere in the grasp classification by
Cutkosky. Even with variations in only the sphere size, there are several types of grasping
actions, highlighting the difficulty in selecting the appropriate grasping motion while

controlling a prosthetic hand.

If adaptive grasping of objects becomes possible, users will not need to select specific
grasping motions. This will enable movement patterns to be allocated to other functions

besides object grasping, hence, improving operability.
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Fig.2.11: Grasping types for sphere from Cutkosky °‘s taxonomy (Cutkosky 1989).

Therefore, this research sets the requirement to handle 20 different types of objects or
directional variations, as the upper extremity functional test (Carroll 1965), a functional
assessment method for hemiplegic patients; moreover, it uses 17 items for evaluation.
Directional variations are included because, as indicated in Cutkosky’s taxonomy, the
grasping method changes with direction. Additionally, the capability to perform multiple

hand movements is desirable, hence a requirement of five or more movements is set.
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2.10.

2.10 Requirements: Practical requirements for MPH control

systems

2.10.1 Hardware restrictions

Most of the studies dealing with time variation use an offline evaluation method in
which the recognition rate is calculated and evaluated based on the myoelectric data
measured in advance. Even in the case of online evaluations that assess the recognition
rate while actually using an MPH or EMG recognition system, the system is configured
using a PC (personal computer), and no adaptive learning system has been found with

a portable device that can be used in a practical environment.

Adaptive learning in a practical environment requires the use of a different thread or
a different computer than the one used in the main process to learn improved teacher
data without interrupting or delaying the main process, EMG classification, during the
learning process. Considering this, the following five configurations are possible for a

system that can be used in a practical environment.
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Fig.2.12: Conceptual diagram of the system configuration for adaptive learning.

1.Edge computing
This method uses a multi-core microcontroller. Because adaptive learning is pos-
sible with a single microcontroller, the controller can be minimized. The method
also reduces power consumption. However, the processing performance is inferior

to that of single-board computers, tablets, smartphones, and cloud servers.
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2.Distributed computing
This method combines a microcontroller for real-time processing such as EMG
sampling and motor control, and a microcontroller or single-board computer with
high processing power for machine learning processing. However, there are disad-
vantages such as a larger controller size and higher power consumption.

3.Mobile edge computing(Mao et al. 2017)
This method replaces machine learning processing by connecting a tablet or smart-
phone via Bluetooth or wireless LAN to a microcontroller for real-time processing
such as EMG sampling and motor control. The recent advances in the functionality
of tablets and smartphones have made it possible to achieve processing capabili-
ties similar to those of PCs. One of the disadvantages is that the communication
situation may become unstable depending on the environment.

4.Cloud computing
This is a method in which a microcontroller is connected to the internet for real-
time processing such as EMG sampling and motor control, and a cloud server
replaces the machine learning process. One of the disadvantages is that the real-

time performance may be degraded depending on the distance from the server.
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Table.2.9: Comparison of system configurations for adaptive learning

Item Edge Comput- | Distributed Mobile Edge | Cloud Comput-
ing Computing Computing ing
Config-| Multicore micro- | Two  microcon- | Microcontroller Microcontroller
uration| controller trollers + +
or Tablets or smart- | Cloud server
A microcontroller | phones
and a single-board
computer
Proce- | v v VY Vv
ssing Limited process- | Superior to | Recent  flagship | High processing
Power | ing capability multicore micro- | models can have | capability.
controllers. Some | processing powers
are equipped with | equivalent to PCs.
GPUs.
Power | vV VvV v Vv 4
Con- Most have low | The higher the | Consumes power | Consumes power
sump- | power consump- | processing power, | for communica- | for communica-
tion tion. the more the | tion. tion.
power consump-
tion.
Size VY v VY VY
May be slightly | Tends to be larger | Compact as it | Compact as it
larger due to the | as processing | offloads computa- | offloads computa-
number of cores. power increases. tional  processes | tional processes
externally. externally.
Real- VY vV vV v
time High real-time | Real-time perfor- | Delay occurs due | Delay increases
Capa- | performance due | mance decreases | to communica- | with longer
bility to the combina- | when using a | tion. communication
tion of microcon- | single-board com- distances.
trollers. puter.
Commuy-v' v vV VY v v
nica- Stable as it is con- | Stable as it is con- | Can be unstable | Can be unsta-
tion nected on the cir- | nected on the cir- | depending on the | ble depending
Sta- cuit. cuit. environment. on the environ-
bility ment. Worse

than mobile edge
computing as it
requires internet

connection.
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The most important factor is to place the controller inside the socket; hence, miniatur-
ization of the controller is of paramount importance. Therefore, distributed computing
methods are not suitable for this system because they increase the size of the device as

the processing performance is increased.

Edge computing methods offer high performance in terms of power consumption, size,
real-time performance, and communication stability. However, the processing perfor-
mance of microcontrollers including those with high performance is limited compared to

other devices.

The cloud computing approach has the major advantage of high computational perfor-
mance; however, its long communication distance makes it inferior in terms of real-time
performance. A major disadvantage is that it cannot be used without an internet con-
nection. Even today, internet access is unstable in some rural areas, and communication
tends to be unstable in places where the signal is weak, such as underground regions.
Moreover, when many people use the internet simultaneously during a large-scale event,

the connection becomes unstable.

Mobile edge computing methods have two major advantages: mobile devices such as
tablets and smartphones have become as powerful as PCs in recent years, and they do
not require additional devices for high-performance computation processing to be added
to the microcontroller, making them small in size. In addition, the user does not need
to carry more devices, because mobile device applications are often used to provide the
labeling required for supervised learning. However, there is a disadvantage in that in-
formation such as the EMG must be exchanged between the microcontroller and the
mobile device via communication, resulting in a communication delay. Bluetooth and
wireless LAN are communication methods between the microcontroller and mobile de-
vice; however, these methods may cause unstable connections in some environments,
such as crowds. Therefore, the mobile edge computing method is expected to operate
in such a way that when the control of the myoelectric prosthetic hand becomes un-
stable, the device is connected to the mobile device for a short period of time (several
minutes) to perform adaptive learning, and then the learned parameters are sent to the
microcontroller to reflect the learning results. In this case, because there is a possibility

that teacher data may be stored in the microcontroller, the method must improve the

79



CHAPTER 2. PROBLEM SETTING: MPH AND FUNCTIONS TO BE REALIZED

discrimination stability while limiting the amount of teacher data. The advantage of this
method is that, except during adaptive learning, the myoelectric prosthetic hand can be

controlled by the microcontroller, thus solving the real-time problem.

Therefore, this study adopts the mobile edge computing method.

2.10.2 Usage restrictions

When using an adaptive learning system for MPHs in a practical environment, various

restrictions need to be considered. This section describes these restrictions.

Restrictions due to manual labeling

When controlling MPHs by pattern recognition, the labeling of the teacher data is
mainly done by the user or an assistant using an external device such as a tablet. Yamanoi
et al. highlighted the limitations in this process (Yamanoi et al. 2021). According to

Yamanoi et al., the general control flow of an MPH hand is as follows.
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N

Fig.2.13: Labeling process. The user must press a button corresponding to the desired move-

ment when performing specific muscle activities, thus labeling the signal.

1. The subject wears the myoelectric hand.

2. The subject demonstrates a specific muscle activity, and the signals are stored
with a label for the corresponding posture.

3. Steps 1-2 are repeated for every pattern that needs to be learned.

4. After all the necessary data are stored, the classifier learns from these input data.

5. After learning, the classifier is able to classify the current muscle activity using the

learned parameters and control the robot hand based on the classification results.

Yamanoi et al. pointed out the problem of labeling in step 2, where, unlike general
pattern recognition such as image processing, the correctness of the labels of the training
data is unknown in the case of myoelectric prosthetic hands. Furthermore, because the
training data are manually collected by humans, similar movements are labeled with

different movements, making classification difficult. In the case of infants who have
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difficulties communicating with others, it is difficult to apply pattern recognition control
methods because of the difficulty of labeling. This problem was addressed in a study in
which pattern recognition control methods were applied to infants; the results showed
that similar supervised data were measured for different actions, indicating the need for
methods that do not depend on human ability to label the movements (Hiyoshi et al.
2018).

In contrast, supervised and semi-supervised adaptation require labeling of new input
data by the user. As mentioned earlier, labeling human ability is required, although
it is a useful method that can improve and stabilize the discrimination accuracy if the
labeling human ability is high. There are methods such as those proposed in Ryu Kato’s
research that control the addition of newly labeled teacher data based on the degree
of competition for the training data (Ryu Kato 2008); however, if the human labeler’s

ability is low, there is a risk that effective teacher data will not be obtained.

Therefore, unsupervised adaptation is preferable because it can improve the classifier’s

performance regardless of the ability of the human labeler.

Restrictions by user proficiency level

Ryu Kato mentioned that there is a correlation between the proficiency level and the
motion recognition rate. They also noted that the distribution of feature vectors output

by the user becomes larger when the user’s proficiency level is low (Ryu Kato 2008).

Yamanoi et al.; Ryu Kato mentioned that mathematically ideal teacher data would
have low within-class variance, high between-class variance, and boundary data elimi-
nated (Yamanoi et al. 2021; Ryu Kato 2008) as shown in Fig.2.14. However, as Simon,
B. A. Lock, and Stubblefield’s study pointed out changes in the muscle contraction force
(Simon, B. A. Lock, and Stubblefield 2012), which increase intra-class variance, are a
major cause of poor recognition; hence, it would be difficult to control a myoelectric

prosthetic hand using such ideal teacher data without a high degree of proficiency.
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r'
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Fig.2.14: Ideal teacher data. The blue and red areas represent the regions identified by pattern

recognition for each respective movement.

Although it is possible to change the adaptive learning method applied according to
the level of proficiency, the user’s usability may change or the system configuration of
the myoelectric prosthetic hand may need to be changed. In such cases, changing the

adaptive learning method is a significant burden for the user.

Therefore, it is necessary to develop an adaptive learning method that can improve the

recognition rate regardless of the user’s proficiency level.

2.10.3 Recognition rate to be achieved

Definition of recognition rate

The recognition rate is one of the most widely used and important indicators of the

stability of MPH control. It is generally defined as the percentage of time or number of
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data that are correctly identified out of the data acquired for evaluation. Although the
number of data does not change even if the recognition rate is calculated based on time
for devices with high real-time performance such as microcontrollers, in this study, the
evaluation is based on the number of data because myoelectric recognition is performed

using mobile devices such as tablets and smart phones.

When NY, evaluation data of a motion y to be evaluated are measured, N, ..., is the

"number of pieces identified as y” and NZ, is the "number of pieces not identified as

rror

y”. In this case, the motion identification rate of RY (%) for motion y is obtained using

the following equation:

Ny
Ry — correct 2.10-1
Nau ( )
Nc:lLJll = Ngorrect + Neyrror (210-2)

Here, the calculation method of the recognition rate in the case of an unrecognizable
area in pattern recognition is considered. Additionally, the following two calculation

methods are considered:

If unrecognizable is considered as an incorrect answer NY
In this case, the evaluation is relatively severe. When controlling the MPH, the
evaluation may be far from the actual operability because the control of the MPH
hand is often not performed when the identification is impossible.

If unrecognizable is regarded as the correct answer N2 .
The recognition rate becomes comparatively high. As mentioned earlier, when
controlling a myoelectric prosthetic hand, control is often not performed when
identification is not possible; hence, this method reflects the actual operability.
However, when the percentage of unrecognizable is high, the change of operation
may be delayed owing to the mixture of unrecognizable; in such cases, caution is

paramount.

The evaluation used in the experiments in this study is specifiedA.
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Recognition rate enables stable control

A recognition rate that enables stable control has not been found in any study that
provides a particularly well-founded value, as described in the study by B. Lock, En-
glehart, and Hudgins. However, some previous studies have set 85 % as the threshold
for a stably controllable recognition rate (Ryu Kato 2008; Yamanoi 2019). Recently,
however, Kasuya, Ryu Kato, and Hiroshi Yokoi developed a recognition stabilizing filter,
which could improve the recognition rate by determining the final recognition motion by
majority voting based on the frequency of recognitions (Kasuya, Ryu Kato, and Hiroshi
Yokoi 2015). Considering the use of the recognition stabilization filter, the stable control
of MPHs is achievable even with a relatively low threshold value for recognition rates

calculated before applying the filter.

Therefore, in this study, the recognition rate that enables stable control is set to 80 %.
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2.11 Summary of problem settings
This study used the MPH as a model case with the following objective:

To clarify the problems of assistive technologies and systems for persons with disabilities
through the actual development of a myoelectric prosthetic hand and to investigate

methods for developing assistive technologies that can sustainably improve their QOL.

In Japan, for a user to receive an MPH under the public support system, it must
be registered as a ready-made part. However, as mentioned in Section 2.3, there are
no inexpensive and highly functional multi-DOF MPHs in the market. The current
APCSDLLSPD does not focus on people with disabilities acquiring functions similar to
those of non-disabled people; it tends to provide MPHs only with the minimum necessary
functions. However, this limits the freedom of choice of occupation, and it is difficult to
state that sufficient guarantees are provided. Therefore, providing users with access to
highly functional MPHs as an option would help eliminate the obstacles of the current

support system in Japan.

In addition, recently, methods for research and development of assistive technologies
centered on people with disabilities have been proposed (Hamraie and Fritsch 2019).
This is valuable because it allows researchers to propose assistive technologies to address
real-life problems they may not know. In reality, however, as mentioned in (Ito 2019),
the needs of people with disabilities are often unknown, and several issues are difficult
to recognize without technical knowledge. In addition, if such methods are immediately
adopted as the optimal developmental methods, researchers may be discouraged, and the
research and development of assistive technology for persons with disabilities may de-
crease. This would lead to lost opportunities for this population, which would ultimately
be a disadvantage. Therefore, it is necessary to conduct research and develop methods
that incorporate many of the needs of persons with disabilities in a manner that does
not deviate significantly from the current research and development process. Therefore,
as a new developmental approach, this study proposed an approach to develop assis-
tive technology for people with disabilities that utilizes feedback from long-term clinical

applications.
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Specifically, the following four approaches were used to achieve the objectives of this

study:

e Development of a practical multi-degree-of-freedom (DOF) MPH system.

e Elucidation of the requirements of people with disabilities through functional and
subjective evaluation in clinical application.

e Development of control methods to solve the issues related to pattern recognition
revealed by clinical application.

e Improving user accessibility by registering inexpensive and highly functional MPHs

as components for ready-made parts (FERFHEBM).

The problem set by the users’ requests and implementation requirements described

thus far are summarized in Table.2.10 and Table.2.11.
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Table.2.10: Summary of problem setting regarding engineering requirements

Condition Achievement Goal
Hand DOF Independent drive of 5
fingers
Strength Handle external forces
Development -
. Weight Below 350 g
of a practical -
MPH Controller Size Below 40 X 40 X 20 mm
Number 3 People with upper limb
Sensor L
of Chan- deficiencies can
nels distinguish more than
Electrodes| Hybrid electrodes four motions in the task
Control Pattern recognition evaluation
Software
method
Teaching | Tablet application
method

Addressing
the challenges
of pattern
recognition

control

Control stability

Method Adaptation to time-
variability

Adaptation method Unsupervised  adapta-
tion

Adaptation

ment

require-

Adapt regardless of pro-
ficiency, improve recog-
nition rate or number of

stable motion

Recognition Rate of

stable control

Above 80%

Adaptation time

2-5 minutes

Number of training | 50
data
Portability Portable (MPH + smart-

phone or tablet)

Realization

of

adaptive grasping
adapted to the

shape  of
object

the

The number of objects | 20
or directions to adapt
Number of grasping | 5

motions realized by

adaptive grasping
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Table.2.11: Summary of problem settings regarding rehabilitation and social implementation

Condition Achievement goal

Evaluation through | Evaluation period More than 2 months

Long-term clinical Number of participants | 2 people

application Evaluation method Task evaluation and questionnaire
evaluation
Improving user Method Registering the Multi-DOF MPH as

accessibility ready-made parts

Price Comparable to the widely shared
Myobock in Japan
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2.12 Conclusion

This chapter summarized the related technologies for MPHs and the requirements for
MPHs that have been investigated in previous studies. Subsequently, based on these

requirements, a problem was set to achieve the study’ s objective.
Section 2.2 described the general system configuration and control methods for MPHs.
In Section 2.5, the position of this study in MPH research was clarified using a roadmap.

Section 2.3 compared and described previous studies on electric hands, focusing on

commercial MPHs.

Section 2.4 classified the control methods for MPHs into six categories and the existing

control methods.

In Section 2.6, the requirements for the long-term clinical application of the multi-DOF

MPH were clarified based on previous related studies.

Section 2.7 summarized the studies investigating users’ requirements for MPHs and

clarified the requirements that should be considered when developing a prosthetic hand.

Section 2.8 described the functional requirements for the implementation of a multi-
DOF MPH.

In Section 2.9, the functional requirements of the MPH control system were described.
Specifically, the section discussed the issue of time variation of myoelectric signals and

the limitation of the number of recognizable motions.
Section 2.10 described the practical requirements for an MPH control system.

Section 2.11 described the problem setting for this study.

90



Chapter 3 Development and
long-term clinical application of
multi-DOF myoelectric prosthetic hand

3.1 Introduction . . . . . . . . . . . . e e e e e e e e e 92
3.2 Hardware . . . . . . . @ @ @ @ @ i i i i i i i e e e e e e e e e 95
3.2.1 Five-finger-driven electric prosthetic hand . . . . . . . .. .. 95
3.2.2 Controller . . . . . . . . ... e 96
3.23 EMGsensor. . . . . . . . . . e e 97
3.2.4 Battery . . . . ... 98
3.3 Software . . . . . . . i i i i e e e e e e e e e e e e 99
3.3.1 EMG classification system . . . . . . .. ... ... ... ... 99
3.3.2 Android application . . . . .. ... ... L. 100
3.4 Long-term clinical evaluation of people with upper limb 103
deficiency using the BIT-UEC-Hand
3.4.1 Taskevaluation . . . . . . . ... ... ... ... .. ..... 104
3.4.2 Questionnaire evaluation . . . . . . . ... ... ... ..... 108
3.5 Results and Discussion . . . .. ... ... ........... 109
3.5.1 Taskevaluation . . . .. ... ... ... ... ......... 109
3.5.2 Questionnaire evaluation . . . . . . ... ... ... ... ... 113

3.6 Conclusion . . & v v v v i i i e e e e e e e e e e e e e e e e e e 117




CHAPTER 3. LONG-TERM CLINICAL APPLICATION OF MULTI-DOF MPH

3.1 Introduction

In this chapter, the five-finger, multi-DOF MPH (BIT-UEC-Hand) equipped with
a pattern recognition function that I developed is described. This prosthetic hand is
lightweight and has a mechanism to release external forces onto the fingers, preventing
damage and ensuring safe use. It is also equipped with an EMG sensor for robust mea-
surement and a recognition stabilization filter to cope with the limitations in computer

performance.

The BIT-UEC-hand consists of a hand, controller, EMG sensor, battery, and socket.
The hand was developed in a joint research project conducted at UEC and BIT. The
BIT-hand developed in the collaborative research is equipped with a controller developed
in the Yokoi Laboratory of the UEC called the “BIT-UEC-hand.” Fig.3.1 shows the
main functions of the BIT-UEC-hand.
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Shock absorbing mechanism
Except for the thumb

Release the impact from the dorsal side of the finger.

Adjustable thumb
Three levels

Microcontroller
Tiny (35 mm % 35mm)

EMG classification system
Recognition stabilization filter
Bluetooth communication

EMG sensor Replaceable battery
3 ch, Conductive silicone 7.4 V-1200 mAh
Robust to external perturbation Run time (keep moving): 2.5 h

Fig.3.1: Overview of the BIT-UEC-hand

Several commercial multi-DOF MPHs have been sold in recent years, and some people
use these devices daily. However, examples of the usage of multi-DOF MPHs by the
actual users are limited and their characteristics and problems faced during use have not
been fully identified. Developing a highly functional MPH and improving its performance
based on user feedback is the key to enhancing user convenience. Feedback, especially in
the long-term application of MPHs, is the most important variable for revealing hidden
problems in the clinical environment. This chapter identifies the characteristics and

issues of a multi-DOF MPH controlled by pattern recognition through a long-term clinical
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application and clarifies the functions that are highly necessary for the users.
Section 3.2 describes the developed hardware of the BIT-UEC-Hand.
Section 3.3 describes the developed software for the BIT-UEC-Hand.

Section 3.4 describes the method for the long-term clinical application of the multi-
DOF MPH in this study.

Finally, Section 3.5 presents the results and discusses the long-term clinical application

experiment conducted in this study.
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3.2 Hardware

3.2.1 Five-finger-driven electric prosthetic hand

The hand is predominantly made of nylon, with aluminum alloy at some joints and
rubber at each fingertip. The weight of the hand is approximately 330 gw, which is
100-200 gw lighter than the existing commercially available five-finger electric prosthetic
hands. This is expected to reduce the load on the user. This device consists of 11 joints.
The active DOFs are one for each finger (thumb: CM joint and other fingers: MP joint,
for five DOFs), whereas the MP joint of the thumb can be adjusted in three steps, as
passive DOFs, and the wrist can rotate by 360 degrees. A linear motor (thumb: LAS10-
23D and other fingers: LA10-21D; Beijing Inspire Robots Technology Co., Ltd.) was used
as the actuator, and the maximum pinch force of the fingertips was approximately 12 N.
Fingers other than the thumb have a mechanism to release external forces. Therefore,
they can cope with impacts from the dorsal side of the fingers, which is expected in daily
life owing to the lack of somatosensory and body possession senses, thus providing a high

degree of safety.
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(a) Palmar (b) Dorsal

Fig.3.2: BIT-UEC-Hand

3.2.2 Controller

As the controller is built into the socket, it is compact and lightweight, with dimensions
of 35 X 35 X 14 mm, excluding the connector and a weight of 28 g. The lower part is
equipped with a microcontroller 200-MHz SH72546R (Renesas Electronics Corporation),
which has a calculation speed sufficient for real-time EMG signal analysis, and the upper
part is equipped with a connector for connecting the sensor and the motor as well as
a Bluetooth module (RN42-I/RM, Microchip Technology Inc.) used for communication
with the tablet.
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w14 )
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Fig.3.3: Controller of the BIT-UEC-Hand

3.2.3 EMG sensor

The EMG sensor comprises an electrode component that contacts the skin and a sensor
amplifier component that amplifies minute myoelectric potentials. The electrode com-
ponent is made of conductive silicone, which enables a more stable myoelectric signal
measurement against external forces compared with the dry electrodes generally used in
commercial MPHs. For further details, please refer to (Togo, Yuta, et al. 2019). A 50-Hz
notch filter and a 50-Hz high-pass filter were built into the sensor amplifier component to
mitigate the 50-Hz electromagnetic noise caused by commercial power sources in eastern

Japan.

Fig.3.4: Sensor of the BIT-UEC-Hand
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3.2.4 Battery

The battery used is a high-power lithium polymer that can drive multiple motors. Even
when the hand constantly runs, it can be used for approximately 2.5 h. In addition, the

cartridge system allows for an immediate battery replacement if the battery runs out.

Fig.3.5: Battery of the BIT-UEC-Hand
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3.3 Software

3.3.1 EMG classification system

The hand component of the MPH is controlled by recognizing the user’ s intention to
move through pattern recognition based on the EMG of the user’ s forearm. An overview
of the control is shown in Fig.3.6. In addition to this system, a motor switch is mounted
on the socket wrist that allows the hand movement to be fixed manually to address the
reliability problem of pattern recognition control, as presented by Franzke et al. (Franzke
et al. 2019).

Initialization
Feature Extraction Sl L i
x Training Data ¢ earning
_ —{Gmlemg) [ Gar(@) | Gu(¥) |
emg
Motion
,V;J,N,.‘W,\W\\,} R Intended
w
- 2 ) 9 o
emg, — Grr(emg,) Gpg (2, W) » Grer (9;) >
Feature Extraction Pattern Recognition Staiﬁi(;z%glrilog;lter

Motion Intention Estimation

Fig.3.6: Classification of EMG signals

The system consists of two processes: initialization and motion intention estimation.
First, the motion intention estimation is described. EMG signals emg, measured by the
EMG sensor at time t are converted into a feature value a;, which is in a data format
that facilitates the discrimination of motion intention by the feature extraction function
Grg. The pattern recognition function Gpgr then outputs g, which is the predicted value
of the motion intention. In this case, g; is selected from the set of motion intentions Y
learned at initialization. The ¢, is input into the recognition stabilizing filter Grsr, which
outputs the motion intention o;. The recognition stabilization filter refers to time-series
data of the estimated motion patterns stored in a ring buffer for a certain period. It

determines the output based on the proportion of estimated motion patterns in the time
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series(Kasuya, Ryu Kato, and Hiroshi Yokoi 2015). Assuming that the ring buffer stores
the past N outputs, the ring buffer set B; at time ¢ is By = (Jt—N, Jt—N+1, - ¢, Jt). In

this case, the recognition stabilization filter Grgp performs the following process:

B, Ji — B (3.3-1)

B\ s—(N+1) = By (3.3-2)

oy = arg max f;(B;) (3.3-3)
ey

where f; in (3.3-3) is a function that calculates the number of class i in the buffer.

Next, initialization is described. After EMG emg is measured, it is converted into
feature x by the feature extraction function Gy as in the case of motion intention esti-
mation. At this time, the motion intention y when EMG emg is generated is measured
simultaneously . y is measured by pressing a button on the tablet application that indi-
cates the motion intention, which triggers the measurement of the EMG. Subsequently,
teacher data ) = (x,y) are generated by the teacher data generation function Ggr. The
teacher data are buffered by Ggr, and after obtaining a certain number of teacher data,
a set of teacher data ¥ is obtained. Using Gy, the relationship between the EMG and
motion intention is statistically learned by the learning function Gy, and the parameter

W of the pattern recognition function Gpg is derived.

The specific configurations for each function employed In this study are detailed in
Table 3.1.

3.3.2 Android application

An Android application, SignalViewer, was used to record the motion intention y
shown in Fig.3.6. SignalViewer is an Android application developed by Qt, a cross-
platform application framework. It can visualize EMG signals, display feature values,

and acquire teacher data by connecting to a controller via Bluetooth communication.
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B 2 </ = 0:20

@ Mode Check > < Mode Motion >

RNBT-803A : connected 0 FaF

Found the device Speed ZEPRONM

Rec CieHE I fERAT-1ERA2
Connect Start SBIZE Up | Save
21D | [T “f5iEd
Search Save | Load Stop 2%  Undo (& | Down | Load
R
Feature FBIREE
AR 2
MAV 1.567
WMWWMW“WW“WW S
189
P
(a) ModeCheck (b) ModeMotion

Fig.3.7: SignalViewer display screen. (a) ModeCheck enables connection to Bluetooth and
display of raw EMG signals. (b) ModeMotion enables the acquisition of teacher data,

confirmation of identification results, and display feature values using a radar chart.
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Table.3.1: Experimental conditions.

Measurement
Sampling frequency (Hz) 2000
Quantization bit rate (bit) 12
- 50 Hz notch filter
Filter (hardware) - 1—t0-1000-Hz bandpass filter
Filter (software) 50-Hz high pass filter
Potential range (V) -2.5t0 2.5

Feature Extraction Function: Grg

Method Fast Fourier Transform (FFT)

Period (ms) 10

Number of samples 256

Overlapping samples 236

Window function Hann window

Extracted frequencies (Hz) 23.4375, 46.875, 70.3125, 93.75, 140.625,
187.5, 250.0, 312.5

Smoothing (points) 5

Pattern Recognition Function: Gpgr

Method ANN
Number of input layer neurons D =24
Number of hidden layer neurons 32
Number of output layer neurons 8
Activation function Sigmoid

Learning Function: Gy,

Method Gradient descent

Learning rate 0.01
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LONG-TERM CLINICAL EVALUATION OF PEOPLE
3.4. WITH UPPER LIMB DEFICIENCY USING THE BIT-
UEC-HAND

3.4 Long-term clinical evaluation of people with upper limb
deficiency using the BIT-UEC-Hand

A clinical evaluation of the BIT-UEC-hand was conducted with the cooperation of two
participants having an acquired upper limb deficiency over a period of approximately
three months. Participant A was a male in his 40s, a user of a two-DOF MPH with
pattern recognition control who had been using the device for more than 10 years at the
time of the study. The participant underwent a short amputation of the right forearm.
Participant B was a male in his 30s, a user of a single-DOF MPH with proportional
control who had been using it for approximately five months. The participant underwent
a short amputation of the left forearm. The purpose and content of the experiment
were fully explained to the participants in advance, and their consent to participate was

obtained. This experiment was conducted with approval from the UEC ethics committee.

The evaluation methods included task and questionnaire evaluation. The evaluation
schedule for each participant is shown in Fig.3.8. The number of days for each evaluation
was counted from day 0 when the BIT-UEC-hand was confirmed to be used without any
problems and when each participant began to use the MPH at home. Notably, each
evaluation facility was different owing to the differences in participants’ residence, etc.,
and the evaluation tests differed depending on the facilities maintained at the evaluation

facility.
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Subiect -14 0 14 49 73
J UEFT UEFT UEFT UEFT UEFT
A DASH DASH DASH DASH DASH
Subject 6 48 71
B BBT BBT UEFT
Peg Peg DASH
20 -10 0 10 20 30 40 50 60 70 80

Training days (days)

Fig.3.8: Experiment schedule

3.4.1 Task evaluation

Task evaluation is one of the most widely used evaluation methods for assessing the
performance of MPHs. Representative evaluation methods include the Southampton
hand assessment procedure (SHAP)(Light, Chappell, and Kyberd 2002), bocks and block
test (BBT)(Mathiowetz et al. 1985; Platz et al. 2005), and the action research arm test
(Yozbatiran, Der-Yeghiaian, and Cramer 2008). However, these methods depend on the
task execution time, making it difficult to evaluate multi-DOF MPHs, which require
time to drive the hand, or in the early stages of training. The assessment of capacity
for myoelectric control (ACMC)(Hermansson, Fisher, et al. 2005; Hermansson, Bodin,
and Eliasson 2006) is a method that does not depend on the task performance time.
The ACMC scores are based on 30 items related to gripping, holding, releasing, and
bimanual coordination in daily activities, not on specific tasks. Therefore, conducting
the test is difficult without specialized knowledge. Hence, the upper extremity function
test (UEFT)(Carroll 1965) was used in the present study to evaluate the upper limb
function in a defined task without temporal evaluation. In addition, the BBT and large
peg pull test were used to evaluate the time required to perform supplementary tasks.
In the task evaluation, the participant selected the movement patterns that were stable

and controllable from the following: resting, full-finger grip, open, two-finger pinch, and
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three-finger pinch. Therefore, the number of movements used depended on the stability

of control on that day.

Upper extremity function test

The UEFT is an upper extremity functional assessment method for patients with
hemiplegia (Carroll 1965). It is suitable for the assessment of arm mobility in addition
to the evaluation of the hand. The results of a 32-item task to handle 17 objects shown
in Fig.3.9 are evaluated. The UEFT evaluates tasks based on the following four levels: 3
points: the task is completed successfully; 2 points: the task is completed but slowly or
very clumsily; 1 point: the task is partially completed; and 0 points: no part of the task
can be completed. In this study, however, some of the evaluation and task performance

methods were modified such that a person could perform the task using an MPH.

In the pinch evaluation, only one movement is evaluated for each item. When pinching
is performed using multiple fingers, each finger is separately assessed (e.g., if the task is
successfully completed with a three-finger pinch, 3 points are given for each item pinched
with the index finger and the thumb and for each item pinched with the thumb and
middle finger). As the BIT-UEC-Hand currently uses only the index finger and thumb
for a two-finger pinch, the evaluation items for using different fingers for a two-finger
pinch are not preferable. Therefore, this evaluation provides higher points to cases in

which a pinch with more contact points is possible.

Small balls and washers, such as marbles and iron balls, were originally removed from a
saucer or a protruding nail; however, in this experiment, they were placed on the palm of
the participant’ s healthy hand or on a desk. In this case, the maximum score was set to
2. The test should be conducted in a sitting position; however, owing to the limited range
of motion of the MPH, the test was conducted in a standing position when necessary. In
this experiment, clothes iron was substituted with a dumbbell of a similar mass owing

to availability issues.

105



CHAPTER 3. LONG-TERM CLINICAL APPLICATION OF MULTI-DOF MPH

Fig.3.9: Items for UEFT

Bocks and block test (BBT)

The BBT is a measure of manual dexterity (Mathiowetz et al. 1985; Platz et al. 2005).
The test consists of placing a wooden block of 2.5 cm per side in one of two adjacent
boxes, carrying the block one at a time for 1 min, and evaluating the number of pieces

moved. Fig.3.10 shows the BBT in action.
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Fig.3.10: Bocks and block test

Large peg pull test (Peg)

The peg test is used for evaluating manual dexterity (Tiffin and Asher 1948). Usually,
the number of cylindrical pegs that can be inserted into a board with holes in a certain
time is evaluated. However, in this study, a pull-out test was conducted instead of the
insertion test, which requires the coordinated action of a normal hand; this was because
only the skill of the MPH control needed to be measured. The number of pegs that could

be pulled out in 1 min was recorded. Fig.3.11 shows the peg test in action.

Fig.3.11: Large peg pull test
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3.4.2 Questionnaire evaluation

Disability of the arm, shoulder, and hand (DASH)

The DASH is a self-assessment instrument that evaluates the degree of disability in
people with disabilities in their upper limb function in daily life (Hudak et al. 1996). The
Japanese version of DASH, that is, DASH-JSSH (Imaeda et al. 2005), was used in this
study. The questionnaire consisted of two choice items: Disability/Symptoms (DASH-
DS) and Work (DASH-W); and Sports/Music (DASH-SM). Each question is evaluated
on a H-point scale, with higher scores indicating greater disability. The respondents
were asked to answer questions about their symptoms during the last week and imagine
how well they could perform the activities they did not actually perform. In this study,
the participants were instructed to give answers about their condition when using the

BIT-UEC-Hand, and the questionnaire was evaluated.

Additional questionnaire

After the clinical experiment, an additional questionnaire regarding the control of the

multi-DOF MPH was administered. The questionnaire items are listed in Table.3.2.

Table.3.2: Additional questionnaires

Questions (options)

From how many or more motions, including resting motions, does it

become difficult to use the device in daily life?

Frequency of relearning (1: relearn every time; 2: relearn frequently; 3:

rarely relearn; and 4: never relearn)

Burden of relearning (1: Not at all burdensome [no problem as it is];

5: Quite burdensome [difficult to continue using))
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3.5 Results and Discussion

3.5.1 Task evaluation

A graph summarizing the results of the UEFT is presented in Fig.3.12, and a graph
summarizing the actions that are feasible in any trial in the UEFT is presented in Fig.3.13.
Feasibility is defined as a score of 2 or 3 on the UEFT. Participant A already had a high
score from the second trial, indicating that he could become proficient with the multi-
DOF MPH in a short period, even before the start of home training. In the third trial,
which was the first time the participant was evaluated with the four-motion control, a
slight decrease in the score was observed compared with that in the previous trial. In

the fourth trial, the participant achieved a higher score than that in the third trial.
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Training days (days)
Fig.3.12: UEFT results. Notably, the number of motions used was different for each test. Four

motions were evaluated when * was on the pointer; otherwise, three motion controls

were used. Day 0 is the day on which the use of the MPH was started in each home.
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(m) (n)
Fig.3.13: Tasks that could be performed with UEFT. This table summarizes the actions that
resulted in two or three points that were determined to be feasible by the UEFT.

(a)Wooden cube [9 cm], (b)wooden cube [7 cm], (¢)wooden cube [5 cm], (d)wooden
cube [2.5 cm],I)large iron pipe [¢ 38 mm], (f)small iron pipe [¢ 19 mm)], (g)slate [2.5
X 1.2 X 11 cm], (h)sooden ball [7.5 cm], (i)dumbbell [3 kg, ¢ 28 mm)], (j)steel washer
[¢ 78 mm X 2 mm)], (k)glass marble [¢ 17 mm]|, (I)metal sphere [¢ 11 mm], pour
water from glass into glass, (m)pronation, (n)supination, and (o) pour water from
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3.5. RESULTS AND DISCUSSION

Graphs summarizing the BBT and peg test results are presented in Figure3.14 and
Figure3.15, respectively.

Although these results are for reference only because the scores were obtained from
a single trial, the fact that the score decreased more for four movements than for three
in both tests suggests that multiple-pattern control may have a negative impact on the
speed and control accuracy. This result appears to support the reliability issue of pattern

recognition in everyday movements reported by (Franzke et al. 2019).

On the contrary, participant B, a user of an MPH with proportional control, performed
the evaluation task using the three-motion control from the early stages of training. After
80 days, he surpassed the UEFT score of participant A, a user of an MPH with pattern
recognition control, contradicting previous studies, which indicated that extensive train-
ing was necessary. This result may be attributed to the fact that participant B effectively
utilized the motor switches mounted on the MPH system used in this study to fix the
hand motion during the experimental process; this may have provided some support for

the reliability of the control.

In addition, the UEFT results showed that participants tended to score higher when
identifying the four movements. Because the UEFT does not have a time limit, it is
believed that even when the control reliability or task execution speed is low, the score is
not affected, and the number of tasks that can be executed can be increased by searching

for the most appropriate action.
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Fig.3.14: BBT results
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Fig.3.15: Peg test results
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3.5.2 Questionnaire evaluation

The DASH results are shown in Figure3.16; the results of the additional questionnaire
are presented in Table3.3. A higher DASH score indicates a higher degree of disability.

The DASH results showed no significant improvement in the degree of disability in daily
life. This may be because both participants in this study were single-handed amputees
and could perform most of their daily activities using their normal hand side (Glynn
et al. 1986). However, there was a significant improvement in the degree of disability
related to work. These results suggest that improvements in the capability to perform
tasks with myoelectric prosthetic hands may contribute more significantly to reducing
disability in work environments than in the ADL. Therefore, it is necessary to review

recent research trends that often focus on the realization of ADL in the study of MPHs.

In addition, the performance of the MPH may significantly impact the choice of occu-
pation. The public payment system in Japan often provides a single-DOF MPH, namely,
Myobock (Ottobock) (Tanaka 2018); however, based on the results of this study, it may
be needed to actively offer a more functional multi-DOF MPH to ensure equal occu-
pational choices. Participant A currently utilizes the BIT-UEC-Hand in the workplace
(Fig.3.17), indicating its effectiveness.

The results of the additional questionnaire also revealed the limitations of the current
pattern recognition control. The number of usable motions was 4 or 5, including the
resting motions. Even if the number of sensors utilized is three channels, several studies
reported that more than 10 movements could be realized with a high discrimination
rate (Ryu Kato 2008). The performance difference between the laboratory and clinical
environments was remarkable. These findings support those reported in previous studies,
which indicated that the identification rate is not proportional to the actual usability of

the control system (L. Hargrove et al. 2007; B. Lock, Englehart, and Hudgins 2005).

Regarding relearning, both participants answered that they needed to relearn fre-
quently. However, participant A, who had been a user of the pattern recognition-
controlled MPH before the experiment, did not consider relearning as a significant bur-

den, indicating individual differences in recognition. Participant B, however, felt that
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relearning was relatively burdensome. Therefore, it is essential to develop methods that

reduce the burden of relearning to eliminate the barriers of pattern recognition control.
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Fig.3.16: Results of the questionnaire regarding the degree of disability. A higher value indi-

cates a higher degree of disability
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Table.3.3: Results of additional questionnaires

. . Participant
Questions (options) N 5
From how many or more motions, including resting motions, does it | 4 5
become difficult to use the device in daily life?

Frequency of relearning (1: relearn every time; 2: relearn frequently; 3: | 2 2
rarely relearn; and 4: never relearn)

Burden of relearning (1: Not at all burdensome [no problem as it is]; | 1 3
and 5: Quite burdensome [difficult to continue using))
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(a) Participant A harvesting a shiitake mush-
room using the unaffected side by holding (b) Participant A holding and carrying a case
down the mushroom bed with the BIT- containing shiitake mushrooms using both
UEC-hand hands

(c) Participant A grabs dried mushrooms using the BIT-UEC-hand and places them in a bag

Fig.3.17: Participant A working with the BIT-UEC-hand

116



3.6. CONCLUSION

3.6 Conclusion

This chapter described the five-finger, multi-DOF MPH (BIT-UEC-hand) equipped
with a pattern recognition function that I developed. In addition, the chapter identified
the characteristics and issues of a multi-DOF MPH controlled by pattern recognition
through a long-term clinical application and clarified the functions that were more nec-

essary for users.
Section 3.2 described the developed hardware of the BIT-UEC-hand.

Section 3.3 described the developed software of the BIT-UEC-hand.

Section 3.4 described the method of long-term clinical application of the multi-DOF
MPH in this study.

Section 3.5 described the results and discussion on the long-term clinical application

conducted in this study.
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4.1. INTRODUCTION

4.1 Introduction

In this chapter, a method is developed and evaluated to address the reduction in the

control stability of MPHs caused by time variations in the EMG.

Section 4.2 describes the time-variation of the EMG, which is the cause of the insta-
bility of recognition. Referring to previous studies, the time variability of the EMG was

classified into three types based on the speed of change.

Section 4.3 describes conventional methods for managing time variation in the EMG
signals. Learning, self-organization, and adaptation are listed as approaches to manage

time variation, and the approach to apply to each conventional method is discussed.

Section 4.4 describes the method that tracks the time variation in the EMG developed
in this study, which is based on the frequency of the data input.

In Section 4.5, the results and discussion of an experiment involving non-disabled

participants for a wide range of time variations are described.

In Section 4.6, the results and discussion of an experiment involving a person with

upper limb deficiencies for a wide range of time variations are described.

In Section 4.7, the results and discussion of an experiment involving non-disabled

participants for a narrow range of time variations are described.

121



CHAPTER 4. LEARNING SYSTEM THAT TRACKS THE TIME VARIATION OF THE EMG

4.2 Problem: Time-variation in EMG

As described in Section 2.9.1, during the use of an MPH, physiological and psycholog-
ical factors can alter the myoelectricity during the performance of any given movement.
Sensinger, B. A. Lock, and Todd A. Kuiken specifically mentioned the causes of such
changes: electrode conductivity changes (perspiration and humidity), electrophysiolog-
ical changes (muscle fatigue, atrophy, or hypertrophy), spatial (displacement) changes
(electrode movement on the skin or soft tissue fluid fluctuations), user changes (cognitive

intent variations or contraction intensity changes), and other potential factors (Sensinger,
B. A. Lock, and Todd A. Kuiken 2009).

This phenomenon in which the probability distribution of the target data changes over
time is referred to as “concept drift.” Concept drift can be classified into two types,
virtual concept drift and real concept drift, based on its effect on the decision boundary,
which is the boundary between the classes in pattern recognition (Gama et al. 2014;
Krawczyk and Cano 2018). The former does not affect the decision boundary (posterior
probability) but only affects the conditional probability density functions. The latter

involves the decision boundary (posterior probability).

The objective of this study is to establish a learning system that adapts to such tem-

poral variations in the EMG signals.

4.2.1 Classification by speed of change

In addition, Krawczyk and Cano classified concept drift into five categories based on
the severity and speed of changes (Krawczyk and Cano 2018) as shown in Figure 4.1.
The data flow is classified into five categories as shown in Fig.5.1. Here, the data flow
is represented as a sequence of states S = (s1,82,...,8,). In this case, a state is a
subsequence generated according to a certain distribution, and state S + ¢ is generated
by distribution D;. Therefore, in the case of a steady data flow, D; = D,;;; when
5j — sj44. Sudden concept drift is characterized by s; being rapidly replaced by s;1

and D; # Djy1. Gradual concept drift is considered to be a phase in which the rate of
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change is slow and the state is in transition, and s; 1 is generated by a change in the ratio
of D; and D; 4 1 as well as mixing. In incremental concept drift, the rate of change is
more gradual, and the change in D; and D; +1 is not statistically significant. Recurring
concept drift is characterized by the reappearance of the state of the k previous iterations
as Dji1 = D;_j. Finally, outliers (blips) are randomly generated, have no meaningful
information, and should be ignored. In real-world data, these five categories are not

clearly distinguishable but have mixed characteristics.

sudden

gradual

incremental

recurring

blips % W

Fig.4.1: Classification of the concept drift based on the severity and speed of change. Prepared
with reference to (Krawczyk and Cano 2018)

Based on Krawczyk and Cano’s idea, it could be possible to classify the time variation
in the EMG based on the speed of change. Therefore, the time variations in the EMG
are classified into fast (instantaneous), medium (seconds to minutes), and slow (hours)
changes, referring to previous studies on changes in the EMG. In light of Krawczyk and
Cano’ s classification, each of these changes can have characteristics similar to those of
sudden, gradual, and incremental concept drifts. These time variations in the EMG and

the studies that addressed them are listed in the Table.4.1 below.
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Table.4.1: Concept drift in EMG and the studies that addressed it

tics of change

eArm posture change
data

measurement er-

eTeacher

ror(Hiyoshi et  al.
2018)
eElectrode’ s spa-
tial (displacement)
changes(Sensinger,

B. A. Lock, and Todd

A. Kuiken 2009)

B. A. Lock, and Stub-
blefield 2012)

eLevel change during
dynamic muscle con-
traction

eUser changes (cogni-
tive intent variations
or contraction inten-
sity changes)(Parajuli
et al. 2019)

Speed of || fast (instantaneous) medium (seconds to | slow (hours)

change minutes)

Types and || eElectrode misalign- | Most common causes | eElectrode conductiv-
characteris- ment of poor control (Simon, | ity changes (perspira-

tion, humidity)
emuscle fatigue(Cifrek
et al. 2009)(Sadoyama,
Miyano,
1981)

eChanges in

and Higashi

skin

impedance

Studies ad-
dressed

e[Learning + Adap-
tation] Adding new
teacher data and mod-
ification of teacher
data based on sim-
ple  reaction time
(NISHIKAWA et al.
2001)
o[Learning +  Self-
organization] Connect
SOM to output layer
of ANN(H.-P. Huang
et al. n.d.)
o[Learning + Adap-
tation] Data update
based on distance
between representative
particles and input
data(Y. Gu et al

2018)

e[Learning] Improve-
ment of feature(Al-
Timemy et al. 2016)

e[Learning -+ adap-
tation] Adding new
teacher data, modifi-
cation of teacher data
based on simple reac-
tion time and manag-
ing teacher data modi-
fication by the degree
of competition in the
feature space (Kato,
Yokoi, and Arai 2006;
Ryu Kato 2008)
e[Learning + Adap-
tation] Evaluation of
teacher data based on
output results(TSUJI
et al. 1993)

o[Learning + Adap-
tation] Data update
based on distance
between representative
particles and input
data(Y. Gu et al
2018)(Q. Huang et al.

2017)
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4.2.2 C(lassification by range of change in feature space

In the case of EMG pattern recognition, in addition to classification based on the speed
of the time-variation change, classification can also be based on the range of change in
the feature space. The changes in the feature space during fast and slow changes have
been described in (Ryu Kato 2008) and (NISHIKAWA et al. 2001). In a study by
NISHIKAWA et al. that analyzed changes in the feature space with electrode movement,
it was noted that for some movements, after electrode movement, there was no teacher
data in the same position as before the movement, or another cluster moved into an area
where a cluster of another movement previously existed. It is stated that there were
cases where there was no teacher data at the location that overlapped before the move
or another cluster moved into an area where there was previously a cluster of another
behavior. However, most of the clusters overlapped with the clusters that existed before
the electrode movement. This means that the change in the probability distribution of
the EMG potentials is small. In a study by Ryu Kato, which analyzed changes in the
feature space of the teacher data with long-term use of an MPH, outliers due to either
motion teaching errors or signal noise were observed in the early stages. In the early
stages, there was an overlap between clusters of teacher data and a large intra-cluster
variance; however, as the user became more proficient, there was less overlap between
clusters and the intra-cluster variance decreased. The fact that similar characteristics
were observed in the early and late changes, and that the same adaptation method was
used by Y. Gu et al. for both the fast and slow changes (Y. Gu et al. 2018), suggests

that the changes in the feature space are characterized by similar characteristics.

This study measured the gap in the feature space between the time of teacher data
measurement and actual use (recognition rate measurement), which is one of the fast
changes and is shown in Fig.4.2. As in the analysis of Ryu Kato; NISHIKAWA et al.,
overlapping of clusters and overlapping of evaluation data (evaluation) of one class on

teacher data (teacher) of another class are observed.
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15.0 1 L Motion
) Rest
12.5 .
Grasp
10.0 4 ® Open
® 3 finger pinch
7.5 1 ® Wrist flexion
~ ® Wrist extension
£ 5.0- ® Wrist pronation
® Wrist supination
2.5 1 Data type
0.0  J Teacherl
# Evaluation
—2.5 1 e °,
[

-5.0 -25 0.0 2.5 5.0 7.5 10.0 12,5 15.0

Fig.4.2: Changes in feature space due to fast time variation (teacher data measurement error)

As presented in Table.4.1, there are currently no analyses of changes in the feature
space due to medium time variation, because there are few studies that have addressed
this issue. Therefore, this study measured the EMG of the person with an upper limb
deficiency during three movements (resting, grasping, and opening) by changing the
muscle contraction force at regular intervals. This is shown in Fig.4.3. Compared to
the distance between the teacher and evaluation data in Fig.4.2, difference in the muscle

contraction force causes a significant change in the feature space.
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Fig.4.3: Changes in feature space due to medium changes (changes in muscle contraction force)

Based on the above, the changes in the feature space due to the time variation of the

EMG were classified into two types. Fig.4.4b illustrates the difference of the change in

the feature space by the time variation of the EMG.

Narrow range variation

Fast and slow changes are applicable. Most of the clusters overlap with the clusters

before the change, except in the case of outliers such as noise. In other words, the

change in the probability distribution of the data is small.

Wide range variation

A medium change is applicable. A large change in the feature space causes a large

change in the position from the cluster before the change or a large variance. In

other words, the change in the probability distribution of the data is large.
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Y

o

(a) Narrow Range Variation (b) Wide Range Variation

v
v

Fig.4.4: Difference of the change in the feature space by the time variation of EMG signals.
The light-colored clusters are those before the change. Darker clusters are those after
the change.

Particular attention should be paid to wide range changes. In the case of wide range
changes, large changes in the position of data in the feature space tend to result in
clusters overlapping each other. Specifically, there is a risk that clusters that had different
probability distributions before the change are recognized as the same cluster after the
change. For example, if differences in the overall magnitude of the features were the main
discriminative factor rather than differences in the individual components of the features,
these discriminative abilities may be lost when attempting to adapt to differences in
the muscle contraction force. Fig.4.5 shows the feature space of the teacher data with
the dimensionality reduced to two dimensions when such a discriminative tendency was
actually observed during control of an MPH by a person with an upper limb deficiency.
The muscle contraction force is zero for the resting movement. The rest, grasp, and open
movements are aligned side by side at the position where the second principal component
(PC2) is 0 on the coordinates. Therefore, it can be considered that these three movements
are recognized mainly by the difference in the first principal component (PC1).The muscle
contraction force is zero in the resting movement, and PC1 can be considered to be a

component close to the muscle contraction force.
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Fig.4.5: Cluster placement when differences in the overall feature magnitude are the primary
discriminant, rather than differences in the individual components of the feature

To address this problem, it is necessary to adopt approaches such as changing the
muscle contraction patterns, modifying the feature values, or increasing the number of
sensors. This allows the formation of a feature space that can effectively deal with
time variation without overlapping clusters, even when the muscle contraction forces are

different.
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4.3 Conventional methods for managing time variations in EMG

As presented in Table.4.1, various time variations in the EMG have been noted over
the years, and studies have been conducted to address these issues using the following

three approaches:

Learning
Objects (teacher) to be learned are needed for evaluation.
Self-organization (spontaneous formation of complex systems from simple elements)
Need relationships between data (e.g., the similarity of myoelectric signals) for
evaluation.
Adaptation
Only the outcome of whether data are selected is needed for evaluation, and only

chosen data exist.

These approaches, either alone or combined, are used to manage the time variation. As
Section 2.9.1 described, Q. Huang et al. referred to such a method of online updating of
classifiers following time-varying changes as adaptive learning and classified it as super-
vised and unsupervised adaptation, depending on whether the learning method required
labeled samples to relearn the prediction model or not (Q. Huang et al. 2017). Supervised
adaptation is also referred to as online learning in some studies (Nishikawa et al. 2000).
There are also methods that combine supervised and unsupervised adaptation, which
this study refers to as semi-supervised adaptation. Supervised adaptation can achieve a
high recognition accuracy, but requires a complicated learning process in which labeled
samples are repeatedly acquired. Unsupervised adaptation is easier to use because it
does not require retraining; however, there is a risk that the recognition accuracy will be

degraded (Sensinger, B. A. Lock, and Todd A. Kuiken 2009).
The following is an explanation provided by the previous studies presented in Table.4.1:

H.-P. Huang et al. addressed time degeneration owing to the reallocation of EMG
sensors by reducing the dimensionality by combining self-organizing maps (SOMs) in

the input layer of the ANN. This approach is a mixture of learning by ANNs and the
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self-organization of the SOM (H.-P. Huang et al. n.d.).

Y. Gu et al. and Q. Huang et al. used data updates based on the distance between
representative particles (RPs) and input data to update the teacher data in adaptive
learning. RPs are down-sampled from the teacher data to maintain the distribution
characteristics of the feature space; they are added, deleted, or replaced based on the
distance between the RPs and input data. Thus, this can be considered a mixed learning
and adaptation approach. Y. Gu et al. used this approach to address the time variation
after sensor re-fitting and 9 h of wear(Y. Gu et al. 2018), whereas Q. Huang et al.
addressed the time variation at 12 h and 30 min of wear(Q. Huang et al. 2017).

Al-Timemy et al. addressed the variability of the muscle contraction force by improving
the feature values (Al-Timemy et al. 2016). Therefore, this approach can be considered

a learning approach because it improves the learning process.

Ryu Kato proposed a method for updating teacher data in adaptive learning based on
simple reaction time (Kato, Yokoi, and Arai 2006; Ryu Kato 2008). Simple reaction time
is the time the person takes to respond to a stimulus. Previous studies reported that the
average simple reaction time of human beings is 0.22 s (Laming 1968). In the process of
deleting teacher data, if the identification of a sequence of actions requires a longer time
than the simple reaction time, the evaluation value of teacher data similar to the input
data is rewarded; however, if the identification of a sequence of actions requires a shorter
time than the simple reaction time, it is punished. If the evaluation value of the teacher
data falls below a certain value, the teacher data is deleted. In the generation of teacher
data, when a single action and unrecognizable action occur within a simple reaction
time, the input data at the time of the unrecognizable action that is most similar to the
teacher data is generated as the new teacher data for that action. This facilitates the
consideration of a method that combines learning and adaptation. Ryu Kato managed
the updating of training data by defining a degree of competition based on the ratio of
the classes of teacher data to which the representative vectors generated by the SOM
belong; however, because this did not directly use self-organization to generate, delete, or

modify data, it is not regarded as equivalent to an approach that uses self-organization.
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Similarly, TSUJI et al. used a method for updating teacher data in adaptive learning
that evaluates the teacher data based on the output results and updates the data based
on the evaluation values (TSUJI et al. 1993). The findings suggested that this method

is also a combination of learning and adaptation.

Despite the different studies described above, only a few studies have addressed medium
changes, such as changes in the muscle contraction force (Al-Timemy et al. 2016). Simon,
B. A. Lock, and Stubblefield noted that when discrimination becomes unstable during
MPH use, the user will perform stronger muscle contractions to regain control. Trying
too hard or changing the manner in which the muscle contracts are claimed to be the two
most common causes of poor discrimination (Simon, B. A. Lock, and Stubblefield 2012).
Ryu Kato, developed a recognition method for slow changes mainly from muscle fatigue,
and confirmed the problem of reproducibility of movements such as changes in the muscle
contraction force in amputees as pointed out by Simon, B. A. Lock, and Stubblefield;
however, he evaluated the developed method after improving the reproducibility problem
by training amputees for approximately one month, which was outside the scope of the
application of the developed method. The method is not applicable to the development
method. In addition, the method assumes re-labeling of movements and does not address
drastic changes in the feature space owing to the physical misalignment of the sensor or
unintended movement noise. Therefore, Ryu Kato emphasizes on the importance of
developing a methodology to adapt to such changes. In light of the above, responding to

medium changes is essential to address the instability problem in pattern recognition.

The Al-Timemy et al. study on medium change response has been compared against
other features and was found to be improved. However, a comparison of the discrimina-
tion performance of the discriminators trained on one type of muscle contraction against
two different types of muscle contractions showed a discrimination error of more than 30

% for all participants, which was not at a practical level (Al-Timemy et al. 2016).

132



PROPOSED METHOD: METHOD BASED ON THE

FREQUENCY OF THE INPUT PATTERNS
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Fig.4.6: Diagram of the adaptive learning method. Here, emg, is the electromyogram (EMG)

signal measured at time ¢; x; and ¥ denote the feature vector and teacher dataset,

respectively; W, is a parameter of the pattern recognition function Gpr; g is the

number of times the parameter has been updated; p, represents the probability of

the feature vector being classified into each motion; y and g; denote the labels of the

motion; 0; is the vector of the target angles; and @ is the array of the predefined

target angles.

This study proposed a method that uses learning, self-organization, and adaptation,

which are the existing approaches to adapt to time variation conditions, to achieve a

method that is more accurate, responsive, and stable than the existing methods. More-

over, adaptive learning is used to update the teacher data based on new input data.

This is combined with self-organization, which updates the teacher data to be closer to

the input data, and adaptation, which deletes or generates teacher data based on the

evaluation values associated with the teacher data.

The proposed method comprised two main processes: (A) motion intention estimation

and (B) adaptive learning; the latter had a sub-process involving (C) the process of

updating teacher data online. Fig. 4.6 presents a diagram of the adaptive learning
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method. After initialization, the vector of the EMG signals emg, was measured and
converted into the feature vector x;. In process A, x; was calculated, and the target joint
angle vector 6; was the output. The hand was controlled according to 6;. Subsequently,
process B was performed on x;, during which x; and p, which is the result vector of
Gpr, were sent to C , and Gyro updated the teacher data. Process B, which was
exclusive of sub-process C, was performed on the updated teacher data ¥'. Following
the implementation of process B, the updated parameter array W, was sent to Gpr
by calculating ¥’ in Gy,. The primary purpose of this study was to develop Ggro and
make G'pr adapt to the changes in the EMG. The details are explained below.

4.4.1 Motion intention estimation

The process of motion intention estimation is composed of four processes: (a) feature
extraction, (b) pattern recognition, (c) categorization of the output value, and (d) se-
lection of the target angle. At time ¢, emg, was measured, where emg, represents the
vector of the EMG signals. emg, was a ring buffer that stored past T¢,,, signals, with the
EMG signal at time ¢ being the latest. Grg transformed emg, to x;, a D-dimensional
feature vector. In the pattern recognition process, Gpr, which had the parameter W,
outputted p, = (p1,p2,...,py|). Subsequently, Z'ls;'l pr = 1. Y = {n € N} was a set
of motion labels to be predefined as the MPH motions, such as grasping and opening.
g denotes the updated time W, and ¢, € Y represents the intended motion generated

from p, by Gca as follows:

Geoa(p,) =

arg max{pi, ..., Dk, - Py |}- if pg, > p
k v . (4.4-1)

0. otherwise

() is an empty set that was considered indistinguishable in this study. By introducing
this concept, a more stable control could be achieved. p represents the thresholds for
determining whether x; is indistinguishable. Finally, Gga selected the target joint angle

vector 0; that corresponded to 9;, and 8; was sent to the MPH.

Prior to the motion intention estimation, initialization is required. For initialization,
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W, was generated by the learning function Gi,. In general, supervised learning is used
in pattern recognition methods, which is a method of learning input and output rela-
tionships based on the examples of input and output pairs called “teacher data.” These
data, which are prepared in advance, comprise the pairs of the i-th input feature data
vector ' and the intended motion . Ggr summarizes the measured pairs of teacher
data and outputs a set of teacher data ¥, which was sent to GG1,. Here, the teacher data
WYk were represented by (z°,yx), where yy is the k-th motion label in Y. The set of the
teacher data of motion y; PY* and the set of all teacher data ¥ are expressed as follows:

Y| Y|

w= | o= J{o), 0y, U - (4.4-2)
k=1 k=1

The motion intention can be estimated after learning.

4.4.2 Adaptive learning

In the adaptive learning method, the parameter of the pattern recognition function W
was updated sequentially, as shown in the center of Fig. 4.6. When Gyro received the
feature vector x;, Guro updated the set of teacher data. After repeating this process
Turo times, Guro sent the updated set of teacher data ¥’ to Gp,. Let the number of
times taken for updating the teacher data Tyto times be denoted as Tyro. Gy, learns
from the teacher data and generates new parameters W, ;. The time taken for this
learning is referred to as 71,. A flowchart extracted from the entire process of adaptive

learning in Fig.4.6 is shown in Fig.4.7.

The amount of time of the interval for adaptive learning depends on both 7yro and
71,. Generally, the learning process (G1, occurs in a separate thread concurrently with the

identification process. Therefore, the interval for adaptive learning is as follows:

When myTo > 71,
Initially: T7yro + 71,
Otherwise: TyTo
When myto < 11,

Initially: 7yro + 71,
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Otherwise: 71,
However, typically Tyro < 71, hence the interval for adaptive learning can be consid-

ered to be determined by the learning time 71,. Therefore, in adaptive learning, parame-

ters are updated every 7y, time.
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Fig.4.7: Flowchart extracted only for the adaptive learning process.
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4.4.3 Updating teacher data online: Continuous clustered competitive learning

(a) Initialization. (b) Updating the values of teacher data.

AN N\
M <

(c) Deleting teacher data. (d) Inserting teacher data.

Fig.4.8: Process of continuous clustered competitive learning. Dots represent nodes, and lines
represent edges. Different colors represent different motions, and the blue dot in (b)
is the input data. The large green dot in (d) is the inserted node. Colored areas

represent decision boundaries.

The process of updating the teacher data online (Gyro) comprises five processes: 1)
initialization, 2) noise filtering, 3) updating the values of teacher data, 4) deleting teacher

data, and 5) inserting teacher data. Fig. 4.8 shows the schematic of these processes.

This study referred to the growing neural gas (GNG) (Fritzke 1995), a type of unsu-
pervised neural network, to modify the teacher data based on the frequency of the input
patterns. GNG successively adds and removes nodes and connectivity (edges) based on
the distance between the input data and nodes. It can also perform vector quantization,
which refers to approximating a set of vectors with a relatively small number of vectors.
In this study, the teacher data vector was considered a node. GNG uses competitive
learning (CL) (Rumelhart and Zipser 1985), a type of learning method based on Heb-

bian learning, where the neuron closest to the input data becomes the winner and is
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updated to be closer to the input data. The method includes self-organization, which
updates the teacher data to be closer to the input data, and adaptation, which removes
or generates teacher data based on the evaluation values associated with the teacher

data, but does not include learning.

Because the EMG depends on muscle contraction patterns, simply combining learning
in such a way that competitive learning is adapted to the entire data set and used as
the teacher data may result in an overlap in other clusters depending on the pattern of
muscle contraction for a given movement. Additionally, the proposed method is realized
through interaction between humans and the adaptive system. In this case, in addition
to the system adaptation, humans also inevitably model the system and adapt to it,
which is referred to as a mutual adaptation system (Natsuki and Yamada 2006). In
such a scenario, adaptation on the human side and system side might interfere with each
other, potentially disrupting the system and hindering successful adaptation. To prevent
this, the design of the interaction between humans and the adaptive system needs to be

guided in a non-destructive direction.

One method to realize such a design is bootstrapping (Natsuki and Yamada 2006).
This involves using newly acquired abilities to advance to the next stage of learning.
Bootstrapping is known to be used in the cognitive development of infants. Morton
and Johnson argued that newborns are born with some information about the facial
structure, which they called CONSPEC. The system for learning visual features of the
same species was named CONLERN. It has been revealed that newborns tend to follow
face-like figures because of CONSPEC right after birth. This implies that CONSPEC
provides the necessary information for CONLERN to learn visual features at the center
of the visual field, forming a bootstrapping system (Morton and Johnson 1991; Natsuki
and Yamada 2006).

In the proposed method, combining bootstrapping with competitive learning aims to
limit the speed of human adaptation, maintaining a stable mutual adaptation system.
The limitation of the cluster movement when combining bootstrapping with competitive
learning, or in other words, the restriction of human adaptation direction, is shown in
Fig.4.9. The decision region depends on the degree of competition in the feature space;

however, because it is formed with some leeway around the cluster (as shown on the left of

139



CHAPTER 4. LEARNING SYSTEM THAT TRACKS THE TIME VARIATION OF THE EMG

Fig.4.9), users can freely move the cluster within this range. However, to make significant
adaptations that move outside the decision region, it is necessary to gradually repeat the

adaptations and move the cluster. This restricts the speed of cluster movement.

Restricted movement After updating the recognizer
within the decision region =Moveable area changes

yu

Decision region Decision region

Fig.4.9: Illustration showing cluster movement restriction when combining competitive learning
with bootstrapping. Movement is restricted within the decision region formed by the
classifier. As competitive learning moves the cluster based on input data, the decision
region changes after classifier updates, altering the area where movement is possible.
The decision region is determined by the degree of competition in the feature space,
and is formed with some leeway around the cluster, allowing users to freely move the
cluster within this range. However, to make significant adaptations that move outside
the decision region, gradual repeated adaptations are necessary to move the cluster.

This restricts the speed of cluster movement.

By combining competitive learning with bootstrapping, continuous splitting of clusters
and vector quantization are enabled, thus the proposed adaptive learning method is
referred to as Continuous Clustered Competitive Learning (CCCL). CCCL conducts CL
in parallel within each decision region updated by previous adaptive learning for each

motion. The details of this method are as follows:

A, which is the set of nodes, and A,,, which is the set of nodes of motion y;, are
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represented as follows:

Y]
A=A, ={A, 4. A . Aua} (4.4-3)

k=1
A; = (wy, Y, F;) is referred to as node ¢, which is the i-th created element of A. w; € RP
is the position of the node, and F; is the accumulated error used as an indicator for
inserting new nodes. If the accumulated error is large, it is determined that a node must

be inserted.

B, that is, the set of edges, and B,,, that is, the set of edges of motion y;, are

represented as follows:

B=|]JBy, ={..Bij ..} (4.4-4)

Here, B; ; = Bj; = (a;,€i,j) is the edge between node i (A;) and node j (A;); a; ; is the
age of the edge, which is used to remove unnecessary edges in regions with plasticity; and
ei,; is the evaluation value of an edge, which is used to remove edges that have become

redundant owing to time variation.

Each of the five processes is described below.

Initialization

The networks were initialized using @Y%, the set of teacher data of motion y;, generated
by Ggr. The teacher data were input to Gyro in the order of measurement. When the
i-th teacher data WY = (zx' y,) were input, node i A; = (w;,yr, E;) was created.
Subsequently, w; and E; were initialized as w; = ' and E; = 0, and A; was added to

set Ay, as follows:

A, J4i— A, (4.4-5)
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Because A,, € A, A; was added to A. Each time an A; was created, an edge was created
as follows:

By, UBi2 — By, if | By, | =2 (4.4-6)
Byk U{Bsfkvsgk ’ Bsgfkyi’ Bsgk,i} - Byk if |Byk| > 2 .
Bow gow = By ; = B, = (L, 1) (4.4-7)

Here, s7* and s§* are the nearest and second-nearest nodes to A; in A,,, which were

denoted as follows when A; was created:

s{¥ = arg min ||Jw; — w,]| (4.4-8)
JEAy,
s§¥ = arg min |jw; — wj| (4.4-9)
jeAyk\{S?;k}

Learning: Noise filtering based on bootstrapping

Following initialization, the input feature vector x; and pattern recognition results
p, were sent to Gyro from Grg and Gpr. To prevent noise, the input based on p,,
which is the probability of the vector being classified into each motion, was filtered. The
minimum probability p,;. = {p, ..., p¥*, ..., p!¥I} was set to filter the noise. This ensures
that the cluster movement is restricted within the decision region formed by the pattern
recognition function Gpr learned from the teacher data ¥ updated by the previous
adaptive learning. The nearest node s; and the second-nearest node s, to x; in A were

denoted as follows:

s1 = arg min ||z — w;]| (4.4-10)
JjeEA
So = arg min ||z — w;| (4.4-11)
JEA\{s1}

If py, < py. (yr € Ag,) was true, it returned to the beginning of 4.4.3. If it was false,

it was inferred that the input was not noise and all e; ; were increased as follows:
€ij < €+ 1. Vem B (44—12)

Ifyo #yi (yn € As,,y1 € As,) was true, it was assumed that the input was on the

decision boundary between motions ¥y, and y; and returned to the beginning of 4.4.3.
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Self-Organization: Updating teacher data values

The parameters of the edges that were bound to node s; were updated as follows:

Qsy,5 < Qs 5 + 1. v] S N31 (44—13)
€5, ;¢ 0. YjeN, (4.4-14)

The set of order numbers of the direct neighbors of node 7 was represented as N; € N
such that Ng, was the set of the direct neighbors of node s;. Furthermore, the squared
error between the input data x; and node s; was added to the accumulated error Eg, of

node sj.
Es, + Es, + ||y — wy, || (4.4-15)

Similarly, the position of node s; and the nodes that were connected to node s; were

updated. Subsequently, 71 and 73 (11 > 12) were used as the learning coefficients.

W, < Wy, + 1M1 - (T — Wy, ), (4.4-16)
wj —wj+n2-(v—w;). VjeE N, (4.4-17)

If there was an edge between s; and so, the edge’s age was reset to 0. If there was no

edge, a new edge was created.

(4.4-18)

(s, 55 — 0 if B, ., € B
BB, ., B ifB,, ¢B

Adaptation 1: Deleting teacher data

The edges that were older than the predefined threshold a,.x or the edges whose

1 el

Y]
rhams s Emaxs > Emaz ; Were deleted.

evaluation value exceeded the threshold e;.x = {e
In addition, if the number of edges in each motion was below the minimum value guin,

no edge was deleted.

B \ Bi,j — B
if Qi,j > max, where a;; € Bi,j VBLJ' € B. (4.4—19)
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Consequently, if a node unrelated to other nodes appeared, it was deleted. If the number

of nodes in each motion was less than the minimum value n,,;,, no node was deleted.
A\A, — A
if N; =0 A|Ay,| > nmin where y, € 4, VA, € A (4.4-20)

Adaptation 2: Insertion of teacher data

Operations (a) and (b) were performed for each of the A data inputs. For the other

input times, only (b) was performed.

(a) The following operations were performed for each of the A data inputs. Let A, be
the node with the largest accumulated error. The longest edge was selected among
the edges connected to the node with the largest accumulated error A,. Let Af be
the node that binds to this edge. A node r was inserted to bisect the edge. If the
number of nodes in each class exceeded the maximum value 7.y, N0 nodes were

added and process B commenced.
AUA?” = {wru Yk, Er} — A
wy = 0.5 (wy +wy), yp € Ar, B, =0. (4.4-21)
where Eq = max{E;, E; € B}, f = arg max{||wq — wj||}. (4.4-22)
JEN,

Subsequently, the edge between nodes ¢ and f was deleted, and new edges B,

and B, y were created.

B\B,; —+ B (4.4-23)

B| J{By+ B.s} + B (4.4-24)

The accumulated errors, F, and Ef, were updated, and FE, was initialized as
follows:

E, +— E, - aF, (4.4-25)

Ef — Ef — aEf (4.4—26)

E. =E, (4.4-27)

Process B commenced.
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(b) Finally, all the accumulated errors of the node were reduced as follows.
E; + BE;(Vi€ A) (4.4-28)

A return was made to the beginning of 4.4.3.
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4.4.4 Shadow System: Development of a learning parameter transfer system

between mobile devices and microcontrollers

As described in Section 2.10.1, a mobile edge computing approach was employed to
realize adaptive learning in a real environment. In this study, this system is referred
to as the Shadow System because it substitutes the computational process of pattern
recognition with a background computer (shadow). Fig.4.10 shows the difference between

the two operation methods.

Fig.4.10a shows the operation method during adaptive learning. The microcontroller
does not perform pattern recognition during adaptive learning, and the processing re-
lated to pattern recognition is performed by the mobile device instead. The mobile
device processes the feature vector x; received from the microcontroller via Bluetooth
communication, and finally transfers the recognition result 7; to the microcontroller via
Bluetooth communication. On the mobile device, the main thread generates teacher
data (Ggr), estimates the motion intention (Gpr, Gca), and updates the teacher data
(Guro), whereas another thread performs classifier training (Gry,), which requires time

for processing.

The operation method after adaptive learning is shown in Fig.4.10b. After the adaptive
learning is completed, the parameters W, of the pattern recognition function Gpr are
transferred from the mobile device to the pattern recognition function Gpr on the micro-
controller via Bluetooth communication. It should be noted that the pattern recognition
function Gpr must be the same for the mobile device and microcontroller to ensure pa-
rameter compatibility. After transferring the parameters, the microcontroller alone can

control the myoelectric prosthetic hand using the parameters after adaptive learning.
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[ Tablet

Microcontroller

Intended ~ ' \
Motion Jt

Bluetooth

Feature

Lt
Vector

Classifier

(a) System operation during adaptive learning

Classifier

(b) System operati%)ﬁfter adaptive learning

Fig.4.10: Operation method of the shadow system
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A chart diagram showing the details of this system process is shown in Fig.4.11.
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Generate
Training Data ¢

> GGT(.’Z:)
7

Update Teacher Data Online Learning
p \4

Guro(zt, pt) i’L— GL(P)
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Recognition Output Value
emg
Motion
| Intended wW. Bluetooth
oy g Communication
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m h 2 Ut h 2 0,
= emg;

A1
Yt
3 Al ~
Grr(emg;) —D Gor(zt, W,) 5| Gealpr) | Grsr(@) F{Gsa(@, ©) _)g
D
Feature Extraction Pattern Recognition Satcgonze Recognition Select

Output Value Stabilization Filter  the Target Angle

Target Joint

Microcontroller Angle

Fig.4.11: Details of shadow system. Each process corresponds to Fig.4.6.
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EXPERIMENTI1-1: ADAPTATION TO WIDE RANGE
4.5. TIME VARIATION BY NON-DISABLED PARTICI-
PANTS

4.5 Experimentl-1: Adaptation to wide range time variation by

non-disabled participants

To verify the effectiveness of the proposed method for a wide range of time variation, a
recognition experiment was conducted with non-disabled participants. The participants
were instructed to perform three movements, namely resting, grasping, and opening, and
the MPH control system in this study identified the motion intention. In this experiment,
the number of discriminative motions was limited to three to avoid the situation described
in Section 4.2.2, where the difference in the overall size of the features becomes a major
discriminative factor and cannot be adapted to a wide range of time-varying conditions.
Before conducting these experiments, the performance with artificial data was verified.

These results are shown in Appendix A.

This study focused on evaluating the adaptability of the differences in the muscle
contraction force between the supervised data measurement and actual use. Specifically,
the study investigated whether the discriminator would adapt to and control a task that
was subsequently performed using a weaker muscle contraction force if it was trained

using a force greater than the muscle contraction force during normal use.

First, the teacher data was measured using a strong muscle contraction force to verify
the model’ s adaptability for differences in the muscle contraction force. Subsequently,
the participants were instructed to repeat the task of opening and closing the MPH for
10 min. They were instructed to perform the task with as little force as possible. The
recognition rates were then measured three times for various muscle contraction forces:
before the task, after the 5-min task, and after the next 5-min task. The experimental

conditions are explained in detail in the following subsections.
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4.5.1 Experimental conditions

Table.4.2: Experimental Condition of the Experiment1-1.

Measurement
Sampling frequency (Hz) 2000
Quantization bit rate (bit) 12

Filter (Hardware)

- 50 Hz notch filter
- Bandpass filter with a
1-1000 Hz bandwidth

Filter (Software)

50-Hz High pass filter

Potential range (V)

-2.5t0 2.5

Feature Extraction

Period (ms) 10
Number of samples 256
Overlapping samples 236

Window function

Hann window

Extracted Frequency (Hz)

23.4375, 46.875, 70.3125, 93.75, 140.625, 187.5,
250.0, 312.5

Smoothing (points)

5

Bluetooth Communication

Sending Period (ms)

20

Processing when sending accumulated feature Averaging

vectors
Motion Intention Estimation
Method Artificial Neural Networks (ANN)
Number of Neurons (input layer) D =24
Number of Neurons (hidden layer) 40
Number of Neurons (output layer) 3

Activate function

Sigmoid (hidden layer) Softmax (output layer)

Experiment

Measurement motion Rest, Grasp, Open (Fig.4.12)
Target pM AV for teacher data (V) 0.6
Target pM AV for recognition rate (V) 0.6, 0.5, 0.4, 0.35, 0.3, 0.275, 0.25, 0.225
Sampling points per measurement 20
Sampling times for recognition rate 3

Devices
Microcomputer SH72544R, Renesas Electronics Corporation
EMG sensor Hybrid Electrode (Togo, Yuta, et al. 2019)
Smartphone ROG Phone 3, ASUS
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The experimental conditions are described in this subsection. The parameters of the
CCCL were as follows: amaz = 8, €maz = (3000,3000,3000), p,;, = (0.9,0.6,0.6),
m = 0.006, n2 = 0.00006, A =5, @ = 0.5, 8 = 0.95, nmax = 50, Nmin = 20, gmin = 100,
and Tyro = 100.

The other parameters used in the experiment are listed in Table 4.2. The experiment
was conducted on four participants (A-D) with approval from the ethics committee of
UEC (permit No.10006(5)).

The pM AV (the pseudo-mean absolute value) was calculated to quantify the strength
of the user’s muscle contraction. The MAV provides information on the strength of muscle
contraction. In this experiment, emg, was transformed to ; = (x1, z2, ..., T, ..., zp) by
Gpg through an FFT to extract the frequency component. Each channel’s frequency
component was extracted into eight dimensions for a total of 24 dimensions. Because
only x; was sent to the tablet owing to the limited communication speed, the pMAV was

used as an approximation of the MAV. The pMAV was calculated as follows:

il {wi}

Nch

pMAV = (4.5-1)

D represents the dimensions of the feature vector and n., represents the number of
EMG sensors. In this experiment, D was 24 and n., was 3. Because the frequency
range of myoelectricity was 5-500 Hz, and the moving average of the five neighboring
points of each frequency component to be extracted was considered, the pMAV could be

considered an approximation of MAV in this experiment.

The specific details of the experimental procedure are as follows:

1. Sample the teacher data for each motion. Grasping and opening motions are
measured at 0.6 V.

2. Train the classifier by the teacher data.

3. Measure the evaluation data at rest and at 0.6, 0.5, 0.4, 0.35, 0.3, 0.275, 0.25,
0.225 V for the grasping and opening motions. At this time, participants sample
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evaluation data while viewing the recognition results through hand movements,
just as they do during actual operation.

4. Perform adaptive learning for 5 min. The participants repeat the resting, grasp-
ing, and opening movements so that their movement intentions match the actual
movement of the prosthetic hand.

5. Measure the evaluation data of the rest, grasping and opening motions at 0.6, 0.5,
0.4, 0.35, 0.3, 0.275, 0.25, and 0.225 V. At this time, participants sample the eval-
uation data without viewing the recognition results, unlike they do during actual
operation. Recognition is performed using the parameters updated by adaptive
learning.

6. Perform adaptive learning for another 5 min. Participants repeat the resting,
grasping, and opening motions so that their intended motions match the actual
movements of the MPH.

7. Measure the evaluation data of the rest, grasping, and opening motions at 0.6,
0.5, 0.4, 0.35, 0.3, 0.275, 0.25, and 0.225 V. At this time, participants sample
the evaluation data without viewing the recognition results, unlike they do during
actual operation. Recognition is performed using the parameters updated by the

adaptive learning.

,_ : -
Rest Grasp Open

Fig.4.12: Motions evaluated in Experiment1-1.
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4.5.2 Results

The averages of the recognition rates of the four participants are shown in Fig.4.13,
Fig.4.13, and Fig.4.13, and changes in the teacher data of participant C are shown in Fig.
4.16. ”original” is the result of recognizing the evaluation data using the initial teacher
data, and ”optimized” is the result of recognizing the evaluation data using the teacher
data optimized by the proposed method. Notably, the evaluation data were measured
while observing the movement of the MPH controlled by the classifier optimized by the
proposed method. In this experiment, the recognition rate was calculated by assuming

that the unrecognizable action was an incorrect answer.

A paired t-test was conducted to compare the mean values of the recognition rates for
the same pMAV value. Consequently, for the grasping motion, the proposed method’s
recognition rate (optimized) was significantly larger when the target pMAVs were 0.3
and 0.35 after the 5-min task and when the target pMAV was 0.3 after the 10-min task.
Furthermore, it had significantly larger recognition rates for the opening movement when
the target pMAVs were 0.3 and 0.25 after the 5-min task and when the target pMAVs
were 0.3, 0.275, 0.25, and 0.225 after the 10-min task.

The update interval 71, was approximately 28.6 s on average.

The changes in participant C’s teacher data are shown in Fig. 4.16. The yellow circles
in the figure represent the teacher data in the rest mode. The EMG signals of the rest
mode were the lowest compared with those of the motions measured. Fig. 4.16 shows
that the clusters of grasping and opening motions became closer to the resting mode over

time.
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100

Motion Number=0.0 Motion Number=1.0 Motion Number=2.0
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Recognition Rate (%)
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Fig.4.13:

1 1 1 1 I I 1 1 1
0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Target pMAV (V) Target pMAV (V) Target pMAV (V)

Averages of the four participants’ recognition rates at 0 min. Rest: = 0; grasp motion
= 1; and open motion = 2. In the resting mode, the muscles are not contracted. This
indicates that the target pMAV shown on the horizontal axis is the recognition rate
measured at times when the grasping and opening movements are measured at that
target pMAV.
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Fig.4.14: Averages of the four participants’ recognition rates after 5 min task. Rest: = 0;

grasp motion = 1; and open motion = 2. The paired t-test is used to compare
the mean values of the recognition rates for the same pMAV values: * : p < 0.05,
T:p <0.01, and {: p < 0.005. In the resting mode, the muscles are not contracted.
This indicates that the target pMAV shown on the horizontal axis is the recognition
rate measured at times when the grasping and opening movements are measured at
that target pMAV.
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Fig.4.15: Averages of the four participants’ recognition rates after 10 min task. Rest: =
0; grasp motion = 1; and open motion = 2. The paired t-test is used to compare
the mean values of the recognition rates for the same pMAV values: * : p < 0.05,
T:p <0.01, and {: p < 0.005. In the resting mode, the muscles are not contracted.
This indicates that the target pMAV shown on the horizontal axis is the recognition
rate measured at times when the grasping and opening movements are measured at

that target pMAV.
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Fig.4.16: Changes in participant C’s teacher data. The 24-dimensional space of the teacher

data is dimensionally reduced to two dimensions through principal component anal-
ysis (PCA). The PCA is learned from the initial teacher data. The time elapsed
since the first learning is indicated at the top of each figure. When the elapsed time

is 0:11:01, the first measurement of the recognition rate is completed, and the first

task commences while updating the teacher data. The teacher data at 0:15:55 are

used for the second measurement of the recognition rate. When the elapsed time is

0:28:59, the second measurement of the recognition rate is complete, and the second

task commences while updating the teacher data. The teacher data at 0:33:08 are

used for the third measurement of the recognition rate.
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4.5.3 Discussion

Adaptation to various muscle contraction forces

This study found that the proposed adaptive learning method enables recognition even
when the muscle contraction force is lower than that at the time of the teacher data mea-
surement. In particular, when the target pMAV was less than 0.30, the recognition was
almost impossible without adaptive learning, but with adaptive learning, the recognition

rate was approximately 80 %, which could make the MPH stable.

Limitations of the proposed method

Following optimization, the recognition rate improved in most cases during grasping
and opening. In contrast, the recognition rate decreased in some cases in the resting
mode. As shown in Figure 4.16, as the discrimination becomes possible with smaller
muscle contraction forces, the teacher data for the resting mode and grasping/opening
motion became closer. Simultaneously, the range of actions that could be recognized as
the resting mode was narrowed. The recognition rate was measured without the feedback
of the recognized motion; thus, the participant reproduced the motion, suggesting rest
as it occurred before optimization, which may have caused the misidentification. These
results suggest a trade-off between maneuverability at small muscle contraction forces
and the range of the resting mode. It is necessary to verify the impact of optimization

on the application using the feedback of recognized motions under actual conditions.
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EXPERIMENT1-2:ADAPTATION TO WIDE RANGE
4.6. TIME VARIATION BY A PARTICIPANT WITH UPPER
LIMB DEFICIENCY

4.6 Experimentl-2:Adaptation to wide range time variation by

a participant with upper limb deficiency

To verify the effectiveness of the proposed method for a wide range of time variations, a
recognition experiment was conducted involving a person with an upper limb deficiency.
As in Section 4.5, this study tested whether the proposed method can adapt and control
three motions (resting, grasping, and opening) with different muscle contraction forces

from those used in the teacher data measurement by measuring the recognition rate.
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4.6. EXPERIMENT1-2

4.6.1 Experimental conditions

Table.4.3: Experimental Conditions of the Experiment1-2.

Measurement

Sampling frequency (Hz) 2000
Quantization bit rate (bit) 12

- 50 Hz notch filter
Filter (Hardware) - Bandpass filter with a

1-1000 Hz bandwidth
Filter (Software) 50-Hz High pass filter
Potential range (V) -2.5 to0 2.5

Feature Extraction

Period (ms) 10
Number of samples 256
Overlapping samples 236
Window function Hann window
Extracted Frequency (Hz) 23.4375, 46.875, 70.3125, 93.75, 140.625, 187.5,

250.0, 312.5
Smoothing (points) 5

Bluetooth Communication

Sending Period (ms) 20

Processing when sending accumulated feature Averaging

vectors
Motion Intention Estimation

Method Artificial Neural Networks (ANN)
Number of Neurons (input layer) D =24
Number of Neurons (hidden layer) 32
Number of Neurons (output layer) 3
Activate function Sigmoid (hidden layer) Softmax (output layer)

Experiment
Measurement motion Rest, Grasp, Open (Fig.4.17)
Target pRM S for teacher data (V): Grasp 1.5
Target pRM S for teacher data (V): Open 2.25
Target pRM S for recognition rate (V): Grasp 3.5, 2.25, 1.5, 1.0, 0.75
Target pRM S for recognition rate (V): Open 6.5, 3.75, 2.25, 1.25, 1.0
Sampling points per measurement 20
Sampling times for recognition rate 9 (3 measurements per motion)

Devices

Microcomputer SH72546R, Renesas Electronics Corporation
EMG sensor Dry Electrode (Togo, Yuta, et al. 2019)
Tablet Xijaomi Pad 5, Xiaomi
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The experimental conditions are described in this subsection. The parameters of the
CCCL were the same as section.4.5 as follows: ez = 8, €maz = (3000, 3000, 3000),
Pmin = (0.9,0.6,0.6), n; = 0.006, n2 = 0.00006, A = 5, a = 0.5, § = 0.95, nypax = 50,
Nmin = 20, gmin = 100, Tyro = 100. The other parameters used in the experiment
are listed in Table 4.3. The experiment was conducted on a person with upper limb

deficiencies with approval from the UEC ethics committee (permit No.10006(5)).

It should be noted here with caution that the index of the muscle contraction force is
different from that of Section 4.5. The pRM S (pseudo-Root Mean Square) was calculated
to quantify the strength of the user’s muscle contraction. The Root Mean Square (RMS)
also provides information on the strength of the muscle contraction. In this experiment,
emg, was transformed to ¢, = (z1, z2, ..., %;, ..., xp) by Grg through an FFT to extract
the frequency component. Each channel’s frequency component was extracted into eight
dimensions for a total of 24 dimensions. Let D be the number of dimensions of the feature
vectors, D., be the number of dimensions of each channel, and n.;, be the number of
myoelectric sensors. Thus, D = 24, D., = 8, and n., = 3 here. Because only x; was
sent to the tablet owing to the limited communication speed, the pRMS was used as an

approximation of the RMS. The pRMS was calculated as follows:

Let pRM S}, denote the pRMS of channel k. Then,

chk 2
x;
pRMS), = \/ iz 1“’”’*’“ D (4.6-1)
From this, the pRM S is calculated as follows:

Nech
pRMS = | pRMS? (4.6-2)

In the case of persons with an upper limb deficiency, the magnitude of the EMG
potentials may vary significantly depending on the movement. To take this into account,
this study calculated the pRMS at maximal contraction in advance and determined the
magnitude of the muscle contraction force to be evaluated based on the pRMS for each

movement. The muscle contraction at this time was referred to as the maximal voluntary
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contraction (MVC), and was set as 100%MVC. As in the evaluation of the recognition
rate, three sets of 20 data were sampled three times for each movement, repeated three

times for each movement, for a total of 180 features. The average of the pRMS at this
time was set as 100%MVC.

Using this 100%MVC as a reference, the pRMS value at which the participant set the
target value of muscle contraction was determined as in Section 4.5 during the evalua-
tion. There were five pRMS values to be evaluated: 180%MVC, 100%MVC, 50%MVC,
20%MVC, and 10%MVC. The specific pPRMS values are listed in Table.4.3. The reason
why the target value is above 100 ptMVC is that this value is the average of the pRMS
over a certain time period and is therefore calculated at a considerably lower value than

the target value.

Unlike in Section 4.5, the magnitude of the muscle contraction during the teacher data
measurement was set to 50%MVC instead of the maximum value. The reason for this
is that the preliminary experiments confirmed that when the participant maximized the
muscle contraction force, the difference in the overall magnitude of the features described
in Section 4.2.2 becomes a major factor in the recognition between the grasping and
opening movements, making it impossible to adapt to a wide range of time variations.
Fifty%MVC is a muscle contraction force close to the participant’s self-reported muscle
contraction force during normal use. Unlike Section 4.5, rest was not measured at each
change in the muscle contraction force, but rather nine times at the beginning of each

measurement process to calculate the recognition rate.

The detailed experimental procedure is as follows:

1. The teacher data for each motion are sampled. The grasping and opening motions
are measured with a 50% MVC.

2. The classifier is trained by the sampled teacher data.

3. Measure the evaluation data of the resting state, and the grasp and open motions
at 180%MVC, 100%MVC, 50%MVC, 20%MVC, 10%MVC. At this time, partici-
pants sample the evaluation data while viewing the recognition results by the hand
movements as they would during actual operation.

4. Five minutes of adaptive learning is conducted. Participants repeat the resting,
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grasping, and opening movements so that their intended movements match the
actual movements of the MPH.

5. The evaluation data of the resting state, and the grasp and open motions at
180%MVC, 100%MVC, 50%MVC, 20%MVC, 10%MVC are measured. At this
time, participants sample the evaluation data while viewing the recognition results
by the hand movements as they would during actual operation. This recognition
is performed using the parameters updated by adaptive learning.

6. Another five minutes of adaptive learning is conducted. Participants repeat the
resting, grasping, and opening movements so that their intended movements match
the actual movements of the MPH.

7. The evaluation data of the resting state, and the grasp and open motions at
180%MVC, 100%MVC, 50%MVC, 20%MVC, 10%MVC are measured. At this
time, participants sample the evaluation data while viewing the recognition results
by the hand movements as they would during actual operation. This recognition

is performed using the parameters updated by adaptive learning.

Rest Grasp Opeh

Fig.4.17: Motions evaluated in Experiment1-2.

4.6.2 Results

The results of Experiment 1-2 are shown in Fig.4.18. ”original” is the result of recog-
nizing the evaluation data using the initial teacher data, and ”optimized” is the result
of recognizing the evaluation data using the teacher data optimized by the proposed

method. It should be noted that the evaluation data were measured while observing the
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movement of the MPH controlled by the classifier optimized by the proposed method. In
this experiment, the recognition rate was calculated by assuming that the unrecognizable

action was an incorrect answer.
The update interval 71, was approximately 20.4 s on average.

As shown in Fig.4.18a, the recognition rate of the grasping motion was low and the
motion was unstable in the initial teacher data. However, the recognition rate improved
over a wide range of muscle contraction forces by adaptive learning, as shown in Fig.4.18b

and Fig.4.18c. The changes in the participant’s teacher data are shown in Fig. 4.19.
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(c) Recognition rates after 10 min task.

Fig.4.18: Participant’ s recognition rates. Notably, in ”Open” of (b), the lines indicating

”original” and ”optimized” are almost the same value, hence they are shown as
overlapping.
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Fig.4.19: Changes in teacher data. The 24-dimensional space of the teacher data is dimension-

ally reduced to two dimensions through principal component analysis (PCA). The

PCA is learned from the initial teacher data. The time elapsed since the first learn-
ing is indicated at the top of each figure. When the elapsed time is 0:09:15, the first
measurement of the recognition rate is completed, and the first task is commenced

while updating the teacher data. The teacher data at 0:13:54 are used for the second

measurement of the recognition rate. When the elapsed time is 0:25:44, the second

measurement of the recognition rate is complete, and the second task is commenced
while updating the teacher data. The teacher data at 0:30:36 are used for the third

measurement of the recognition rate.
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4.6.3 Discussion

Teacher data

Fig.4.19 shows that the variance of the clusters for the grasping motion decreased,
whereas the variance of the clusters for the opening motion increased. This suggests
that the method does not necessarily increase the variance of the clusters, but possibly

maintains an appropriate cluster size for the input myoelectric signals.

Adaptability of the proposed method

The clusters of the grasping motions before and after adaptation have a small overlap.
Considering this and the fact that the initial recognition rate of the grasping motion
was small, it can be assumed that this was a condition in which the teacher data was
mismeasured. The fact that the recognition rate was improved by optimizing the teacher

data even in such a case indicates the high adaptive capability of this method.

Limitations of the proposed method

As in Experiment 1-1, the clusters for the resting motion and grasping motion over-
lapped. This is attributed to the clusters moving toward an area near the resting motion,
as the muscle contraction force naturally tends to be weaker for motions that are easier
to perform. Although this did not affect the recognition rate, the effect on the usabil-
ity of the system is unclear; hence, it is necessary to verify the results by actual task

evaluations.

Optimal teacher data

As described in Section 2.10.2, mathematically ideal teacher data would have low
within-class variance, high between-class variance, and boundary data eliminated (Ya-
manoi et al. 2021; Ryu Kato 2008). However, as the adaptive learning progressed in this
study, the within-class variance increased and the between-class variance decreased, as

shown in Fig.4.19. This is also the case in Experiment 1-1, which was conducted with
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non-disabled subjects, as observed in Fig.4.16. Experiment 1-1 was adapted with the
weakest possible muscle contraction force, whereas Experiment 1-2 was adapted with
the muscle contraction force that the participant could easily control on the MPH. Both
experiments were the result of learning muscle contraction patterns that were easy for
the user to control during actual use. These results support the hypothesis stated in
Section 2.10.2 that ideal teacher data does not necessarily make it easier for the user to

control.
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47 Experiment2: Adaptation to narrow range time variation

To verify the effectiveness of the proposed method for a narrow range of time variations,
experiments were conducted involving non-disabled participants. The target case is one
of the early time variations described in Section 4.2, mismeasurement of the teacher data.
This time variation was selected from a number of narrow time variations because, as
explained in Section 2.10.2, manual labeling of the teacher data is necessary for practical
use, and this has been a barrier to the application of the pattern recognition control

method for MPHs. This is why it is important for the field to address this issue.

In this study, the effectiveness of this method is verified by comparing the recogni-
tion rate after adaptive learning with the recognition rate measured using the initially
measured teacher data. The reason for limiting the validation of this experiment to ex-
periments with non-disabled participants is that there are few participants with upper
limb deficiencies who are able to use different muscle contraction patterns for multiple

movements, and it is difficult to obtain their cooperation to participate in the experiment.

It should be noted that before these experiments, performance verification with artifi-

cial data was conducted. These results are presented in Appendix A.
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4.7.1 Experimental conditions

Table.4.4: Experimental Conditions of Experiment2.

Measurement
Sampling frequency (Hz) 2000
Quantization bit rate (bit) 12

- 50 Hz notch filter
- Bandpass filter with a
1-1000 Hz bandwidth

Filter (Hardware)

Filter (Software) 50-Hz High pass filter

Potential range (V) -2.5t0 2.5
Feature Extraction
Period (ms) 10
Number of samples 256
Overlapping samples 236
Window function Hann window
Extracted Frequency (Hz) 23.4375, 46.875, 70.3125, 93.75, 140.625, 187.5,
250.0, 312.5
Smoothing (points) 5

Bluetooth Communication

Sending Period (ms) 20

Processing when sending accumulated feature Averaging

vectors
Motion Intention Estimation
Method Artificial Neural Networks (ANN)
Number of Neurons (input layer) D =24
Number of Neurons (hidden layer) 32
Number of Neurons (output layer) 8

Activate function

Sigmoid (hidden layer) Softmax (output layer)

Experiment

Measurement motion

Rest, Grasp, Open, Three finger pinch, Wrist
flexion, Wrist extension, Wrist pronation, Wrist
supination (Fig.4.20)

Sampling points per measurement

20

Sampling times for recognition rate

9 (3 measurements per motion)

Devices
Microcomputer SH72546R, Renesas Electronics Corporation
EMG sensor Dry Electrode (Togo, Yuta, et al. 2019)
Tablet Xiaomi Pad 5, Xiaomi
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The experimental conditions are described in this subsection. The parameters of the
CCCL were as follows: @z = 8, €mae = (3000, 3000, 3000, 3000, 3000, 3000, 3000, 3000),
Prin = (0.9,0.7,0.7,0.7,0.7,0.7,0.7,0.7), 71 = 0.0002, n2 = 0.000002, A = 5, a = 0.5,
B = 0.95, nmax = 50, nmin = 20, gmin = 100, TyTo = 100. This parameter was
determined experimentally. The parameter determination is described in Appendix B.
The other parameters used in the experiment are listed in Table 4.4. The experiment
was conducted on a person with upper limb deficiencies with approval from the UEC

ethics committee (permit No.10006(5)).

In the experiments in Section 4.5 and Section 4.6, experiments were conducted while
confirming the recognition results by controlling the myoelectric prosthetic hand and
observing its movements, as in the actual use of the prosthetic hand. However, as pre-
sented in Table.4.4, some of the movements in this study were different from those actu-
ally possible using the myoelectric prosthetic hand because the movements were selected
to facilitate the separation of the muscle contraction patterns. Therefore, for simplic-
ity, an illustration of the hand movements, which corresponds to the participant’s hand

movements are shown on the tablet as recognition results.

The detailed procedure of the experiment is as follows:

1. The teacher data are sampled for each operation.

2. The classifier is trained by the sampled teacher data.

3. The evaluation data of each motion are measured. The participants then observe
the recognition results using a tablet, as they do during the actual operation.

4. Adaptive learning is conducted for 2 min. Participants repeat the motions so that
their intended motions match the actual recognition results displayed on the tablet.

5. The evaluation data of each motion are measured. The participants then observe
the recognition results using a tablet, as they do during the actual operation. This
recognition is performed using the parameters updated by the adaptive learning.

6. Adaptive learning is conducted for another 2 min. Participants repeat the motions
so that their intended motions match the actual recognition results displayed on
the tablet.

7. The evaluation data of each motion are measured. Participants then observe the
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recognition results using a tablet, as they do during the actual operation. This

recognition is performed using the parameters updated by the adaptive learning.

. u
Three finger
pinch

Rest Grasp

Wrist Wrist Wrist
extension pronation supination

Wrist flexion

Fig.4.20: Motions evaluated in Experiment2.

4.7.2 Results

The average of the recognition rate of the six participants is shown in Fig.4.21. Fig.4.22
shows the number of stable movements of the six participants when the stable recognition
rate was set above 80.0%. The changes in participant A’s teacher data are shown in Fig.
4.23. In this experiment, the recognition rate was calculated by assuming that the unrec-
ognizable action was the correct answer. The ”original” is the result of recognizing the
evaluation data using the initial teacher data, and ”optimized” is the result of recogniz-
ing the evaluation data using the teacher data optimized by the proposed method. The
significant difference of the recognition rate and the number of stable motions between
before and after the adaptive learning was tested, as well as between the ”original” and

”optimized” for each process. The Wilcoxon signed-rank test was used.

The update interval 77, was approximately 57.4 s on average.
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The results showed that the recognition rate increased significantly by an average of
6.5 % after 2 min and by an average of 4.0 % after 4 min from before the adaptive
learning. In addition, a comparison between the ”original” and ”optimized” showed that
the recognition rate of ”optimized” was significantly greater than that of ”origin” by an
average of 7.4 % both after 2 min and 4 min. The average recognition rate of ” optimized”
was 83.5 % after 2 min of adaptive learning and 81.0 % after 4 min of adaptive learning,

which was higher than the stable recognition rate of 80.0 %.

There was no significant difference in the number of stable motions. The average num-
ber of stable motions increased by 1 after 2 min from before the adaptive learning, but
decreased by 0.17 after 4 min. In the comparison between ”origin” and ”optimized”,
”optimized” had an average of 0.83 more motions than ”origin” at 2 min, whereas ”op-

timized” had an average of 0.5 more motions than ”origin” at 4 min.
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Fig.4.21: Trends in the average recognition rate for each motion for the six participants.
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Number of stable motions
N

1 —8— original
—i— optimized
0
Before AL After 2 min AL After 4 min AL

State of the AL

Fig.4.22: Trends in the number of stable motions of the six participants.
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Fig.4.23: Changes in participant A’s teacher data. The 24-dimensional space of the teacher
data is dimensionally reduced to two dimensions through principal component analy-
sis (PCA). The PCA is learned from the initial teacher data. The time elapsed since
the first learning is indicated at the top of each figure. The teacher data at 0:06:04
are used for the second measurement of the recognition rate. The teacher data at
0:11:00 are used for the third measurement of the recognition rate. The motions of
each class are rest, grasp, open, three finger pinch, wrist flexion, wrist extension,
wrist pronation and wrist supinatifgﬁstarting from the number 0.
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Because there were differences in the participants’ proficiency rates in this experiment,
which resulted in differences in the average recognition rates, the participants’ proficiency
rates were categorized into top, medium, and low categories based on their recognition
rates before adaptive learning, and the results were compared. The recognition rates and
categorization are listed in Table.4.5. Ryu Kato confirmed that there is a correlation

between the proficiency level and motion recognition rate (Ryu Kato 2008).

Table.4.5: Average of the recognition rate for each participant before adaptive learning.

Participant | Recognition rate (%) | Category
A 85.1 Top
B 77.2 Middle
C 67.4 Lower
D 66.4 Lower
E 76.9 Middle
F 88.8 Top

Results of the top two participants

Fig.4.24 shows the average of the recognition rates of the top two participants. Fig.4.25
shows the number of stable motions of the top two participants when the recognition rate

of the stable controllable motions was above 80.0 %.

The results showed that the recognition rate increased by an average of 5.6 % after 2
min from before adaptive learning, and decreased by an average of 0.21 % after 4 min.
In the comparison between ”origin” and ”optimized,” ”optimized” was on average 8.3 %
larger than ”origin” at 2 min, whereas ”optimized” was significantly larger than ”origin”
at 4 min by 5.6 % on average. The average recognition rate of ”optimized” was 92.5 %

after 2 min of adaptive learning and 86.7 % after 4 min of adaptive learning.

There was no significant difference in the number of stable motions. The number of
stable motions increased by an average of 2 motions after 2 min of adaptive learning but
decreased by 0.5 motions after 4 min of adaptive learning. In the comparison between
7origin” and ”optimized”, ”optimized” had an average of 1.5 more motions than ”origin”

at 2 min, whereas ”optimized” had an average of 0.5 more motions than ”origin” at 4
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Fig.4.24: Trends in the average recognition rate for each motion for the top two participants.
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Number of stable motions
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Fig.4.25: Trends in the number of stable motions of the top two participants.

Results of the middle two participants

The transition of the average of the recognition rate of the middle two participants
is shown in Fig.4.26. Fig.4.27 shows the number of stable motions of the middle two
participants when the recognition rate of the motion that could be controlled stably was

over 80.0 %.

The results show that the recognition rate increased by an average of 7.0 % after 2
min from before adaptive learning. Four minutes later, the recognition rate increased
significantly by an average of 4.7 %. In the comparison between ”origin” and ”optimized,”
”optimized” was significantly larger than ”origin” by an average of 5.9 % after 2 min,
whereas ”optimized” was significantly larger than ”origin” by an average of 5.6 % after
4 min. The average recognition rate of ”optimized” was 84.0 % after 2 min of adaptive

learning and 81.7 % after 4 min of adaptive learning.

There was no significant difference in the number of stable motions. The average
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number of motions increased by 1 after 2 min of adaptive learning, but decreased by an
average of 0.5 after 4 min of adaptive learning. In the comparison between ”origin” and
”optimized”, ”optimized” had an average of 1 more motion than ”origin” at 2 min, but

there was no difference between ”optimized” and ”origin” at 4 min.
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Fig.4.26: Trends in the average recognition rate for each motion for the middle two participants.
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Fig.4.27: Trends in the number of stable motions of the middle two participants.

Results of the lower two participants

. The average of the recognition rate of the lower two participants is shown in Fig.4.28.
Fig.4.29 shows the number of stable motions for the lower two participants when the

recognition rate of the motion that could be controlled stably was above 80.0 %.

The results show that the recognition rate increased by an average of 7.1 % after 2 min
from the pre-adaptive learning period, and by an average of 7.5 % after 4 min. In the
comparison between ”origin” and ”optimized,” ”optimized” was on average 8.1 % larger
than ”origin” at 2 min, whereas it was significantly larger than ”origin” at 4 min by an
average of 11.0 %. The average recognition rate of ”optimized” was 74.0 % after 2 min

of adaptive learning and 74.4 % after 4 min of adaptive learning.

There was no significant difference in the number of stable motions. There was no
change from before to after 2 min of adaptive learning, but there was an increase of 0.5

motion after 4 min of adaptive learning. There was no difference between ”optimized”
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and ”origin” at 2 min, but "optimized” had one more motion than ”origin” at 4 min.
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Fig.4.28: Trends in the average recognition rate for each motion for the lower two participants.
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Fig.4.29: Trends in the number of stable motions of the lower two participants.

4.7.3 Discussion

Teacher data

Fig.4.23 shows that the overlapping teacher data that initially overlapped were gradu-
ally removed. In addition, the size of the clusters tended to decrease. Because participant
A was a highly proficient participant, as presented in Table.1, the adaptation progressed
in such a way that the ideal teacher data (low within-class variance, high between-class

variance, and boundary data eliminated) was obtained.

To explore in more detail how differences in proficiency affect adaptation, the adap-
tation results of Participant A, who had high proficiency, and Participant C, who had
low proficiency, were compared by examining the differences in their teacher data before
and after adaptation. The comparison of the adaptation results for each participant is

shown in Fig.4.30 and Fig.4.31. First, there is a significant difference in the teacher data
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before adaptation. While Participant A’s teacher data show some overlap and noise, a
certain degree of cluster separation is evident. In contrast, Participant C’s teacher data

has high separation in some clusters, but clusters 3, 2, and 7 show considerable overlap.

This leads to observable differences in the improvement trend of teacher data through
adaptation. Participant A’s teacher data, as shown in Fig.4.30, progresses with adap-
tation by removing teacher data between clusters, resulting in increased inter-class vari-
ance and reduced intra-class variance. However, Participant C’s teacher data in Fig.4.31
shows some overlapping teacher data being removed or moving, with some progress to-
wards ideal teacher data; however, the overlapping in clusters 3, 2, and 7 could not be
completely resolved. This indicates that to effectively utilize the functionality of a time
variation adaptive system, it is necessary to train for muscle contraction pattern separa-
tion to avoid overlap in the teacher data. Users with a higher proficiency level, who can
separate muscle contraction patterns to some extent, are likely to utilize the functions of

a time variation adaptive system more effectively in cases of narrow range time variation.
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Fig.4.30: Differences in teacher data before and after adaptation for Participant A with high
proficiency.
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Fig.4.31: Differences in teacher data before and after adaptation for Participant C with low

proficiency.

Parameters according to proficiency

As shown in Fig.4.29, the two participants with the lowest proficiency level improved
only up to three stable motions. This is because of the low ability to separate muscle
contraction patterns. To increase the number of stable motions, it is necessary to improve
the ability to separate muscle contraction patterns through training. For such users with
low proficiency, it is believed that operability can be further improved by adapting to
changes in the muscle contraction force using the parameters used in Experiments 1-1
and 1-2.
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Visual feedback of the feature space to the user

This study mainly provided visual feedback to the user of the motion of the MPH during
adaptive learning to show how the current muscle contraction pattern is recognized by
the control system. However, during adaptive learning, the user did not receive feedback
on the state of competition in the feature space, making it difficult to present a new
appropriate muscle contraction pattern to the user. If the user receives visual feedback
of the contention state of the feature space, he or she can consciously explore muscle
contraction patterns that are easy to recognize. For example, the wrist flexion and
wrist extension clusters at the edge of Fig.4.23 can be moved to a position with lower
competition by increasing the muscle contraction force and decreasing the competition
in the center. Therefore, combining feature space feedback and adaptive learning is one

of my future tasks.
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4.8 Conclusion

In this chapter, a method to address the reduction in the control stability of MPHs

caused by time variations in the EMG was developed and evaluated.

Section 4.2 described the time-variation in the EMG, which is the cause of the recog-
nition instability. Referring to previous studies, the time variability in the EMG was

classified into three types based on the speed of change.

Section 4.3 described conventional methods for managing time variation in EMG.
Learning, self-organization, and adaptation were listed as the approaches to manage

time variation, and the approach to apply to each conventional method was discussed.

Section 4.4 described the method that tracks the time variation in the EMG developed
in this study, which was based on the frequency of the data input.

Section 4.4.4 described the myoelectric control system and application used in the

experiments in this study.

In Section 4.5, the results and discussion of the experiment with non-disabled partici-

pants for a wide range of time variations were described.

In Section 4.6, the results and discussion of the experiment with a person with upper

limb deficiencies for a wide range of time variations were described.

In Section 4.7, the results and discussion of the experiment with non-disabled partici-

pants for a narrow range of time variations were described.
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5.1. INTRODUCTION

5.1 Introduction

In this chapter, combining evolutionary robotics with MPH control has enabled adap-
tive object grasping according to myoelectric signals. The model introduced is capable of
anticipating suitable joint movements, drawing insights from the data acquired through

touch sensors that monitor the contact state between the hand and object grasped.

As mentioned in Section 2.9.2, even when using pattern recognition control, there is
a limit to the number of movements available to the user. With our proposed method,
as shown in Fig.5.1, by allocating specific movements to adaptive grasping within pat-
tern recognition control, users can avoid having to differentiate grasping movements for

different objects, thus reducing the control burden.

S 2

Pattern | | Selected
Recognition

Only one
can be selected | — ; .
(C> Adaptive grasping

Fig.5.1: Illustration of application method of our proposed approach in pattern recognition

EMG signals
Multi-ch

control.

However, methods for achieving adaptive grasping based on the contact state of the
hand and grasped objects have not been realized in the field of MPHs. Moreover, when
learning a controller to achieve adaptive grasping based on hand-object contact inter-
actions, the design of the hand becomes a crucial element. Yet, the effective design

requirements for such a method have not been verified.

The aim of this chapter is to confirm the feasibility of achieving adaptive grasping to
objects using an ideal multi-DOF prosthetic hand with this proposed method and to ver-

ify the hidden design requirements necessary for this method through physics simulation.
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The reason for verifying with physics simulation is that developing a hand with similar
DOFs as a human hand would involve significant time and financial costs. By verifying

through physics simulation beforehand, the cost of developing the hand can be reduced.

Section 5.2, describes the research on the two grasping motion taxonomies that are

often used as references for the design of electric prosthetic hands.

Section 5.3 describes the hardware and software approaches to research on comple-

menting the human grasping function, respectively.
Section 5.4 describes the proposed method.

Section 5.5 describes the experiment to evaluate the efficacy and adaptability of the

proposed approach and two comparative evaluations.
Section 5.6, describes the results of the experiments and comparisons.

Finally, Section 5.7 discusses the results of the verification.
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5.2 Previous research: Grasping motion taxonomy

In the research of multi-DOF prosthetic and robotic hands, a comparison with grasping
motion classification is one of the indices to design them and to evaluate their realizable
motion patterns. Grasping motion classification is based on grasping motions under
various environments and conditions, and most of them are extensions of the two major
grasping motion classifications, power grasp and precision grasp, by Napier (Napier 1956).
This paper presents the research on the two grasping motion taxonomies that are often

used as references for the design of electric prosthetic hands.

5.2.1 Grasping motion taxonomy by Cutkosky

Cutkosky extended Napier’s grasp classification (Napier 1956) and classified grasping
motions in manufacturing (Cutkosky 1989). The grasping taxonomy was derived from
Napier’s classification of the grip strength and precision grasping and was classified into

16 types.
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Fig.5.2: Grasping motion taxonomy by Cutkosky. Prepared with reference to (Cutkosky 1989).

5.2.2 Grasping motion taxonomy by KAMAKURA et al.

KAMAKURA et al. classified grasping motions into 14 types for practical purposes such
as promoting the differentiation of hand movement patterns in therapeutic situations and
training the use of tools (KAMAKURA et al. 1978).
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5.3 Previous research: Research on interpolation of the human

adaptive grasping function

The control method based on pattern recognition necessitates the user to choose a
grasping style that is tailored to the object, a process that is often subconscious for hu-
mans, leading to a decrease in the ease of use. Essentially, to achieve skilled manipulation
(software) with the mechanical components of the fingers (hardware), an exploration into
the integration of these two components is essential. Nonetheless, investigations into the
incorporation of human adaptive grasping capabilities have been carried out separately

for software and hardware.

However, studies using robots on human grasping functions have explored approaches

integrating both software and hardware.

This study describes the hardware and software approaches to research on comple-
menting the prosthetic hand’s grasping function. Finally, we explain an approach that

integrates software and hardware using robots.

5.3.1 Hardware-based approach

Here, we focus on hardware and describe related research on achieving adaptive grasp-

ing to object shapes using complex multi-DOF hands.

Adaptive grasp

Fukaya and Ogasawara used a robot hand with a cooperative link mechanism (Fukaya
and Ogasawara 2017) to realize 11 out of 14 grasping types by (KAMAKURA et al.
1978). Each finger is connected by a link, and the power from one motor is branched and
transmitted to five fingers. As a result, each finger automatically maintains a balance
of contact forces. This cooperative link mechanism enables the hand to bend to fit the
shape of the object to be grasped and perform adaptive grasping without controlling

each joint.
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When applied to a prosthetic hand, the above adaptive grasp is useful because it can
adapt to the shape of the object with only simple control of the grasping and opening mo-
tions and a small number of motors. However, while the underactuated hand can adapt
to the object and grasp it, it has the disadvantage that it cannot precisely manipulate
the object, or gesture without interacting with the object, which limits the hardware.
Chen and Xiong pointed out that adaptive grasping with an underdriven robotic hand

tends to miss to grasp the object (Chen and Xiong 2016).
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5.3.2 Software-based approach

Here, we focus on software and describe related research on achieving adaptive grasping

to object shapes using complex multi-DOF hands.

Optimization of grasping motion by image recognition

Methods combining image recognition have been studied to interpolate human adap-
tive grasping functions (Dosen et al. 2010; Ghazaei et al. 2017). Ghazaei et al. used a
webcam attached to an MPH to pre-determine grasping motions from images captured
before grasping, resulting in four different grasping motions depending on the object
shape (Ghazaei et al. 2017). However, Ghazaei et al. pre-determined the correspondence
between the grasping shape and grasping motion from the image data only. In reality,
the same type of object has different sizes and orientations, hence the grasping motion

cannot be adequately determined from the image data alone.

5.3.3 Integrated approach of hardware and software

Optimization of grasping motion by tactile sensors

Tada, Hosoda, and Asada constructed a robot hand system that combines a visual
sensor and a human-like flexible finger with multiple tactile sensors. The robot hand
was made to lift an object repeatedly, and the linear Neural Network (NN) acquired the
grasping behavior for lifting the object based on the information from the visual and
tactile sensors using Hebbian learning (Tada, Hosoda, and Asada 2005). The NN learns
the relationship between the tactile and visual sensors, and using this NN, it is possible

to control the grasping force only with the input from the tactile sensor after learning.

Gianluca Massera, Cangelosi, and Stefano Nolfi used a robot arm that imitated a hu-
man hand in a physics simulation to perform reaching and grasping motions (Gianluca
Massera, Cangelosi, and Stefano Nolfi 2007). The robot arm was controlled by a Contin-

uous Time Recurrent Non-linear Network (CTRNN) with 16 motors on the arm and 2

198



5.3. PREVIOUS RESEARCH

motors controlling the opening and closing of the hand, respectively. The robot controller

was optimized by evolutionary computation to grasp a sphere and a cylinder.

Tuci, Massera, and Nolfi used a robot arm similar to the one used by Gianluca Massera,
Cangelosi, and Stefano Nolfi to perform the task of classifying spheres and ellipsoids using
active perception. Active perception is a perception method in which the robot acts on
its own to gather information to compensate for missing information. In this method,
the hand of the robot arm is used to roll an object in an enveloping manner, and the
object is classified based on the position at which it is rolled (Tuci, Massera, and Nolfi
2009).

5.3.4 Summary of previous research

In Sections 5.3.3 and 5.3.2, methods for achieving adaptive grasping to object shapes
using complex multi-DOF hands have been described, focusing on both hardware and
software approaches. Regarding the hardware approach, owing to issues such as the ease
of dropping grasped objects and constraints on hardware, it is difficult to operate it in
the manner assumed in this study, hence it is not used in the present research. The
software approach, which uses image recognition, has problems such as an insufficient
response to differences in the object size or orientation. The integrated approach of
software and hardware enables tasks such as reaching movements to objects, grasping,
and object classification by learning the correlation between the object contact, sensor

data, and motor control.

Based on the above, this study aims to apply the integrated approach of software and
hardware to MPHs.

199



CHAPTER 5. FEATURE DIRECTION: ADAPTIVE GRASPING

5.4 Proposed Method: Learning Myoelectric Control and
Adaptive Object Grasping via Evolutionary Computation

In the pattern recognition control method, it was necessary to use different muscle
contraction patterns for different hand movements. However, as described in Section
2.9.2, this is a burden for people with upper limb deficiencies. In particular, it is difficult
to select a grasping posture that adapts to the object or a stable grasping method that
does not drop the object. Existing approaches to object grasping by evolutionary robotics
allow grasping and classification of various types of objects using a robotic hand (Floreano
and Stefano Nolfi 2007; Gianluca Massera, Cangelosi, and Stefano Nolfi 2007; Tuci,
Massera, and Nolfi 2009; Bongard 2010). In this framework, the robot hand interacts
with the object to be grasped, and inputs from the robot hand’s touch sensors are mapped
to outputs from the motors that control the robot hand’s joints. This mechanism is based
on the embodiment concept proposed by Pfeifer and Bongard (Pfeifer and Bongard 2006).
None of the existing research methods for object grasping based on evolutionary robotics

can control the open/close state of the hand by myoelectricity.

If adaptive grasping can be realized by predicting an appropriate scheme for operating
the joints based on the contact state information between the hand and grasped object
obtained from the touch sensor, and if the voluntary opening and closing of the joints
can be controlled by myoelectricity, appropriate grasping can be realized for various
objects even with simple myoelectric input. Fig.5.4 is an illustrative diagram of the
approach in this study. Referring to existing research, the parameters of the robot hand
controller are optimized to improve task performance through evolutionary computation
by predicting joint motion with the robot hand repeatedly performing object grasping
tasks. In particular, an MPH control learning environment is added using teacher data
from grasping and opening motions to the conventional pickup learning environment
for autonomous robots. This enables the establishment of an MPH control method that

enables adaptive grasping of objects while allowing the hand to open and grasp arbitrarily.
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EMG signal Touch sensor
Correlation

Correlation _
>

Motor output

Fig.5.4: Illustrative diagram of the approach in this study.

An overview of the proposed method is shown in Fig.5.5. In the proposed method,
evolutionary computation is used to optimize the parameters in parallel. Therefore,
if the number of individuals in the population is P, the set of vectors and scalars are
represented by bold and unbold capital letters (e.g., W = (w1, w2, ... w,, ..., wp)). For
the t-th variable, vector, or set of variables, the parameter is denoted by (t) (e.g. =(t)).

Every set represents a population.

A schematic representation of the methodology is shown in Figure 5.5. The parameters
are optimized in parallel through evolutionary computation. Let P denote the total count
of individuals in the population. The bold and non-bold uppercase letters indicate sets
of vectors and scalars, respectively (e.g., W = (w1, ws, ... w,, ..., wp)). For a parameter,
a variable, a vector, or a set of variables in the ¢-th step, the notation (t) is used (e.g.,

x(t)). All the considered sets represent the population.
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Fig.5.5: Overview of the proposed method. x(t) defines the feature vector at time ¢. The set
of vectors of the distance sensor for each individual are represented by R(t), whereas
C(t) denotes the set of the individual touch sensor input vectors c(t). The height
sensor inputs for each individual are H(t), and ©(t) represents the set of vectors
indicating the target joint angles for MPH control. E is the set of environments e of
the simulation. O is the set of objects o used in the simulation. Tgen is the number
of steps for which the simulation is performed. The controllers’ parameter vectors for
each individual are grouped in the set W, with fitness values calculated using Ggir
contained in set F'. The updated parameter vectors derived from W are represented
by W’. This figure is cited from (Kuroda et al. 2022).

This method involves two processes: (a) learning process and (b) control process.

During the control process, the EMG vector at time ¢, denoted as emg(t), is measured
and the feature vector x(t) is derived by applying the feature extraction function Gpg to
emg(t). If the p-th individual achieves the highest fitness after the learning process, the
controller generates the target joint angles vector 8,(t). This is achieved by calculating
the neurons vector of the p-th controller y,(t — 1), x(t), touch sensors vector c(t — 1),

and the parameters of the p-th controller w,,.

In the learning process, the controller G, produces the set of target vectors for the
individuals, calculated from the neurons vector set Y (¢t — 1), «(t), the individual’s touch
sensors vector set C(t — 1), and the controllers’ parameter vector set W. The function
Gyt for calculating fitness receives the motion intent ¢(t), touch sensors vector set C(t),

distance sensors vector set R(t), and height sensors set H(t), each sourced from S , at
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every step.

When the Tge, step simulation concludes for all given environments E and objects O,
the set of fitness values F' is obtained. The learning function Gy, updates W based on
F.

5.4.1 Morphology

In this study, a 3D hand model on a physics simulation is used for training to validate
the proposed method. The objective of this study is to confirm the feasibility of achiev-
ing adaptive grasping to objects using an ideal multi-DOF prosthetic hand with the
proposed method and to pre-emptively verify the hidden design requirements necessary
for this method through physics simulation. The reason for utilizing physics simulation
for verification is that developing a hand with similar DOF's as a human hand would in-
volve significant time and financial costs. By conducting preliminary verification through
physics simulation, the cost of developing the hand can be reduced. The shapes of the

3D models are described in detail in Section 5.5.

This section describes the morphology of the hand required by the proposed method.

5.4.2 Sensory organs

EMG sensor

Let emg(t) be the vector of the myoelectric potentials measured from the EMG sensor
of a user. Subsequently, the feature extraction function Grg is applied to this vector and

this vector is translated to the feature vector x(t) , as shown in Eq. (5.4-1).

xz(t) = Grr(emg(t)) . (5.4-1)
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Touch sensor
The hands need to have touch sensors to sense the objects to be grasped. The input
of the i-th touch sensor to the controller ¢;(t) can be defined as follows:

ci(t) = (5.4-2)

1. if the part touches the floor or the objects
0. otherwise

Here, let C(t) = (c1(t), ..., ¢p(t), ..., ¢jo()) () be the set of individuals in ¢,(t) € RNe,
which is the vector of the touch sensor inputs to the p-th controller. The number of and

placement of sensors are described in Section 5.5.

Distance sensor

The hands are equipped with distance sensors in each fingertip to measure the distance
to an object when the ray of light from the fingertip strikes it. The value of the i-th
distance sensor at the t-th steps can be determined as

(1)

dmax

ri(t)=1- (5.4-3)

d;(t) represents the distance between the sensor and objects intercepting the light ray.
dmax denotes the farthest distance that can be measured. This equation is employed
to scale the distance sensor’s reading to a 0 to 1 range. In addition, let R(t) =
(P1(t), ..y 7p(t), .., 7| R(1)| (t)) De the set of individual vectors r,(¢) € R, each represent-
ing the distance sensor inputs for the p-th controller. It should be noted that distance
sensors are exclusively utilized for fitness computation and are not part of the controller

input.

Object height sensor

Objects targeted for grasping are equipped with height sensors. h,(t) is the height
between the height sensor placed at the center of the object to be grasped by the p-
th hand and the floor. The compiled readings from the height sensors are represented
by H(t) = (hi(t), ..., hp(t), .., hym(e)(t)). These sensors play a role exclusively in fitness

calculation, not in controller input.
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5.4.3 Controller

An RNN was used as a controller. The RNN outputs target angles of the motor through
a hidden layer. Each neuron in the hidden and output layers of the RNN is updated as

follows:

y; (t) =tanh [y, (t — 1)+ 7 Z wijy (E—1) | . (5.4-4)
JjeJ

In this context, y;(t) signifies the output from the neuron ¢ at step t., while 7 rep-
resents the RNN’s learning rate, preset to 1 for the sake of simplicity. The synaptic
weight connecting neurons j and 7 is denoted by wj;, and J signifies the neuron set
providing input to neuron i¢. The weight vectors in the p-th controller are grouped in
individual sets w,, collectively represented by W. The RNN, comprising input, hid-
den, and output layers, is encapsulated by function Grnn, delineated for each individ-
ual. The output layer neuron vectors y,(t) for each individual at time ¢, denoted by
Y ()= (y1(t), s Yp(t)s s Ypy (1)) (1)), is defined as follows:

Y (t) = Gran (Y (t — 1), 2(t), C(t — 1), W). (5.4-5)

Y (1) is transformed into ©(t) = (01(t),...,0,(t), ..., 0/@@)|(t)), which is the set of target
angle vectors for the individuals, ,(t) € RY¢ by applying the function Ga to derive
the target angles.

O(t) = Gra(Y (1)) (5.4-6)

The controller derives the target values of the joint angles from the input values from
the sensors, as indicated in Eqgs. 5.4-5 and 5.4-6, and it is represented by the function
Gey.

O(t) = Ger, (Y(t—1),z(t),Ct — 1), W). (5.4-7)

5.4.4 Fitness functions and tasks

Besides the autonomous robots’ learning environment for mastering pickup tasks as

highlighted in earlier works Gianluca Massera, Cangelosi, and Stefano Nolfi 2007 Tuci,
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Massera, and Nolfi 2009Bongard 2010, an environment is added for MPH control learning
using the teacher data of grasping and opening motions to enable the adaptive grasping of
objects and the realization of opening and closing motions at arbitrary times. Essentially,
environment 1 is introduced for the mastery of myoelectric control and environment 2
for object grasping skills acquisition. Each setting undergoes the Tycn-step procedure
where, at every step, the controller’s performance is assessed through a fitness function.

A higher fitness corresponds to a higher performance of the controller.

Let Se,, be a function that represents the computation in the simulation for the e-th
environment involving object 0. When the joint angle’s target value vector of the p-th
individual is fed into the system, the touch and distance sensor vectors and the readings
from the height sensor for that individual are output. When a set of joint angle target
values is input, the corresponding sets of touch, distance, and height sensor readings for

the individual are produced, as follows:

Se,o(0p(t) = (cp(t), 7p(2), hp(2)), (5.4-8)
Seo(O(t)) = (C(t), R(t), H(t)). (5.4-9)

In the context of environment 2, the learning of various types of grasping objects, individ-
ual simulations for each object are executed and their fitness scores are totaled. Here, O
denotes the set of objects designated for learning, with o representing an element within
set O. In environment 1, there is no object to be learned. Consequently, o is ), and the
subscript o of S1, is ignored to yield S;. If o is not @) in environment 1, S;, does not

exist.

Environment 1

In this environment, learning is focused on the motions of grasping and opening,
guided by myoelectric signals. The cumulative controllable joint angle serves as
a metric for these actions. To elaborate, a zero total value indicates an opening
motion where the joint angle is near zero; conversely, a grasping motion is inferred
when the joint angle approaches its maximum value. The introduced method
alternates between these two motions, enhancing the learning efficiency of opening
and closing actions by increasing the transition speed between them. The fitness

function is structured to yield higher scores when the hand’s total joint angle aligns
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closely with the input myoelectric motion. In addition, a hyperbolic tangent is
adopted to prevent the fitness from becoming sparse.
The expression for the fitness function for the p-th individual in the environment

1 at step t is given by

( Osum —bgras —Baras

tanh (%) — tanh (%)
) — tanh (L) if ¢(t) is grasping.
e ) (5.4-10)

elnax 76 ras
Y =
we

esum_e yras ‘grnax_e ras
— tanh (%) + tanh <¢

wo

tanh (ernaxfegrasp ) _ tanh (_ egrasp )
weo

we

fy (6(t), 51(0,(1))) =

if ¢(t) is opening.

In this context, ¢(t) denotes the motion corresponding to the measured emg(t).
Other parameters include 6,,,, representing the sum of the hand’s maximum joint
angles, Ograsp as the total of target angles for the grasping posture, 0, indicating
the sum of the current joint angles, and wy serving as a weight to modulate the
function’s gradient.

Environment 2

Both myoelectric control learning and object grasp learning are integrated, ad-
dressing the potential issue of myoelectric control being overlooked if only object
grasp learning is emphasized. The fitness function for object grasp learning is
conceived, drawing insights from previous research Bongard 2010. The values pro-
vided by the distance, touch, and height sensors are used to evaluate the ability
of the hand to reach the object, contact the object after reaching the object, and
pickup performance, respectively. The object pickup task is considered because
the grasp stability can be evaluated by examining whether the hand can grasp the
object, and this information can be easily obtained from the height sensor.

In cases where object o is the subject of learning, the fitness function for the p-th

individual in the 2nd environment at step t is represented as
ta,nh <0sum;§grasp> _ tanh (—gj;a<p>
) if ¢(t) is grasping.

(5.4-11)
)

if ¢(t) is opening.

tanh <0max_9grasp> _ ta,nh (_ Ograsp
we

we

3.5 (— tanh (Pt ) 4 gy (D~

we

tanh (emax_egrasp ) _ tanh (_ egrasp >

wo weo

21 (B(t), Sa.0(0,(1))) =
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N, N,
10h,( Z ci (t) + Z r; (t) if ¢(t) is grasping.
F30” ((8), S2,0(0, (1)) = 5! =1 (5.4-12)

c

N,
10h,(t) — Z ci (t) + Zn if ¢(t) is opening.

=1 i=1

.

=

5 o(0(1), S2,0(8,(1)))) = fi75 (6(t), S2,0(05(1))) + f25 2 ((1), Sa,0(8, (1)3}4-13)

Subsequently, the fitness of the p-th individual in each generation f,(¢) can be calculated
as follows.

= 3> Grrr (9(1), Seo(65(1)) (5.4-14)

eeFE ocO
= 1, (o(t), 51 )+ > 12, ), 52,0(0,(t))) (5.4-15)
o€
Grrr symbolizes the function responsible for calculating fitness. The set can be used as
input from Eqgs. 5.4-10 to 5.4-15. Hence, F', representing the cumulative fitness values

of individuals after a Tge, steps simulation, is described as:

F= Z Z Z Grrr (9(1), Se,0(O())) (5.4-16)

ecE ocO tETgen

=330 " Grr (6(1),C), R(t), H()) (5.4-17)

ecE ocO teTgen

5.45 Learning methods

The set of fitness values, F', is derived from simulating the controllers with the set of
weight vectors W across Tye, steps in all tasks and environments, serving as an indicator
of each controller’s efficacy. Utilizing this set, a new set of weight vectors W’ is produced

from W through the learning function Gp,, articulated as follows.
W' =GL(F,W) (5.4-18)

W' represent the candidate solutions generated from W to increase the fitness. By
repeating this process, the parameters that increase the fitness are identified. In this
method, evolutionary computation, characterized as a population-based metaheuristic

method, is employed for learning.
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5.5 Experiments

A controller was created for a multi-DOF MPH in Unity which is a physical simu-
lation framework using the EMG measured in advance and verified the effectiveness of
the controller. Our experimental focus was to evaluate the efficacy and adaptability of
our approach, ensuring its applicability across different individuals. This assessment is
crucial to ascertain the controller’ s ability to operate with untrained myoelectric sig-
nals. Additionally, two comparative evaluations were conducted. The first comparison
contrasted our approach against traditional methods, assessing adaptability relative to
various object forms and dimensions. The second involved an analysis of hand move-
ments in grasp classification vis-a-vis our technique, verifying adaptability with object
forms challenging to simulate on the physics engine and efficacy in tasks beyond object

pickup. Detailed learning conditions are expounded in the following sections.

Table.5.1: Joint range of motion

Thumb Other Fingers
1st | 2nd | 3rd | 4th | 1st | 2nd | 3rd
Max [°] | 80 | 60 | 90 | 90 | 90 | 100 | 90
Min [°] | -10 | -10 0 0 |-10| 0 | -45
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Table.5.2: Dimensions of five-finger robotic hand model

Finger Part Height [mm| ¢ [mm] Mass [kg]
Thumb Metacarpal 62.7 19.1 0.05
Proximal phalanx 30.2 19.1 0.01

Distal phalanx 23.2 16.6 0.01

Index finger  Metacarpal 89.7 17.2 0.07
Proximal phalanx 40 17.2 0.02

Middle phalanx 22.6 14.9 0.01

Distal phalanx 174 13.3 0.01

Middle finger Metacarpal 87.3 17.3 0.07
Proximal phalanx 45.4 17.3 0.02

Middle phalanx 25.6 15.2 0.01

Distal phalanx 19.7 14.4 0.01

Ring finger =~ Metacarpal 82.5 16.2 0.07
Proximal phalanx 43.2 16.2 0.02

Middle phalanx 244 14.2 0.01

Distal phalanx 18.8 13.8 0.01

Little finger =~ Metacarpal 75.5 14.3 0.06
Proximal phalanx 33.4 14.3 0.01

Middle phalanx 16.7 12.8 0.01

Distal phalanx 16.7 114 0.01

Trapezium 19.1 19.1 0.01
Carpals 55.5 19.1 0.02
sum 0.52

Table.5.3: Parameters for five-finger robotic hand

Part Parameter Value
Joint number 16
Motor Wy 2
EMG sensor number [ch] 3
sampling points (Tpmc) 5
Touch sensor number 5
placement on each distal phalanx
Distance sensor Amax 0.08 (m)
Controller Number of neurons in the input layer 8
Number of neurons in the hidden layer 30
Number of neurons in the output layer 16
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(a) Measurement condition of the EMG

Sampling frequency (Hz) 2667.683
Quantization bit rate (bit) 14
- 50 Hz notch filter
Filter (Hardware) - Bandpass filter with a
1-1000 Hz bandwidth
Filter (Software) 50 Hz high pass filter
Potential range (V) -2.5t0 2.5

5.5.1 Morphology and parameters

Anthropomorphic robotic hand model

A model of an anthropomorphic robotic hand, illustrated in Figure 5.6, was created
utilizing Unity’ s primitive objects and was designated as the agent for our simulations.
The model’ s DOF and dimensions were based on Miyata’ s kinematics model (Miy-
ata et al. 2011) and average Japanese hand measurements provided by AIST (National
Institute of Advanced Industrial Science and Technology) (Kouchi 2012), respectively.
Joint placements were determined according to Hamilton’ s functional length of the pha-
langes (Hamilton and Dunsmuir 2002), and motion ranges for the fingers were established
based on studies by Yonemoto (K. Yonemoto, Shigenobu, and Kondo 1995) and Schunke
(Schiinke, Schulte, and Schumacher 2014). The prosthetic hand’ s weight was fixed at
520 g, referencing Vinet’ s study (Vinet et al. 1995), which indicated an upper weight
limit of approximately 500 g for prosthetic hands. Joint motion ranges and dimensions
are elaborated in Tables 5.1 and 5.2, respectively, with the other parameters outlined in
Table 5.3.
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Fig.5.6: 16-DOF anthropomorphic robotic hand model. This figure is cited from (Kuroda et al.
2022).

Target angle derivation function

The joint target angles were calculated by applying the target angle derivation function

to the controller outputs, illustrated below:

O(t) = Gra(Y (1))
= (0.5Y (t) + 0.5)(Omax — Omin)- (5.5-1)

Oax and Oy, represent sets of the maximum and minimum angles of the joints, re-

spectively.

Motor

The experimental setup assumed a scenario where the joints’ angular velocities were
controlled by proportional control. In this case, the angular velocity vector v,(t) of the

joint angle of the p-th individual can be described using the weight w,,:
v, () = wy(0,() — 6.). (5.5-2)

0. is the vector of the current joint angles.
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Input from EMG Sensor

The integrated electromyogram (iIEMG), derived from the EMG sensor, served as the

input, computed using the function Gigmg below:

Tema

Giema(emg(t)) = Z lemg(t — k)|, (5.5-3)
k=0

iemg(t) = Gigma (emg(t)), (5.5-4)

Temc is the number of samples. Subsequently, this study normalized iemg(t) from —1

to 1 using the normalization function G'nyr:

Gru(iemg(t)) = mjgj:jf’r(;im 1, (5.5-5)
iemgnm(t) = GNu(iemg(t)) (5.5-6)

In general, the magnitude of the EMG signal varies from person to person. Therefore,
the iEMG input signal was scaled from -1 to 1 using a scale transformation function Ggc,

with iemgmax being the maximum value for each channel.

1, if iemgnm(t) > z'emgm65 5.7)
(iemgnm(t) + 1) - —-2—— — 1, otherwise '

1+iemglnax

Gsc(iemgnm(t)) = {

Using Egs. 5.5-3 to 5.5-7, the following expression can be obtained:

GFE (emg(t)) = GSC (GNM (GiEMG (emg(t)))) . (55—8)

5.5.2 Learning conditions

The learning conditions employed in our experiments are outlined as follows:

A total of P = 50 agents were simulated for T,., = 1200 steps. Each generation

underwent one task in environment 1 and two tasks in environment 2 to compute the
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cumulative fitness function value. The weights of the RNN of the controller were updated
based on this value. This process was iterated for Ngen, = 250 generations (participants
A-E) or Ngen = 300 generations (participant F'). Subsequently, the optimized agents were
evaluated by comparing the associated findings with those reported previously and those
obtained using conventional methods. In this subsection, the EMG input conditions,

tasks, and learning techniques are described.

EMG input conditions

EMG Measurement

EMG readings were obtained from non-disabled adult participants and a child
participant with forearm deficiency, under the permission of the ethics committee
of the University of Electro-Communication (permit No. 10006(5)). Three-channel
electrodes (Togo, Yuta, et al. 2019) were utilized for adults (participants A-E)
and a two-channel for the child (participant F), owing to the limited surface area
available on the child’ s residual limb. Consequently, the process was repeated for
a greater number of generations for participant F in comparison with the other

participants. The placement of sensors is illustrated in Figure 5.7.
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Palmar Dorsal

ch3

ch ch2

(a) (b)

Fig.5.7: (a) Sensor layout of Participant A-E. (b) Sensor layout of Participant F (congenital
upper limb deficiency). chl is attached to the dorsal side, and the red dotted line
indicates its position. These figures are cited from (Kuroda et al. 2022).

For adults, chl was positioned around the palmaris longus, flexor carpi ulnaris,
and flexor digitorum superficialis; ch2 was attached around the extensor digitorum
and extensor carpi radialis brevis; ch3 was placed around the flexor carpi radialis
and pronator teres. For the child, chl was attached to the flexor, and ch2 to
the extensor. The participants were instructed to alternate between grasping and
opening their hands. The grasping here refers to a fist-clenching motion without
holding any object. The measurer visually confirmed that each movement was
performed as instructed before capturing the measurements. The EMG was then
converted to iEMG as Eqgs. 5.5-3 and 5.5-4. A series of 200 iEMG readings
for both hand movements of grasping (flexion contraction) and opening (extensor
contraction) were captured in ten alternating cycles starting with the grasping
motion. Further details on the measurement parameters are detailed in Table
5.4a. To mitigate the 50 Hz electromagnetic noise generated by commercial power

supplies in eastern Japan, both a 50 Hz high-pass filter and a notch filter were
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employed because the notch filter alone was not sufficient to remove this noise.
Input Sequence for the EMG Sensor

The input sequence of the iEMG signals was switched depending on the environ-
ment because different environments require different movements to accomplish
the relevant tasks. The 3200 recorded iEMG signals were segregated into two sep-
arate datasets, each containing 1600 iEMG signals per channel, maintaining the
original order. These datasets were utilized to train two distinct models for every
participant. The organization of the data from each channel adhered to the se-
quence illustrated in Figure 5.8b, without changing the order of the data for each
hand movement. Sequences 1 and 2 were used as the inputs for environments 1
and 2, respectively. The first and second halves of the dataset for each participant

were referred to as datasets 1 and 2, respectively.

Tasks

The agents were tasked with completing three specific assignments within two distinct
environments. The cumulative fitness score obtained was used for optimization. This

subsection describes the tasks and environments.

Environment 1

In this setting, agents were tasked with executing hand opening and closing ac-
tions. They were specifically directed to accomplish the actions of grasping and
opening the hand, guided by the EMG data corresponding to these specific mo-
tions. Notably, during this phase, the controller of the agent was not provided any
information regarding the hand motion at the time of the EMG measurement.
Environment 2

In this second environment, the agents were challenged to lift both a cuboid and
a sphere object, the dimensions of which are detailed as Cuboid0 and Sphere2 in
Table 5.5. The EMG data, captured during the user’ s grasping motion, was fed
into the EMG sensor during the object pickup motion. After holding the object,
the agents received the EMG data from the user’s hand opening motion to initiate

the object release process. It is essential to note that the lifting action was not
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executed by the agent’s controller; instead, the hand model was pre-programmed
to ascend automatically between the 451st and 750th steps before descending to
its initial position. The hand’ s movement trajectory is illustrated in Figure 5.8a.
The choice of a cuboid over a cube as the target object was strategic to prevent
the agent from falling into a local optimum when picking up a cube, which requires

contacting the floor with the tip of the hand.

Table.5.5: Dimensions of the objects to be grasped

Cuboid0  Cuboidl  Cuboid2  Cuboid3 Cuboid4 Cuboid5 Cuboid6 Cuboid7 Cuboid8 Cuboid9 Cube0 Cubel Cube2

Width (cm) 3 4 5 3 3 2 3 2 7 7 3 4 5
Length (cm) 3 4 5 3 3 2 7 7 3 2 3 4 5
Height (cm) 5 6 7 6 7 7 3 2 3 2 3 4 5
Sphere0  Spherel Sphere2
Diameter (cm) 3 4 5

Capsule0 Capsulel Capsule2 Capsule3 Capsuled Capsule5 Capsule6 Capsule7

Diameter (cm) 3 3.5 3 3 2.5 2.5 2 2
Height (cm) 6 7 14 14 14 14 14 14
Axis y y X z X z X Z

The parameters for the fitness functions for each environment were defined as follows:
the sum of the hand’s maximum joint angles was 0,,,x = 1440, the sum of the target angle
for the grasping posture was Ograsp = 720, and the weight designated for modulating the

function’ s gradient was wy = 400.

Learning

For the learning function Gf,, the covariance matrix adaptation evolution strategy
(CMA-ES) was incorporated (Hansen, Arnold, and Auger 2015). This is a sophisticated
evolutionary computation technique characterized by its multipoint search functionality
by considering a normal distribution. The constants were derived from the recommen-

dations by Hansen and Auger (Hansen and Auger 2014).
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5.5.3 Experimental Condition: Performance Evaluation of Optimized Agents

Figure 5.8c illustrates the relationships among the data sets, learning and evaluation
schemes, and individuals. Each participant’s data is split into two distinct datasets,
further transformed into two separate sequences. Sequences 1 and 2 corresponded to
environments 1 and 2, respectively. The evaluation process employs a dataset distinct
from the one used during the training phase. The optimized controllers were selected
from the population after training by extracting the ones with the highest fitness using
the evaluation dataset presented in Table 5.8. An individual yielding the highest fitness
from Dataset 1 for Participant X is denoted as Individual X-1, and from Dataset 2 as

Individual X-2. The evaluation exclusively utilizes Sequence 2.

During the evaluation phase, an object was considered to be grasped successfully if
it did not touch the floor between the 551st and 650th steps and when the hand was
stagnant in space, as shown in Figure 5.8a, which corresponds to the trajectory of the
hand in a 1200-step simulation. A successful opening motion is acknowledged if the object
is released after 1200 steps. The evaluation phase employs Cuboid0 and Sphere2 objects,
identical to those used in the training phase. The realization of the opening motion is
confirmed by monitoring the joint angle’ s average value transition and alteration when

the input EMG was switched.

5.5.4 Comparison 1: Comparison with the conventional method

The experiment detailed in Section 5.5.3 verified our methodology’ s effectiveness and
applicability across diverse individuals. However, an additional layer of analysis is es-
sential to gauge the method’s adaptability across varying shapes and sizes of objects
for grasping and to benchmark its performance against traditional methods. The adap-
tive grasping method described in Section 5.3 is too intricate to emulate on a physics
engine, and the software-oriented approach demands an augmented volume of input sig-
nals, complicating a fair comparison. In this context, comparison between the proposed

and conventional methods can be performed using the Hoshigawa et al.” s approach.
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Conventional Method: Optimized hand shape

Hoshigawa et al. developed a simple prosthetic hand characterized by a 2-DOF, con-
trolled by pattern recognition algorithms (Hoshigawa et al. 2015). This prosthetic hand
supports the flexion and extension movements of the four fingers and thumb. The shape
of the fingers has been optimized by pick-and-place experiments using actual devices so
that the fingers can grasp tools that are expected to be frequently used in ADL. This
approach aligns with the hardware-based methodologies elaborated in section 5.3, and

as with adaptive grasping, the shape of the hardware is limited.

An artificial neural network was used as the pattern recognition method to distinguish
between the grasping and opening motions in this comparison experiment. This control
method is also used for the method of Hoshigawa et al. For training, dataset 2 (sequence

2 of participant) was used C). The other parameters were set as summarized in Table
5.6.

Table.5.6: Parameters of the conventional recognition method.

Recognition Method Gpr Artificial Neural Network
Number of neurons (input layer) 3
Number of neurons (hidden Layer) 24
Number of neurons (output Layer) 2
Learning Method G1, Adam Kingma and Ba 2015

Comparison Conditions

The comparative analysis was conducted under the framework outlined in Section 5.5.3,
with the object pickup tasks serving as the benchmark for performance assessment. The
individual C-1 model was employed in the evaluation. Both the proposed and traditional
methodologies were evaluated using sequence 2, derived from dataset 2 of participant C.

The object’ s characteristics underwent several modifications as outlined below:

e Object shape

e Orientation of the object relative to the hand
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These object’s features were altered in a sequential manner, and it was verified whether
the agent could grasp the object under varying conditions. An object to be grasped was
considered successfully grasped if it did not touch the floor between the 551st and 650th

steps and when the hand was stagnant in space as in the Section 5.5.3.
The appearances of the shapes are shown in Figure 5.10.

In addition, when a user grasps an object using an MPH,

e the position of the object relative to the hand

is a factor controlled by the user. Therefore, it was considered that the user could
grasp the object if the position of the object was changed sequentially and the pickup
achievement condition was satisfied in any of the ranges. As illustrated in Figures 5.9a,
5.9¢, and 5.9e, a total of 100 object positions were established during the evaluation

phase.
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(c) (d)

() ()

Fig.5.9: Range of object placement. Proposed method (a) top, (c) left, (e) back. Conventional
method (b) top, (d) left, (f) back. The orange frame shows the outline of CuboidO0,
the red dot represents the center of the bottom of the object, and the light blue frame
indicates the area in which the center of the object moves. The square dimensions are
0.5 x 0.5. These figures are cited fr@@lKuroda et al. 2022).
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Cuboid0 Cuboidl ~ Cuboid2 Cuboid3 Cuboid4 Cuboid5 Cuboid6 Cuboid7  Cuboid8 Cuboid9

Cube0 Cubel Cube2 Sphere0 Spherel Sphere2

(b)

Capsule0 Capsulel Capsule2

Fig.5.10: Object shapes. Top of each diagram: top view, bottom: front view. (a) Cuboids, (b)
Cubes and spheres, (c) Capsules. These figures are cited from (Kuroda et al. 2022).
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5.5.5 Comparison 2: Comparison with the grasping classification

The preceding subsection verified the agent’ s generalizability to a variety of object
shapes. However, the diversity of the object shapes that can be evaluated using the
physics engine is limited. Therefore, the versatility of complex object shapes must be
evaluated by grasping simple objects verified by the physics engine. The study of grasp
taxonomy, which delves into the diversity of hand forms, offers a viable evaluation metric

in this context.

The grasping classification pertains to the categorization of static hand movements and
finds applications in rehabilitation training, robotic hand design, and prosthetic devel-
opment. The ability to execute a diverse array of grasping motions is a key performance
indicator in prosthetic hand research and serves as a versatility metric for object grasp-
ing. Notable examples include Kamakura’s grasping taxonomy (KAMAKURA et al.
1978), which classifies hand motions observed in daily life, and Cutkosky’s grasping tax-
onomy (Cutkosky 1989), which classifies hand motions observed by workers in machining

factories.

In this study, the hand movements observed by our method were compared with these
two classifications. These two taxonomies have different task domains: one caters to
fundamental grasping tasks, whereas the other caters to grasping movements that are
more complex and diverse. The proposed model is evaluated using these two taxonomies

to verify its applicability to different grasping conditions and modalities.

The Individual C-1 model, which had the highest fitness, as tabulated in Table 5.8,
was employed for this comparative analysis. Sequence 2, converted from dataset 2 of
participant C, served as the evaluation dataset. The comparative methodology involved
changing the shape of the primitive object in Unity (cube, sphere, capsule), having the
agent grasp the object, and recording whether the grasping motion matched any of the

grasping motion classifications.
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5.6 Results

The results of the experiments and comparisons are presented in this section.

5.6.1 Performance Evaluation of Optimized Agents

This subsection presents the outcomes of evaluating agents that were trained employing
the EMG readings from five able-bodied adult participants (A-E) and a child participant
(F) with a forearm deficiency. Table 5.7 presents the results of examining whether the
agent trained on each dataset could pick up and release the object. Figures 5.11a and
5.11b illustrate the mean joint angles when picking up Cuboid0 and Sphere2, respectively.
The average joint angles across all participants during steps 551-651, a phase where the
hand remains stagnant after grasping an object mid-air, are depicted in Figure 5.12.

Table.5.8 lists the final fitness of the agent trained on each participant’s myoelectricity.

The data reveals the capability of all participants to elevate Cuboid0 and Sphere2
and execute both grasping and opening motions according to the corresponding EMG
readings. The average angle at the 750th step, when the myoelectricity during the
grasping motion switched to that during the opening motion, was significantly larger
than the average angle at the 1200th step (Wilcoxon’s rank-sum test, Cuboid0: p=0.0011,
Sphere2: p=0.0011). Figure 5.13a and 5.13b show how the Individual F-1 grasps Cuboid0
and Sphere2.

Table.5.7: Results of examining whether the agent can lift the object using the EMG data of
each participant.

Cuboid0 Sphere2
success rate (%) | 100 (n=12) | 100 (n=12)
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Fig.5.11: Changes in the mean values of the joint angles when the agent picks up (a) Cuboid0
and (b) sphere2. The vertical line signifies the transition where the EMG input
shifts from grasping to opening. The term ’Indi.” is employed as an abbreviation for
‘individual’. These figures are cited from (Kuroda et al. 2022).
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Fig.5.12: Average joint angles across all participants during steps 551-651 when the hand is
stagnant after grasping an object in the air. Cuboid0 is represented in blue, while
Sphere?2 is in orange, with the rhombic shaped markers indicating the outliers. The
joint angles are slightly out of the upper and lower limits because the body objects
are pushed out by the objects when they come into contact with each other, and
the relative values between the body objects shift slightly. This figure is cited from
(Kuroda et al. 2022).
Table.5.8: Final fitness of the learned controllers
Participant A B C D
Datasct 1 2 1 2 1 2 1 2 1 2 1 2

Fitness

53368.09 | 55648.21

56187.08

53971.32

65380.5 | 55256.67

60360.92

58035.37

54676.58

54697.28

60127.04

57501.81
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(b)

Fig.5.13: Individual F-1 grasping (a) Cuboid0 and (b) Sphere2, respectively. The red arrows
indicate the passage of time. The following are the links to the videos. (a) https://
youtu.be/60YrVZ_Bjis (b) https://youtu.be/XHXHHmOMrUQ These figures are cited
from (Kuroda et al. 2022).
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5.6.2 Comparison with Conventional Method

The performance assessment contrasting the conventional and proposed methods in
various object pickup scenarios is encapsulated in Table 5.9. The checkmarks (v') de-
note the objects that were successfully grasped in the pickup task. All objects under

consideration were successfully grasped using the proposed approach.

Table.5.9: Results of the object grasping experiment. Checkmarks (v') indicate objects that
were successfully grasped in the pickup task.

Cuboid0  Cuboidl ~ Cuboid2  Cuboid3  Cuboid4d Cuboid5 Cuboid6  Cuboid7 Cuboid8 Cuboid9 Cube0 Cubel Cube2

Proposed Method v v v v v v v v v v v v v

Conventional Method v v v v v v v v v v v

Sphere0 Spherel Sphere2

Proposed Method v v v

Conventional Method

Capsule0  Capsulel Capsule2 Capsule3 Capsuled Capsule5 Capsule6 Capsule?

Proposed Method v v v v v v v v

Conventional Method v v

5.6.3 Comparison with Taxonomy of Grasps

Comparison with Cutkosky's taxonomy of manufacturing grasps

Fig.5.14a shows the outcomes of the comparison with Cutkosky’ s taxonomy of manu-

facturing grasps and the matched movements. Eight out of the 16 movements matched.
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Grasp 1 Grasp 2
Small Diameter Sphere

Grasp 6 Grasp 7 Grasp 8
Thumb-4Finger

Grasp 14
Tripod

(b)

Fig.5.14: (a) Matching of the grasping motions with Cutkosky’s categorized grasping motions,
with numerical annotations denoting the specific grasp classification. (b) Matching
of the grasping motions with the classification by Kamakura, with labels indicating
the specific grasping categories. These figures are cited from (Kuroda et al. 2022).
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Comparison with Kamakura et al.’s grasping motion classification

The results of the comparison with Kamakura et al.’s grasping motion classification
and matched movements are shown in Figure 5.14b. Four out of the 14 movements

matched.

5.7 Discussion

This section discusses the results of the verification.

5.7.1 Results of the Learning Process

The agents successfully performed opening and grasping motions according to the
EMG. Furthermore, all six participants, including a child with a forearm deficiency, were
able to lift both objects used for learning, Cuboid0 and Sphere2, utilizing their EMG
data. These observations indicated the adaptability and applicability of the proposed

method across a diverse users.

5.7.2 Comparison with Conventional Method

Compared with the existing method, the proposed method enables the robotic hand
to successfully grasp all the considered objects (Table 5.9). The validation employed
objects were characterized by planar (Cuboid0) and rounded (Sphere2) surfaces as learn-
ing models. Consequently, the acquired grasping strategies demonstrated efficacy even

against untrained shapes (capsules, in this work) and varied dimensions in this study.

Massera et al. suggested that “certain behavioral strategies might be effective for
a large variety of objects, and the limited differences in terms of shape and size of
the objects to be grasped should not necessarily impact the rules that regulate the

robot/environmental interactions.” Gianluca Massera, Cangelosi, and Stefano Nolfi 2007
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The results of this study support this suggestion.

5.7.3 Grasping posture observed in this study

Figure 5.11 illustrates that the thumb’s first joint angle is the largest during object
grasping, signifying that the thumb faces the middle and ring fingers in the grasp. This
precision grasp is evident from Figure 5.13. Typically, precision grasps involve the thumb
opposing the index or both the index and middle fingers, as highlighted in previous works
Cutkosky 1989 KAMAKURA et al. 1978. According to the study by Cotugno et al., the
range of motion of the thumb has been reported to be biased towards forming a precision
grasp (opposing the index finger or the index and middle fingers) in many robot hands
Cotugno, Althoefer, and T. Nanayakkara 2017. This indicates that this grasping method
is the standard posture adopted by robotic hands. However, such a pattern was not

identified in this study.

This divergence in grasping postures stems from two primary reasons. In Kuo et
al.’s research, they delineated the functional workspace for the precision thumb-finger
grasp, characterizing it as the range of all possible positions in which the thumb-tip and
each fingertip could simultaneously contact each other (Kuo et al. 2009). They found
that the functional workspace of thumb-directed opposition is the largest among the
four fingers (Kuo et al. 2009). In other words, generating a stable motion trajectory
with the thumb facing the index finger is difficult. To prevent this complexity, human
anatomical structures such as muscles, tendons, and ligaments related to the thumb
contribute to stabilizing the thumb in humans (V. K. Nanayakkara et al. 2017). Given
that our proposed approach replicates merely the joint architecture of the human hand,
the proposed model may have adopted a strategy to stabilize the thumb by maintaining

the first joint at the maximum angle instead of stabilizing the thumb with muscle tendons.

Additionally, the general precision grasp, characterized by the opposing orientation
of the thumb and index finger, was not optimal for object pickup tasks owing to its

specialized nature for object manipulation tasks, as indicated by the size of the functional
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workspace. Given our method’ s exclusion of tasks pertaining to object manipulation,
it may be that the thumb can perform the pickup task more stably when it is facing the
middle or ring fingers than when it is facing the index finger. Supporting this notion,
Kong et al. deduced that the sequence of contributions to the grasping force among
fingers is as follows: middle, ring, index, and little finger (Kong et al. 2011). If this
contribution directly correlates with the stability of an object’ s grasp, it lends credence

to the aforementioned hypothesis.

Therefore, it can be considered that the proposed method expresses a grasping motion
that is appropriate for the hand form and task. While the conventional thumb-index
opposition grasp is a staple in robotic applications. The proposed approach unveils
the potential for unearthing novel grasping motions, infrequently observed in human
grasping behaviors. From another perspective, it is clear that designing the morphology
of the hand to induce dexterous control similar to that of humans is necessary. In
particular, mechanically or software-wise replicating the anatomical structures such as
muscles, tendons, and ligaments that stabilize the thumb could enable more natural

grasping actions closer to human capabilities.

5.7.4 Comparison with the grasping motion classification: Results of matching

conducted using two taxonomies

Figure 5.14 illustrates that eight of the 16 grasping motions aligned with Cutkosky’s
taxonomy, whereas four of the 14 motions corresponded with Kamakura et al.’s classi-
fication. These findings lead to a discussion on the constraints of our approach. There
are three notable distinctions between Cutkosky’ s and Kamakura et al.” s taxonomies,

as elaborated below.

The initial distinction lies in the foundational elements of the taxonomies. Cutkosky’
s classification is anchored in the hand’ s skeletal structure, whereas Kamakura et al.
base theirs on the distribution of contact on the palm. Consequently, to execute a grasp
categorized by Kamakura et al., the palm predominantly needs to engage with the object.
Given that our method prioritizes mimicking the hand’ s kinematic model over the palm,

achieving such grasping motions presents a challenge.
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The second variance stems from the scope of tasks each taxonomy encompasses.
Cutkosky’ s classification is intended only for single-handed tasks, diverging from
Kamakura et al.” s inclusion of dual-handed movements. Our study is centered around

single-handed tasks, excluding cooperative actions, as reflected in the outcomes.

The third difference emerges from the complexity of the tools and objects each taxon-
omy considers. Cutkosky’ s taxonomy is rooted in the industrial setting, encompassing
basic shapes such as cylinders, spheres, and disks. Kamakura et al., however, extend
their classification to intricate objects such as keys, scissors, and chopsticks, besides ba-
sic shapes. However, the behavior of the structural complexity of the objects used for

training does not seem to affect the behavior.

One of the hypotheses of 3D object recognition is that 3D objects are recognized by
an arrangement of simple geometric elements called ”geons” (Biederman 1987). Studies
measuring Japanese monkey brain cells also propose that hand shapes may be precon-
figured, guided by primitive geometric attributes (such as flat, round, and elongated)
shared with analogous objects (Bekey et al. 1993; Jeannerod et al. 1995; Murata et al.
2000). Consequently, training with objects embodying primitive geometric features could
facilitate the grasp of more complex forms. The experimental results show that learning
to grasp only primitive objects (Cuboid0 and Sphere2) enabled the grasping of unlearned
shapes and objects. This supports the hypothesis that the structural complexity of the
object used for learning does not affect the learned behavior of the model(Gianluca
Massera, Cangelosi, and Stefano Nolfi 2007).

Conclusively, the comparison of the two grasping motion taxonomies uncovers areas
warranting enhancement to broaden the variation of achievable hand movements. These
include refining the replication of palm-involved grasping, integrating cooperative be-
haviors, and identifying the most effective and efficient primitive objects for training

purposes.
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5.8 Conclusion

In this chapter, combining evolutionary robotics with MPH control enabled adaptive
object grasping according to myoelectric signals. The proposed mode was capable of an-
ticipating the suitable joint movements, drawing insights from the data acquired through

touch sensors that monitor the contact state between the hand and object grasped.

After training the 16-DOF robotic hand agents using the myoelectric signals from six
participants, one of whom was a child with an upper limb deficiency, every agent was able
to complete the pickup tasks. Furthermore, irrespective of the individual participants,
the agents executed the pickup tasks adopting a consistent posture for specific objects,
suggesting that through evolutionary computation, the hand was fine-tuned to a posture

that minimizes the risk of dropping the object.

These findings underscored the efficacy of the proposed approach in facilitating adap-
tive object grasping. This result indicates that the proposed method can adaptively
grasp objects with simple myoelectric control using a multi-DOF myoelectric prosthetic

hand, regardless of the participants.

Furthermore, the requirements for ideal hardware necessary to apply this method were
also verified. It was suggested that replicating the anatomical structures of the human
hand, such as muscles, tendons, and ligaments that stabilize the thumb, is crucial. Ad-
ditionally, challenges crucial for enhancing the functionality of the proposed method,
such as learning to grasp using the palm of the hand, realizing and learning cooperative

movements, and identifying objects that are efficient for learning, were identified.

Section 5.2 described the research on the two grasping motion taxonomies that are

often used as references for the design of electric prosthetic hands.

Section 5.3 described the hardware and software approaches to research on comple-

menting the human grasping function, respectively.
Section 5.4 described the proposed method.

In Section 5.5, the experiment to evaluate the efficacy and adaptability of my approach

and two comparative evaluations were presented.
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5.8. CONCLUSION

Section 5.6 described the results of the experiments and comparisons in this section.

Finally, Section 5.7 discussed the results of the verification.
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(b): Input sequence of EMG
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The scale of the screenshots is the same.

individuals in the experiments. Two datasets are created for each participant. Each

dataset is transformed into two sequences. Sequences 1 and 2 refer to environments
1 and 2, respectively. The individuals with the highest fitness among the controllers
learned from datasets 1 and 2 for participant X are known as individual X-1 and X-

2, respectively. Sequence 2 is used for the evaluation. These figures are cited from

(Kuroda et al. 2022).
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6.1. INTRODUCTION

6.1 Introduction

This chapter explains the requirements for the registration of the developed BIT-UEC-
Hand as a ready-made part and discusses the current issues based on the sales situation
after registration as well as the AMD provision process. As explained in Section 1.3.2, the
only MPHs that can be purchased through the AMD payment system are those registered
as ready-made parts. Therefore, this study aimed to register the MPH developed in
this study as a ready-made part to improve the accessibility of inexpensive and highly

functional MPHs for the users.

This chapter also summarizes the application results of the system developed in this

study to diverse participants.
Section 6.2 describes the requirements for registering an MPH as a ready-made part.

Section 6.3 describes the attempt to modularize the BIT-UEC-Hand components,

which is one of the requirements for registration as ready-made parts.
Section 6.4 details the application for the BIT-UEC-Hand.

Section 6.5 describes the results of applying the ready-made parts, the details of the
applied parts, and the pricing of the parts.

Section 6.6 describes the current sales status of the ready-made parts.
Section 6.7 discusses the results of applying the control system to various participants.

Section 6.8 discusses the issues faced during the registration process for the ready-made

parts and the widespread use of registered MPHs.
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6.2 Requirements for registration as ready-made parts

The following three criteria must be met to register an MPH as a ready-made part
(Togo, Hiroshi Yokoi, et al. 2020):

1. The MPH system must be modularized depending on the component category of
the ready-made parts.

2. The components must be made so that they can be connected and assembled into
sockets by non-developers, such as prosthetists.

3. The developed MPH must have been evaluated for at least 90 days, in at least

three participants, and at least two evaluation facilities.

Points 1 and 2 are the practical requirements for prosthetists to assemble the parts and
sockets when the MPH is supplied. An electric hand must be attached to the end of the
socket support, switches and batteries must be attached to the side, a controller must be
placed inside, and an EMG sensor must be attached to the inner socket. In other words,
each part must be removable using connectors or other means; if not, assembling will be
challenging. This is because the support component of the socket is tubular, and, once
the parts are attached to the support component, it is difficult to access the inside of
the socket. Therefore, detaching parts, such as switches, by pulling out the connector’ s

connection from the mounting holes drilled in the support is necessary.

Regarding point 3, evaluating the performance of an MPH in three participants with
upper limb defects is essential. Although the specific details of the evaluation have
not yet been decided, the opinions of the participants, those of the person in charge of
manufacturing, and those of the person in charge of field testing must be entered into

the application form.
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6.3 Modularization of BIT-UEC-Hand parts and creation of

sockets

6.3.1 Modularization of BIT-UEC-Hand parts

To register the BIT-UEC-Hand as a ready-made part, each part was modularized.
Fig.6.1 shows all the parts connected to the MPH. Each part can be disassembled and
connected via connectors, as shown in Fig.6.2. The sensors can also be disassembled and

connected as shown in Fig.6.3.

Fig.6.1: Illustration of BIT-UEC-Hand with each part connected
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Controller
Module

Main power switch | | Motor switch |

Fig.6.2: Schematic showing the connection of each connector of the BIT-UEC-Hand

242



MODULARIZATION OF BIT-UEC-HAND PARTS AND
CREATION OF SOCKETS

W Sensor ground cable

Fig.6.3: Schematic showing the connection of each sensor connector

6.3.2 Creation of Socket

The mold making, creation, and fitting of the socket to the human body must be
conducted by a certified prosthetist according to the Artificial Limb Fitters Act (Act No.
61 of 1987). Therefore, the specifications of the socket were determined in consultation

with a prosthetist.

An issue was encountered during the creation of the socket for the BIT-UEC-Hand
related to the EMG sensors. The EMG sensors of the BIT-UEC-Hand are made of
conductive silicone, and in a standard socket, the electrodes could become distorted

when the residual limb is inserted, resulting in noise in the EMG signals.

Therefore, as a solution, we decided to use a two-layered cloth as shown in Fig.6.4
during the insertion of the residual limb into the socket, to prevent sensor distortion. A

hole for pulling out the cloth, as illustrated in Fig.6.5, was made to remove the cloth
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after insertion. The cloth, made of the same material as parachutes with low friction
resistance, reduces resistance due to skin friction, thus facilitating the insertion of the
residual limb. Additionally, being double-layered, it enables the cloth to be pulled out

without causing any relative movement of the skin to the socket.

The cloth is used as shown in Fig.6.6.

Fig.6.5: Position of the hole for pulling out the cloth after the residual limb is inserted into the

socket.
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Fig.6.6: Inserting the residual limb into the socket using the cloth.
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6.4 Application for the registration of ready-made parts of the
BIT-UEC-Hand

The sockets were fabricated in cooperation with Kowagishi Laboratory Co. Ltd., Tet-
sudou Kousaikai Prosthesis Support Center (public interest incorporated foundation),
and Brace On R. Nagoya Corp. An evaluation was performed in cooperation with Toho-
Kamagaya Hospital, Tokai University Hospital, and Brace On R-Nagoya Corp. The
sockets produced by each prosthetic manufacturer and the evaluation of the BIT-UEC-

Hand are summarized in Fig.6.7.

Mu-B ORG, Inc., a venture company from the Yokoi Laboratory of the University of

Electro-Communications, applied the ready-made-parts.

_ Participant A Participant B Participant C

Kowagishi Laboratory Co. Tetsudou Kousaikai Brace On R.
Ltd. o Prosthesis Support Nagoya Corp.
Center
Socket -
fabrication . ’g L;

Toho-Kamagaya Hospital Tokai University Brace On R.
Hospital Nagoya Corp.

Evaluation

Fig.6.7: Sockets produced by each prosthetic manufacturer and the evaluation of the BIT-
UEC-Hand.

246



6.5. APPLICATION RESULTS FOR READY-MADE PARTS

6.5 Application results for ready-made parts

As a result of the application, BIT-UEC-Hand and its parts were registered as ready-

made parts on March 31, 2022. The list of the registered parts is presented in Table.6.1.

This has made it possible to purchase the BIT-UEC-Hand at public expense.

Table.6.1: List of registered parts

Part No. Part Name Price (yen)
MUO001-HD-A-001 BIT > F (BIT hand) 1,130,000
MU002-SH-A-001 ar hba—7%Y 2—/b (Controller module) 259,560
MU003-EM-N-001 £ U #EY 2 —)L (Sensor module) 45,675
MUO004-MT-N-001 E—&X XA vF (Motor switch) 7,192
MU004-PS-N-001 FEIHRA A v F (Main power switch) 7,088
MU004-PW-N-001 A A4 > —7)0 (Main cable) 12,050
MU004-SG-A-001 &% 25 ¥ K& — )L (Sensor ground cable) 17,450
MUO005-MB-N-001 Ny 7Y —kRvy 27X (Battery box) 10,700
MU005-MB-N-002 v 7Y — (Battery) 63,000
MU005-MB-N-003 Ny 7V —F ¥ — v — (Battery charger) 15,000
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6.6 Status of sales of ready-made parts

Only one BIT-UEC-Hand (excluding sales for research purposes) was purchased

through the industrial accident compensation insurance as of March 5, 2023.
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6.7 Application of the control system to a variety of participants

The control system developed in this study can be applied to various participants,
not limited to multi-DOF prosthetic hands, by simply replacing the hand. Here, the

application of the proposed system to various participants is summarized.

6.7.1 Application to the child's forearm MPH

We applied our developed control system to a child’s MPH (Nakao et al. 2022) (Fig.6.8).
Figures 6.9-6.14 show the use of this MPH in performing ADL.

Fig.6.15 shows an elementary school boy using the MPH we developed naturally while

reading a comic book.
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Palmar side Radial side Without glove

Fig.6.8: MPH for children developed by our research group.
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Fig.6.9: Use of the MPH to open an umbrella. The non-disabled hand held the umbrella handle
while the MPH pushed up the runner to open the umbrella.

Fig.6.10: Using the MPH to sew fabric. The fabric was held with the MPH, and the non-
disabled hand threaded the needle through the fabric.
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Fig.6.11: Opening a can. The can was held with the MPH, and the stay-on-tab was opened
using the fingers of the non-disabled hand.

Fig.6.12: Use of the MPH to hang laundry (towel). The towel was held with the MPH, and
the non-disabled hand used a clothespin to fix it.
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Fig.6.13: Use of the MPH to handle a toy frying pan. The handle of the frying pan was held
with the prosthetic hand, and the non-disabled hand used a spatula.

Fig.6.14: Use of the MPH to handle a fishing rod. The handle of the rod was held with the
MPH, and the non-disabled hand turned the reel.
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Fig.6.15: Use of the MPH to read a comic book. The primary school boy, a regular user of our
developed MPH, naturally used it to read a comic book.

6.7.2 Application to the wrist-separated MPH for children

We applied our developed control system to a wrist-separated MPH for children (Inoue
et al. 2023) (Fig.6.16).

Fig.6.17 shows the application of the developed MPH to move blocks placed at a high

position.
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e -

Dorsal side Palmar side

Fig.6.16: Wrist-separated MPH for children developed by our research group.
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Fig.6.17: Grasping and moving a block in a high place with the MPH. The developed control

system enables grasping and opening while utilizing the residual DOF of the wrist.

6.7.3 Application to the 2-DOF Forearm MPH for children

We applied our developed control system to the 2-DOF Forearm MPH for children
(6.18) developed by our research group. This MPH had one DOF in the hand and another
in the wrist, controlling hand grasping and opening movements, and wrist pronation and
supination, respectively. To control this MPH, the proposed system must manage five

motions, including rest.

256



APPLICATION OF THE CONTROL SYSTEM TO A VA-
__RIETY OF PARTICIPANTS

Fig.6.18: Two-DOF forearm MPH for children developed by our research group.
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Fig.6.19: Use of the MPH to perform wrist pronation, supination, and opening/closing move-

ments.

6.7.4 Application of the time variation adaptive system to various participants
We applied the time variation adaptive system developed in Chapter 4 to participants

in various clinical situations of MPH use. The common measurement conditions for each

verification are summarized in Table.6.2.
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Table.6.2: Common Application Conditions

Measurement
Sampling frequency (Hz) 2000
Quantization bit rate (bit) 12

Filter (Hardware)

- 50 Hz notch filter
- Bandpass filter with a
1-1000 Hz bandwidth

Filter (Software)

50-Hz High pass filter

Potential range (V)

-2.51t0 2.5

Feature Extraction

Period (ms) 10
Number of samples 256
Overlapping samples 236

Window function

Hann window

Extracted Frequency (Hz)

23.4375, 46.875, 70.3125, 93.75, 140.625, 187.5,
250.0, 312.5

Smoothing (points)

5

Bluetooth Communication

Sending Period (ms) 20
Processing when sending accumulated feature Averaging
vectors
Motion Intention Estimation
Method Artificial Neural Networks (ANN)

Number of Neurons (input layer)

D =24

Number of Neurons (hidden layer)

40

Number of Neurons (output layer)

3

Activate function

Sigmoid (hidden layer) Softmax (output layer)

Experiment
Sampling points per measurement 20
Devices
Microcomputer SH72544R, Renesas Electronics Corporation
EMG sensor Dry Electrode (Togo, Yuta, et al. 2019)
Smartphone ROG Phone 3, ASUS

Time variation in cases of unstable control of certain movements

We applied the time variation adaptive system to an adult male with an upper limb am-

putation experiencing unstable recognition of the three-finger pinch during rest, grasp,

open and three-finger pinch movements. After a period of adaptive learning, we con-
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ducted the first recognition rate measurement. After resuming and completing another
phase of adaptive learning, we performed the second recognition rate measurement. The
measurement omitted the open movement, and the conditions are summarized in Ta-
ble.6.3. It should be noted that the number of data samples collected for the recognition

rate measurement differed in each session.

The results are shown in Fig.6.20.

Table.6.3: Conditions of application for an adult male

Experiment

Measurement motion Rest, Grasp, 3 finger pinch

Sampling points for recognition rate

Rest (1st) 40
Grasp (1st) 40
3 finger pinch (1st) 60
Rest (2nd) 120
Grasp (2nd) 120
3 finger pinch (2nd) 120
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Fig.6.20: Changes in recognition rate when using the time variation adaptive system during un-
stable control. 'Original’ represents the results measured using the classifier learned
from the initial teacher data. 'Optimized’ shows the results measured using the clas-

sifier learned from the teacher data updated by the time variation adaptive system.

Notably, the 'optimized’ classifier was always used for measuring the recognition rate.

Application of time variation adaptive system to a child

We applied the time variation adaptive system to a boy with palm hypoplasia and ex-
amined the changes in the recognition rate. The movements recognized were rest, grasp,
and open. After measuring and learning from the teacher data (before adaptive learn-
ing), the first recognition rate measurement was conducted. After a period of adaptive
learning, the second recognition rate measurement was performed. The conditions are

summarized in Table.6.4. It should be noted that the number of data samples collected

for the recognition rate measurement differed in each session.

The results are shown in Fig.6.21.
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Table.6.4: Conditions of application for a male child

Experiment

Measurement motion Rest, Grasp, Open

Sampling points for recognition rate

Rest (1st) 80
Grasp (1st) 80
Open (1st) 80
Rest (2nd) 160
Grasp (2nd) 120
Open (2nd) 140
Rest Grasp Open
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Fig.6.21: Changes in recognition rate when applying the time variation adaptive system to
a child. ’Original’ represents the results measured using the classifier learned from
the initial teacher data. 'Optimized’ shows the results measured using the classifier
learned from the teacher data updated by the time variation adaptive system. No-

tably the ’optimized’ classifier was always used for measuring the recognition rate.
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6.8 Discussion

6.8.1 Regarding registration as ready-made parts

Only one BIT-UEC-Hand was purchased after approximately a year of registration
as ready-made parts. There are only a few studies or reports on the sales of other
commercially available multi-DOF MPHs in Japan, and prior studies have reported only
a few cases of the purchase at one’s own expense (Tanaka 2018). Therefore, the number
of sales is not small. However, the purchaser was one of the participants in the clinical

study of this MPH , and no purchases from third parties have been reported.

There are two reasons for this situation. The first reason is the lack of awareness
among physicians. In the case of public expense and industrial accident compensation
insurance, MPHs are selected by the physicians (Tanaka 2018). Therefore, it is difficult
to be chosen as the MPH to be prescribed if it is not well-known to physicians. Therefore,
making physicians aware of the related technology is essential. Ottobock and Ossur are
the only two other companies selling a multi-DOF MPH. Both companies have been
selling prosthetics for several years. Ottobock, in particular, has a large share of MPHs
that are currently available (Tanaka 2018). This difference is significant, and for a start-
up company to gain similar visibility, it would need to be well-known by exhibiting
and presenting at a large number of related conferences, which is highly expensive and

time-consuming .

The second reason is that the condition for receiving payment through industrial acci-
dent compensation insurance is that the MPH must be ”well used” (Chin 2018). For this
purpose, the patient must be trained to wear the MPH for 4 weeks in principle and for a
maximum of 10 weeks. After a trial-wearing period of up to 6 months, the MPH is issued
after a physician determines its suitability. In addition, the institutions that provide this
training must also meet the prescribed conditions and are limited (Ministry of Health
and Welfare n.d.[a]). Furthermore, prosthetic hands are necessary for training and are
usually rented from the manufacturer or provided by the hospital. There are only a few
applications of multi-DOF MPHs and pattern recognition-controlled MPHs, and training
methods have not been established, as is the case with the long-established Myobock.
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In particular, the only pattern recognition-controlled MPHs are the UEC-e hand (Togo,
Hiroshi Yokoi, et al. 2020) and Ottobock’s Myoplus, registered as ready-made parts in
2018 and 2022, respectively; therefore, it is expected that most rehabilitation physi-
cians have never used them. Hence, the provision of prosthetic hands for training and
the establishment of training programs will be necessary to disseminate the developed
MPHs.

The field tests required for registering ready-made parts are a heavy burden, and it
has become challenging to improve the hardware and register it as ready-made parts
at a high frequency. Among these, the software is one element that can be improved
relatively easily in MPHs. Ready-made parts are registered for hardware, and there is
no registration for the software installed in them. Therefore, software improvement is

considered an essential element for improving usability.

6.8.2 Application of proposed system to various participants

From the results of applying the control system in Sections 6.7.1, 6.7.2, and 6.7.3, it is

evident that the proposed system can be applied to various types of participants.

Especially, as shown in Fig.6.9-6.14, the proposed system was applied to multiple
elementary school girls and boys, enabling them to perform daily living tasks. This fact
demonstrates that, in addition to the adult participants tested in Chapter 3, the proposed

system is applicable to children, a group with fewer instances of MPH use.

The scenario depicted in Fig.6.15, where a boy who had been using our developed
MPH at home naturally began using the MPH to read a comic book, also underscores

the applicability of the proposed system.

Moreover, in Fig.6.17, the task of moving blocks was completed using a wrist-separated
MPH. This demonstrated that stable operation of the MPH was possible even with wrist

movement, using the proposed control system.

In Fig.6.19, control of the 2-DOF prosthetic hand for children, which requires five

movements including rest, grasp, open, pronation, and supination, was achieved. This
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indicated that the proposed system could identify a variety of patterns even in the case
of children.

Thus, the applicability of the control system developed in Chapter 3 to various partic-

ipants has been confirmed.

In Section 6.7.4, the applicability of the developed time variation adaptive system to

various participants was also confirmed.

Particularly, as shown in Fig.6.20, the application of the control system in a clinical
setting, where issues such as time variation in a participant’s myoelectric signals could
lead to unstable control, confirmed an increase in the recognition rate of previously
unstable movements, thereby emphasizing the effectiveness of the proposed time variation

adaptive system.

Similarly, the increase in the recognition rate for children who find it difficult to label
teacher data, as shown in Fig.6.4, suggests the system’ s wide applicability to various

participants and its high usability.

Therefore, the applicability of the time variation adaptive system developed in Chapter

4 to various participants was confirmed.
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6.9 Conclusion

This chapter explained the requirements for the registration of the developed BIT-
UEC-Hand as a ready-made part and discussed the current issues based on the sales

situation after registration as well as the AMD provision process.

This chapter also summarized the application results of the system developed in this

study to diverse subjects.
Section 6.2 described the requirements for registering an MPH as ready-made parts.

Section 6.3 described the attempt to modularize the BIT-UEC-Hand components,

which is one of the requirements for their registration as ready-made parts.
Section 6.4 described the details regarding the application of the BIT-UEC-Hand.

Section 6.5 described the results of the ready-made-parts application, the details of the
applied parts, and the pricing of the parts.

Section 6.6 described the current sales status of the parts.
Section 6.7 discussed the results of applying the control system to various participants.

Finally, Section 6.8 discussed the issues with the registration process for the ready-

made parts and the widespread use of registered MPHs.
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7.1 Conclusion
The objective of this study was as follows:

To clarify the problems of assistive technologies and systems for persons with disabilities
through the actual development of a myoelectric prosthetic hand and to investigate

methods for developing assistive technologies that can sustainably improve their QOL.
The following four approaches were used to achieve the objectives of this study:

e Development of a practical multi-degree-of-freedom (DOF) MPH system.

e Elucidation of the requirements of people with disabilities through functional and
subjective evaluation in clinical application.

e Development of control methods to solve the issues related to pattern recognition
obtained from clinical application.

e Improving user accessibility by registering inexpensive and highly functional MPHs

as components for ready-made parts (FERFHGBM).
Here, we assessed whether the objective of improving the quality of life for upper limb

amputees was achieved by comparing the research requirements outlined in Chapter 2 of

this study with the research results.

7.1.1 Achievement of the engineering requirements

Here, we discuss the degree of fulfillment of the engineering requirements summarized

in Table.2.10. The achievements are further compiled in Table.7.1.
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Table.7.1: Achievement of engineering requirements

Condition Result
e Five-finger independently driven MPH

e Lightweight (330 g)

e All peripheral devices inside the socket

Development of a practi-

cal MPH
e Users could four motions

e Unsupervised adaptation to narrow and wide
time variations
e 2 min adaptation for narrow

e Improved the number of stable motions by av-
Addressing Control sta- P y

erage 1 motion
the bility &

e 5 min adaptation for wide
challenges of

e Stable MPH control with unlearned muscle

pattern
. contraction force
recognition
e Grasping 24 different objects

control o ) ] ]
Limitation e Eight out of the 16 movements realized in
in number of Cutkosky’s taxonomy.
actions

Development of a practical MPH

A lightweight (330 g) five-finger independently driven MPH (BIT-UEC-Hand) was
developed. All peripheral devices such as controllers were installed inside the socket.
From Fig.3.13, it was shown that the user was able to use four motions (resting, grasping,

opening, and three-finger pinching) to perform task evaluation.

The performance and wide applicability of this system were confirmed through ap-
plication to diverse participants and various tasks. Particularly, as shown in Fig.7.1
(reproduced from Fig.3.17), the actual use of the BIT-UEC-Hand at work highlighted

the effectiveness of the proposed system.

Additionally, children were able to perform complex tasks such as sewing fabric with

a needle as shown in Fig.7.2 (reproduced from Fig.6.10). The system was also success-
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fully applied to other child prosthetic hands, such as the wrist-separated type (Fig.7.3,
reproduced from Fig.6.17) and the 2-DOF type (Fig.7.4, reproduced from Fig.6.19),
demonstrating its broad applicability and practicality.

(a) Participant A harvesting a shiitake mush-
room on the unaffected side by holding (b) Participant A holding and carrying a case
down the mushroom bed using the BIT- containing shiitake mushrooms with both
UEC-Hand hands

(¢) Participant A grabs dried mushrooms using the BIT-UEC-Hand and places them in a bag

Fig.7.1: Participant A working with the BIT-UEC-Hand (Reprinted).
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Fig.7.2: Use of the MPH to sew fabric. The fabric was held by the MPH, and the non-disabled
hand threaded the needle through the fabric (Reprinted).

Fig.7.3: Grasping and moving a block in a high place using the MPH. The developed control
system enables grasping and opening while utilizing the residual DOF of the wrist
(Reprinted).
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Fig.7.4: Use of the MPH to perform wrist pronation, supination, and opening/closing move-

ments (Reprinted).

Addressing the challenges of pattern recognition control

Adaptation to narrow and wide time variations of myoelectricity was achieved by
changing only the parameters and improving the recognition rate. For a wide range
of time variations, 5 min of unsupervised adaptation resulted in stable MPH control
with unlearned muscle contraction force. For the narrow range of time variation, only
2 min of unsupervised adaptation improved the number of stable motions by an aver-
age of one motion compared to the number of stable motions before adaptive learning
(Fig.4.22).

Importantly, systems for time variation adaptation, previously limited to non-portable
environments such as PCs, were made usable in real environments through the implemen-
tation of a parameter transfer system called the shadow system using portable devices
such as tablets and smartphones. The performance of the time-variation adaptation
function was confirmed not only in the basic performance evaluation in Chapter 4 but
also in clinical settings dealing with control instabilities and applications to children, as
discussed in Section 6.7.4. These findings suggest the potential of the proposed time vari-
ation adaptive system to expand the applicability of MPHs, even to users who previously

found pattern recognition control challenging.
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Furthermore, a controller capable of adaptively grasping 24 types of objects was de-
veloped and proven effective. By combining this controller with pattern recognition
control, users no longer need to differentiate grasp movements for objects, freeing up
muscle contraction patterns for other movements and reducing control load. The hidden
design requirements of multi-DOF prosthetic hands for effective utilization of this con-
troller were also validated through simulation. The results suggested the importance of
replicating anatomical structures such as muscles, tendons, and ligaments of the human
hand to stabilize the thumb control. Additional challenges, such as learning palm-based
grasping and coordinating movements, were also suggested as important to enhance the
functionality of the proposed method. The adaptive grasping based on the contact state
information between the hand and object, proposed in this study, emphasizes the impor-
tance of the hand design, thus providing a stepping stone toward the practical application

of the proposed method.

As a result of this study’s development, the technologies in the roadmap in Fig.2.6
from Chapter 2.5 has progressed as shown in the following Fig.7.5. It should be noted
that Fig.7.5 is an excerpt of the key parts of the roadmap. The technologies, previously
represented by dashed lines, have progressed to the level indicated by the thick solid

lines.

As described in this section, the implementation of adaptive learning methods in real
environments was achieved, and adaptive grasping based on the tactile interaction be-
tween the hand and objects, previously unrealized in the field of MPHs, was proposed
and validated. Particularly, the proposal of this adaptive grasping functionality signifies
a shift in the design concept of multi-DOF prosthetic hands, from merely imitating the

skeletal structure of the human hand to emulating its flexible structure.

273



CHAPTER 7. CONCLUSION AND FUTURE PROSPECTS
Current

Technological level shifted
1
Function

- 2040 - 2060
by this study |
\ LT Multi-DOF MPH ‘\Imitation of a human hand Human level hand
Evqutlon of fundamental technologies: Motor size and weight "\ Battery size "\, power _*
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RELEELD Desi Flexible structures of the skin (fingers, palms), ligaments.
gn -
Concept Imitation of skeletal hand structure -
Sensorization of \ Sensorization of Highly functional
flexible fingers \flexible palms touch sensors
. | | I—)
Relation to Cutkosky's taxonomy Kamakura's taxonomy
Occupational Therapy Classification based on use of tools Classification based on contact
o . Effect T
MOtlon Ilmltatlon ------------------------------------
Not ] Subsumption control
enough i [iETXS Approach based on embodiement P
EMG h- .............................................
Software \ — Pattern recognition
\  peeeees Time variation
Enough \ o
EMG | S I

Adaptive Learning
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combined in priority order and
controlled hierarchically

Big data-based methods
Fig.7.5: Illustration of how the technology level in the roadmap has progressed because of this
study. Notably, this figure is an excerpt from the roadmap in Fig.2.6

7.1.2 Achievement of the requirements related to rehabilitation and social
implementation

Here, we discuss the extent to which the rehabilitation and social implementation
compiled in Table.7.2.

requirements, summarized in Table.2.11, have been met. The achievements are further
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Table.7.2: Achievement of the requirements related to rehabilitation and social implementation

Condition Result

e Applied the MPH for approximately 3 months
e Two participants

e Periodic task and questionnaire evaluations

e Revealed effectiveness in the workplace

Evaluation through Long-
e Revealed burden of the training for pattern

term clinical application
recognition
e Revealed limitations of pattern recognition

control

e Registered as ready-made-parts
Improving user accessibil- e 1,130,000 yen

ity e Same price range with Myobock

Evaluation through long-term clinical application

Two participants underwent long-term clinical application of the BIT-UEC-Hand for
approximately 3 months. Periodic task and questionnaire evaluations were conducted.
These revealed the possibility that the multi-DOF MPH was effective in the workplace
and that pattern recognition control did not require as extensive training as indicated in

previous studies; moreover, it revealed the limitations of pattern recognition control.

To conduct clinical research, we considered systems that could be implemented in
real-world environments. This enabled us to identify and address challenges related to
introducing the latest systems. Particularly, issues related to integrating EMG sensors
into MPH sockets, as discussed in Section 6.3, were challenging points that could have
been overlooked without clinical research. Although the performance of conductive sil-
icone EMG sensors has been documented in studies such as (Togo, Yuta, et al. 2019),
their practical integration with conventional prosthetic hand sockets had not been vali-
dated. This issue and its resolution, which were identified through clinical research-based

development, underscore the effectiveness of this research approach in the field.
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Improving user accessibility

The BIT-UEC-Hand was registered as ready-made-parts at 1,130,000 yen. The price
of Myobock, a single-DOF MPH from Ottobock, which is commonly used in Japan, is
517,500 to 1,212,500 yen. A multi-DOF MPH was successfully registered as a ready-

made-part at the same price range.

In addition, the fact that users who previously used low-DOF MPHs have purchased
and are now using the BIT-UEC-Hand indicates that we have successfully enhanced the

accessibility of multi-DOF MPHs for users.

7.1.3 Summary

After comparing the requirements of this study with the research results, it can be
concluded that the development methodology of assistive technology for the disabled,
based on clinical research, was effective. The technological issues of MPHs, such as the
time variation of EMG signals and the limitation in the number of movements, were
identified. Practical solutions for these issues have been implemented and validated.
This has contributed to improving the accessibility of MPHs by expanding the range
of application of MPHs. In addition, guidelines were clarified as a basis for research to
further expand the range of application of MPHs. Furthermore, it was revealed that the
accessibility to high-functioning MPHs was low due to issues in the distribution system.
To address this, we improved accessibility by socially implementing cost-effective multi-
DOF MPHs. Thus, approaches from both the individual and social models of disability
were achieved, demonstrating the effectiveness of the proposed development methodology

based on clinical research.
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7.2 Future Prospects

The following is a list of problems that remain unsolved in this study.

7.2.1 Development of MPHs led by people with disabilities

In this study, as a research and developmental method that incorporates the needs of
people with disabilities in a manner that does not deviate significantly from the current
research and development process, a method to improve MPHs by obtaining feedback
from long-term clinical application was developed. However, several needs could not be
met without incorporating conditions from the initial stage of development, such as the
need for actual fine movements (e.g., pressing a seal, pressing a camera shutter, etc.),

among the demands expressed by the participants during the experimental process.

Of course, each user has unique needs, and these needs do not apply to all users.
However, it is possible to develop a more versatile MPH by proactively incorporating
users into the development process from the early stages of research and by integrating

researchers’ knowledge with the knowledge gained from the users’ experiences.

7.2.2 Comparison with the existing multi-DOF MPHs

This study could not compare our proposed MPH system with the existing multi-DOF
MPHs owing to availability issues. However, this comparison is essential to identify the

areas of improvement.

7.2.3 Improvement of electric hand after long-term clinical application

In this study, improvements were focused on the software as re-registration of the
ready-made parts was unnecessary. However, there are several problems with the electric
hand, and it is essential to improve it. Specifically, the contact area during grasping

should be increased, side grasping should be enabled, and the grasping shape should be
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more similar to that of a natural hand.

7.2.4 Development of benchmarks for the time variation tracking methods

A major problem in the research on time-variation tracking methods is the lack of
effective benchmarks. This is because previous studies have focused on specific time
variations, and no studies have classified and evaluated the time variation based on the
speed of change. Therefore, it is difficult to compare each time-variation adaptation
method and determine the superiority or inferiority of the methods. Thus, developing
benchmarks and evaluation methods that enable comparisons between methods would

be essential to further the research in this field.
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APPENDIX A. VALIDATION OF THE TIME VARIATION ADAPTATION SYSTEM

A.1 Introduction

To evaluate the performance of the developed time-variation adaptation system, ver-
ification was conducted using two-dimensional artificial data. Additionally, parameter
optimization was performed using Bayesian optimization. The results obtained with
the highest and lowest objective value parameters were compared to examine how each

parameter contributes to adaptation.

Among the parameters, those optimized were pmin, 1y, 12, amaz, and €,,,,. It should
be noted that pmin was fixed at 0.9 for the first class, simulating rest, while the parame-
ters for other classes were optimized. The other parameters of the CCCL were as follows:
A=5,a=0.5,3=0.95 nmax = 50, nmin = 20, gmin = 20, TyTo = 100.

The number of teacher data was 20 for each class, whereas the number of evaluation
data was 120 for each class. The recognition rate (accuracy) is calculated for every 120

pieces of evaluation data input for each class.
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A.2. VALIDATION WITH ARTIFICIAL DATA SIMULATING WIDE-RANGE TIME VARIATION

A.2 Validation with artificial data simulating wide-range time

variation

A.2.1 Dataset

The dataset was created (Fig.A.1) to mimic a wide range of time variations, with
Class 2 and Class 3 approaching Class 1, which mimics rest, over time. Artificial data
were generated from normal distributions with standard deviations of 0.5, 1.7, and 2.0,
respectively, and shifted over time. The total number of artificial data, including the

training data, was 6000.
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Fig.A.1: Artificial data simulated a wide range of time variations.

A.2.2 Parameter Optimization

The optimal parameters were computed through 10 trials of Bayesian optimization.

The parameters were optimized with p_;, ranging from 0.6 to 0.8, 7, from 0.006 to 0.6,
12 from 0.00006 to 0.006, @,q, from 8 to 20 and e;,4, from 1000 to 6000.

The objective value for optimization was set as the average recognition rate (accuracy).
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A.2. VALIDATION WITH WIDE-RANGE ARTIFICIAL DATA

A.2.3 Validation results and discussion

The optimization results indicated that the optimal parameters were pmin =
(0.9,0.75,0.75), m1 = 0.23, o = 0.00087, amaz = 8, and €,,4, = (1907,1907,1907). The

results were rounded to two significant figures.

Conversely, the parameters with the lowest objective value were pmin =
(0.9,0.66,0.66), n; = 0.011, o = 0.0014, amax = 8, and e,,q, = (5777,5777,5777).

The objective values for each trial are shown in Fig.A.2.

n OoR C : i
0.998 e  Objective Value

Best Value

. ~

-— [ ] ]

0.996

0.994

Objective walue

0.c88
0.986

0.984 ~
0 2 4 & ]
Trial

Fig.A.2: Changes in objective values for each trial.

The changes in the recognition rate (accuracy) for each set of parameters are shown
in Fig.A.3 and Fig.A.4. It is observed that even with non-optimal parameters, the sys-
tem maintained a higher accuracy than without adaptation. With optimal parameters,
the accuracy remained close to 100 % despite time variability, demonstrating the high

performance of the proposed method.
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Fig.A.3: Changes in recognition rate (accuracy) with a system using optimal parameters.
”Non-optimized-50” refers to the classifier trained with 50 training data for each
class without adaptation, and ” Non-optimized-20” refers to the classifier trained with
20 training data for each class without adaptation. ”Optimized” represents results

using the time variation adaptation system.
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Fig.A.4: Changes in recognition rate (accuracy) with a system using parameters that had the
lowest objective values. ”Non-optimized-50” refers to the classifier trained with 50
training data for each class without adaptation, whereas ”Non-optimized-20” refers
to the classifier trained with 20 training data for each class without adaptation. ”Op-

timized” represents results using the time variation adaptation system.

To intuitively understand the relationship between the objective value and the param-

eters, a parallel coordinate plot of the optimization results is presented in Fig.A.5.
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Fig.A.5: Parallel coordinate plot of optimization results. ”threshold_proba” represents pmin,

”e_b” represents 11, "e_n” represents 72, ”a_max” represents amax, and ”score_max”

represents €maq-

The plot in Fig.A.5 indicates that higher values of e,,,, correspond to smaller objective
values, suggesting that e,,q, significantly impacts performance. The edge’s evaluation
value e increases over time and resets when new input is received in the vicinity. There-
fore, a higher e,,,, means that training data are less likely to be deleted owing to time

variation.

To confirm the impact of e,,.,, the adaptation behavior with optimal parameters is
compared to that with the worst-performing parameters. The adaptation behavior for

each case is shown in Fig.A.6 and Fig.A.7.
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Fig.A.6: Adaptation behavior with a system using optimal parameters. Small circular markers
in the background represent all input data, while larger circular markers represent

teacher data. The three colored areas in the figure represent decision regions, where
data falling within these regions are classified into the corresponding classes.
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Fig.A.7: Adaptation behavior with a system using the worst-performing parameters. Small

circular markers in the background represent all input data, while larger circular
markers represent teacher data. The colored areas in the figure represent decision
regions, where data falling within these regions are classified into the corresponding
classes.

In Fig.A.7, self-organization causes the teacher data to move closer to the input data.
However, owing to the high e,,4,, the teacher data remain even after the input data

position has changed. Because the limit of the number of teacher data has been reached,
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no new teacher data are generated in areas of high input frequency, and only a few teacher

data are adapted to the time variation of the input data.

In contrast, the results using the optimal parameters, as shown in Fig.A.6, demonstrate
that the appropriate setting of e,,q, allowed for a dynamic adjustment of the teacher
data. When the input data diverged from the initial position of the teacher data, the
teacher data moved correspondingly. Additionally, some of the teacher data far from the
initial teacher data were deleted, and new teacher data were generated near the input

data. This process resulted in the proper relocation of the cluster’s central position.

The above shows that the appropriate setting of e,,4, is important for data with a

large amount of movement.
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A.3 Validation with artificial data simulating narrow-range time

variation

A.3.1 Dataset

The dataset was created to simulate narrow-range time variations, consisting of eight
competing classes that move within a narrow range over time (Fig.A.1). The artificial
data were generated from normal distributions with standard deviations of 0.5, 1.0, 1.2,
1.7, 0.6, 0.8, 1.0, and 2.0, respectively, and evolved over time. There were a total of 4800

artificial data points including the teacher data.

10.0 10.0 10.0

15 75 s

50 50 50

25 25 Y 25 °
PELAT = iy . | mp :

o RN o WMl ] B A T
Se ° o . ® 0%% o ° e % o ™° s QP

25 *8he o3 ° é"'..' -25 oo D) € % 25 E3 . ® . 2 °.
° 0 ey o @ . 'R s ceg o ®e

5.0 M . 5.0 . o ° =50 G .

75 15 -5

=75 =50 -25 00 25 50 75 100 125 =15 -50 -25 0.0 25 50 75 100 125 -15 -50 -25 00 25 50 75 100 125

100 100 100
75 75 75
50 50 50
¥ Lo
25 “ 25 2. 25 o
. I d ” L4 o ® we®
00 o“ % 00 w . X L 00 &g . ’.-"o
o L]
25 a2 3 oo %y ’ﬁ" o*'['- ., . 2% fee® °
"’.0 3 o Y o, 25 &Y : ° . * e, 25 xp. ..;% ' o & M
5o . « ¢ . 50 o * ol * * o * .
75 75 15
75 S0 -25 00 25 50 75 100 125 75 80 -25 00 25 50 75 100 15 75 50 -25 00 25 50 75 100 125

10.0 10.0 10.0
75 75 75
50 50

.t‘
. o . .

o, : *- og 3 0 3 .

251® o es° * 25| *%pee® My Segsd o 25 { g% X M 28.°,%°°
. [ . 51§ ° o
Bt T e et LR AN P LR S
5.0 . . . 50 e ° 5.0 L1 o
.

=15 -15 -15

-75 -50 -25 00 25 50 75 100 125 -75 -50 -25 00 25 50 75 100 125 -75 -50 -25 00 25 50 75 100 125

Fig.A.8: Artificial data simulating narrow-range time variation.
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A.3.2 Parameter Optimization

Parameter optimization was performed using Bayesian optimization over 30 trials. The
parameters pmin were optimized within a range of 0.3 to 0.8, n; from 0.006 to 0.6, 72

from 0.00006 to 0.006, amax from 8 to 20, and e,,4, from 1000 to 8000.

The objective value for optimization was the average value of the recognition rate

(accuracy).

A.3.3 Validation results and discussion

The optimization results indicated that the optimal parameters were pmin =
(0.9,0.31,0.31,0.31,0.31,0.31,0.31,0.31), 11 = 0.31, 7o = 0.0016, amaz = 11, and
emaz = (2740,2740, 2740, 2740, 2740, 2740, 2740, 2740). These results were rounded to

two significant figures.

The parameters with the lowest objective value were pmin = (0.9, 0.36,0.36, 0.36, 0.36,
0.36,0.36,0.36), n1 = 0.0063, 72 = 0.0028, amaz = 9, and €4, = (3941,3941,3941, 3941, 3941, 3941, 3!

The objective values for each trial are shown in Fig.A.9.
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Fig.A.9: Changes in objective values for each trial.
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The changes in the recognition rates (accuracy) for each parameter set are depicted
in Fig.A.10 and Fig.A.11. Even with inappropriate parameters, the system maintained
similar recognition rates to the non-adaptive case. The optimal parameters resulted in
higher recognition rates in the second and third evaluations compared to the non-adaptive
case. Given the minor changes in the dataset, the ability to improve the recognition rates

amidst slight time variations highlights the effectiveness of the proposed method.

1.0
F
0.8+
30.6¢
o
>
O]
< 0.4-
—eo— Non-optimized-50
0.2 —m - Non-optimized-20
A+ Optimized
0.0 1 2 3

The number of evaluation

Fig.A.10: Changes in recognition rate (accuracy) using the system with optimal parameters.
”Non-optimized-50” represents the recognition rate using a classifier trained with 50
teacher data for each class without adaptation, ” Non-optimized-20” with 20 teacher

data for each class, and ”Optimized” using the time-variation adaptation system.
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Fig.A.11: Changes in recognition rate (accuracy) using the system with the lowest objective
value parameters. ”Non-optimized-50" represents the recognition rate using a classi-
fier trained with 50 teacher data for each class without adaptation, ” Non-optimized-
20” with 20 teacher data for each class, and ”Optimized” using the time-variation

adaptation system.

To intuitively understand the relationship between the objective value and parameters,

a parallel coordinate plot summarizing the optimization results is presented in Fig.A.12.
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0.8963254 0.78198

0.835 N\

N, Objective Value

0.896

0.894
0.892
0.89

0.888
0.886
0.884
0.882

0.88

Fig.A.12: Parallel coordinate plot of optimization results. ”threshold_proba” represents pmin,
”e_b” represents 11, "e_n” represents 72, "a_-max” represents amax, and ”score_max”

represents €maz-

The results in Fig.A.12 indicate that smaller values of pmin, emax, and a4z, and
larger values of n; and 72, tend to yield higher objective values. This trend suggests
that all parameters are set to enhance plasticity, indicating that sufficient plasticity is
necessary for adaptation in datasets with high levels of competition, such as the one
used here. However, it should be noted that the optimal parameters, while directed
toward increasing plasticity, do not simply take the maximum or minimum values in their

respective ranges, implying that a certain degree of moderate plasticity is necessary.

To understand the differences in plasticity, a comparison was made between adaptations
using the optimal parameters and those using the parameters with the poorest objective

value. The adaptation processes for each are shown in Fig.A.13 and Fig.A.14.
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Fig.A.13: Adaptation process with the system using optimal parameters. Small round markers

in the background represent all input data. The teacher data are represented by
larger round markers. The colored areas in the diagram represent the decision
regions, where data entering these regions are classified into corresponding classes.
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Fig.A.14: Adaptation process with the system using parameters with the worst objective value.

Small round markers in the background represent all input data. The teacher data
are represented by larger round markers. The colored areas in the diagram represent
the decision regions, where data entering these regions are classified into correspond-

ing classes.

The adaptation process with the system using the parameters with the poorest objec-
tive values shows a slight change in the clusters. There is minimal adaptation to the

input data, with only minor movements of the teacher data.
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In contrast, the results using optimal parameters (Fig.A.13) show that the range of the
teacher data expands in response to the input data, indicating adaptation to changes in

the input data.

These findings underscore the importance of setting parameters with appropriate plas-
ticity. However, it should be noted that the input data used here do not contain noise. In
real-world scenarios, data typically include noise, and high plasticity could be susceptible
to the effects of this noise. Therefore, stricter limitations on plasticity are anticipated

for actual data applications.
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APPENDIX B. OPTIMIZATION OF PARAMETERS

B.1 Introduction

Parameter optimization was performed for adaptation to a narrow range of time vari-
ations (Experiment 2) in Chapter 4.The optimization was performed using experiments

with a single participant. The CCCL parameters optimized were p, ., 71, and 7s.

The other parameters of the CCCL were as follows: a@maz = 8, €mas
(3000, 3000, 3000, 3000, 3000, 3000, 3000, 3000), A = 5, o = 0.5, B = 0.95, Nyax = 50,
Nmin = 20, gmin = 100, Tyro = 100. The experiment was conducted with the
permission of the ethics committee of the University of Electro-Communication (permit
No.10006(5)).

Initially, optimization was performed for p,;,, followed by n; and ns.

B.2 Optimization of p,;,

This section discusses the results of optimizing pmin. pmin is a parameter used to filter
noise in Gyro, and when the posterior probability pt output by the Pattern Recognition
Function GPR is lower than p,;,, it is discarded as noise. A higher value results in a

stricter criterion for noise determination.

With n; = 0.0002 and 7, = 0.000002, the values of p_;, were varied among
(0.9,0.6,0.6,0.6,0.6,0.6,0.6,0.6), (0.9,0.7,0.7,0.7,0.7,0.7,0.7,0.7), and (0.9,0.8,0.8,0.8,
0.8,0.8,0.8,0.8) to observe differences in recognition rates. The experimental method

and calculation of recognition rates were similar to Experiment2 in Section 4.7.

The recognition rates for each setting are shown in Fig.B.1, Fig.B.2, and Fig.B.3,
averaging the rates for the eight movements. A comparison showed that the highest
recognition rate, both after 2 and 4 minutes of adaptive learning, was achieved with
Pmin = (0.9,0.7,0.7,0.7,0.7,0.7,0.7,0.7).
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Fig.B.1: Change in recognition rate at p_;, = (0.9,0.6,0.6,0.6,0.6,0.6,0.6,0.6).
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Fig.B.2: Change in recognition rate at p_;, = (0.9,0.7,0.7,0.7,0.7,0.7,0.7,0.7).
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Fig.B.3: Change in recognition rate at p_;, = (0.9,0.8,0.8,0.8,0.8,0.8,0.8,0.8).

B.3 Optimization of 1; and 7

This section discusses the optimization of 7, and 72. These parameters determine
the magnitude of movement of the teacher data towards the input data during the self-
organization process; larger values result in more significant movement toward the input

data.

The value of p,;,, determined in Section B.2 as (0.9,0.7,0.7,0.7,0.7,0.7,0.7,0.7), was
fixed, and 7; and 7, were tested with the following settings: (7, = 0.002,72 = 0.00002),
(n1 = 0.0002, 72, = 0.000002), (7 = 0.00001,72 = 0.0000001), and (n; = 0.00002,7, =
0.0000002). The experimental method and calculation of recognition rates were the same

as in Experiment2, Section 4.7.

The recognition rates are shown in Fig.B.4-B.7. The recognition rates are the average
of the eight motions. As a result of the comparison, the recognition rates of Fig.B.5,

Fig.B.6, and Fig.B.7 are almost the same.

Here, if n; and 7, are made smaller, the plasticity for the adaptation is reduced.

Therefore, (n; = 0.0002, 7 = 0.000002), which has the largest value of 77 and 7y among
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Fig.B.5, Fig.B.6, and Fig.B.7, which showed the best performance, was selected as the
optimal value.
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Fig.B.4: Change in recognition rate at (171 = 0.002, 72 = 0.00002).
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Fig.B.5: Change in recognition rate at (71 = 0.0002, 72 = 0.000002) (Fig.B.2 reprinted).
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Fig.B.6: Change in recognition rate at (1 = 0.00001, 72 = 0.0000001).
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Fig.B.7: Change in recognition rate at (11 = 0.00002, 72 = 0.0000002).
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