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Abstract

Abstract

Frailty is a common geriatric disease among elderly people, including mental frailty,
social frailty and physical frailty. Physical frailty can seriously affect oral function,
mobility function and upper limb function of the elderly, and ultimately lead to a decline in
quality of daily life. Moreover, frailty is a dynamic process from healthy to disability and
incorporates multiple stages. People in apparently vulnerable and mildly frail stage are
more likely to enter the next stage. Recognizing physical frailty at its early stage, choosing
the appropriate intervention treatment and routine exercise are important for slowing the

progress of frailty.

Recently, evaluation of physical frailty mainly focus on oral function, mobility and
upper limb function. Muscle strength, exercise control ability, and exercise tolerance are
related to muscle function and are closely related to daily life and activities. Considerable
evidence suggests that the ability to perform a physical task is determined by a threshold
level of muscular strength and endurance. Individuals lacking the requisite muscular
strength may not be able to perform various activities of daily living that are important
determinants of independence. At present, the Japanese version of the Cardiovascular
Health Study (J-CHS) criteria is commonly used for assessing frailty in japan from five
aspects which are walking speed, muscular strength (hand grip strength), low activity,
weight loss and exhaustion. Even there are some descriptive evaluation methods available
for evaluation of frailty based on questionnaire, quantitative evaluation methods are not yet
fully established. Therefore, means and methods for assessing frailty are highlights of

recent research.

The main purpose of this paper is to develop a muscle function evaluation and
training support system for the purpose of slowing the progress of frailty. Firstly, an
analytical muscle model was established to estimate muscular states and a motion capture

system was established to measure upper limb movement. Later, the muscle model is used
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to establish the criteria of normal people which is used as a reference standard for
assessing frailty level. Finally, a training support system was established for helping trainee

perform the appropriate exercise while recording the training dose and frailty state.

This doctoral dissertation contains 6 chapters:

In Chapter 1, the aging society and the prevalence of frailty were reviewed,
conceptual and intuitive images about the frailty were presented, means and methods of
frailty evaluation were introduced, and finally, the purpose and research outline of this

manuscript were drawn.

In Chapter 2, we use the method of musculoskeletal modeling to estimate muscle state
during exercise. An evaluation method for quantifying function of a specific muscle during
upper limb exercise training was proposed. A detailed three-dimensional model of the
upper extremity, including major muscles make up the elbow flexor and extensor, was built
base on public references and database. The modeling process and principle were
introduced in detail. At last, the exercise of biceps curl to lift a dumbbell was simulated to

verify the effect of each muscle.

In Chapter 3, the development of muscle function measurement and evaluation system
are described in detail. The system incorporates an acceleration and a gyro sensor, a load
cell, a camera and a personal computer for data collection and display. Forearm movement
is measured using a wireless transmission module and gyro sensor. The force during
resistance training is measured by attaching a load cell to Thera-Band. Posture changes are
estimated using camera and OpenPose. A segmentation algorithm is proposed segment the
data in to small segments. At last, indexes for quantifying fatigue and recovery ability,
muscle motion control ability and exercise tolerance were proposed to assess muscle

function.

In Chapter 4, based on indexes proposed in Chapter 3, the physical frailty of subject is

evaluated from the perspective of muscle strength, motion control ability and endurance.

VI
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We firstly show how to assess frailty level based on muscle strength. The muscle model is
used to establish a reference standard for assessing frailty level. Later, we use the quotient
of acceleration and deceleration time during flexing stage to quantify motion control ability
of elbow flexor. The coefficient of variation of force data during holding phase was used to
quantify exercise tolerance. A larger quotient means a longer acceleration phase and a
stronger ability of subject to control his flexor muscle, and a bigger coefficient of variation
means a bigger fluctuation in force, which means a low ability of subject in keeping the
force at a constant value. By using those indexes, the physical frailty state of subject can be

determined.

Chapter 5 describes the application of our system in the field of muscle rehabilitation.
The muscle model established in Chapter 2 is used to estimate muscular states during
elbow flexor resistance training for bedridden patient. The fatigue and recovery indexes
proposed in Chapter 3 were used to monitor subjects’ fatigue state in the training. At last, a
support system was established to encourage trainee to continue training while recording

the training dose and frailty state.

The conclusion is drawn and the future work is discussed in Chapter 6.

VII
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Chapter 1 Introduction and Literature Reviews

Chapter 1

Introduction and Literature Review

This chapter clarify the main purpose and organization of this doctoral dissertation. We
firstly talk about the healthy and unhealthy life expectancy, show the prevalence of frailty
among elderly people. And then, present the conceptual and intuitive images about the frailty
to give readers a clear understanding of frailty. Meanwhile, quantitative criteria for evaluation
of physical function of frail elderly are introduced for choosing the right exercise intervention

for treatment of frailty. Finally, the purpose and research outline of this manuscript is drawn.

1. Research background

1.1 Healthy and Unhealthy life expectancy

Initiated in 2013, one of the main purpose of the Health Japan 21 (the second term) [1], a
health policy established by the Minister of Health, Labour, and Welfare of Japan, is to extend
people’s healthy life expectancy, and finally, to save social health care expenditure. The
healthy life expectancy is the average period during which people can live independently and
healthily. The Average life expectancy is the expectation of how many years a person can live
at the age of 0. The difference between healthy life expectancy and average life expectancy is
the unhealthy life expectancy. According to a data from Ministry of Health, Labour and
Welfare of Japan [3] (Figure 1.1), the healthy life expectancy is about 71.19 years for male
subjects and about 74.21 years for female subjects. Moreover, the unhealthy life expectancy is
about 9.02 years for male subjects and 12.4 years for female subjects. After getting into the
unhealthy state, people’s ability to perform daily tasks slowly erodes until, at some stage, they
become dependent on others for home help, or possibly residential care or long-term care in a
hospital. That is why those people are high frequency users of health care systems, like

hospital, nursing home, and rehabilitation center. This will places a very heavy burden on the



Chapter 1 Introduction and Literature Reviews

social health care system and medicare. Therefore, to save social health care expenditure, we

need extend people’s healthy life expectancy and shorten people’s unhealthy life expectancy.

People's average life expectancy is usually the same, but the healthy life expectancy is
inhibited by various diseases. According to a survey performed by the Ministry of Health,
Labour and Welfare of Japan [3], it reveals that the frailty is the third leading factor that
inhibits people’s healthy life expectancy, following the Stroke and Cognitive disorder.
Therefore, to extend people’s healthy life expectancy, research on slowing the progress of

frailty it is important and necessary.

90 Years

Average life expectancy 80.21
Male | | |
Healthy life expectancy 71.19 <

| | | 1 |
Average life expectancy 86.61
Female l l l

Healthy life expectancy 74.21 {_}

Figure 1.1 Difference between Average and Healthy life expectancy. Data obtained from the Ministry of Health,
Labour and Welfare of Japan [3].

Joint disease

Diabetes Fractures and falls

Malignant new creature Others
Figure 1.2 Factors that inhibit healthy life expectancy. Among those factors, the stroke, heart disease,
respiratory disease, diabetes and malignant new creature are diseases associated with lifestyle habits, which

counted for 30.5% of the total factors. The cognitive disorder, frailty, joint disease, fracture and falls are diseases

related to geriatric diseases, which counted for 51.9% [3].
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1.2 The prevalence of frailty among the elderly

The world's population is aging, albeit at different rates in different countries. Data from
the Department of Economic and Social Affairs in the United Nations reveals that the
population aged 60 years or over numbered 962 million in 2017, more than twice as large as
in 1980 when there were 382 million older persons worldwide [4]. By 2050, the elderly
population is expected to double again, with an estimated total of nearly 2.1 billion,
accounting for 21.5% of the global population [5]. Although the population aging is a global
phenomenon, virtually every country in the world will experience a substantial increase in the
size of the population aged 60 years or over, however, there is a huge difference between the
ageing rate and the current social age structure [6,7], especially in developed countries like

Japan and Korea.

In Japan, the aging population is particularly serious, and it is now experiencing a
pronounced aging population. Researchers even use the term of “super-aging” society [8] to
express the severity of the situation. As illustrated in Figure 1.3, Japan has the highest
proportion of elderly adults in the world [8,9,10], now with over 28.4% of the population aged
65 and over [11] and the number will reach 40% by 2050 [8]. Rapid declines in mortality and
baby booms after World War II contributed to the population aging in Japan, and the critical
contributor to population aging is the rapidly declining fertility. Because the elderly people
are often cognitively impaired or limb function disabled, they are high-frequency users of
community resources, hospitalization, and nursing homes. The rapidly growing old population
drives increasing long-term care costs and work force shortages, and thus poses a challenge
for health care and social services [12]. The situation will get worse when the second baby
boomers reach their 65s. It is critical to develop and strengthen support systems for those

elderly people, especially for those with limited physical and cognitive function [7].
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Now
<—Actual | Estimated—>

140M

120M

100M

25%
80M
15%

Population

60M

40M

20M

1950 1970 1990 2010 2030 2050
Year

Figure 1.3 Population proportion of Japan between 1950 and 2050 [8]. Notes: The data from 1950 to 2010 are
based on the census. The data from 2010 to 2050 are based on medium estimates. Source: National Institute of

Population and Social Security Research.

Human aging is associated with a progressive decline in skeletal muscle mass, muscle
strength and force generating capacity, referred to as sarcopenia [13,14]. Literature shows that
there is a decline in thigh muscle cross sectional area of 25-40% over the lifespan [15,16] and
this seems to be in line with other studies reporting about reduction in leg muscle mass [17].
At the age of 80, the muscle force generating capacity is on average approximately 60% of
that at the age of 20-30 [18]. The progressive decline in muscle mass and muscle force
generating capacity is presumed to be a significant contributor to increase vulnerability for
falls, and result in an impaired capacity to perform daily activities, like feeding himself and
dressing himself [14,19,20,21]. The dependent life-style and a state of vulnerability for
adverse health outcomes are major frailty symptoms which are the most problematic

expression of population ageing [21,23].

Frailty is considered highly prevalent among elderly people and to confer high risk for
falls, disability, hospitalization, and mortality [24]. Investigators assessed the prevalence of
frailty in a recent systematic review [25]. 21 community-based cohort studies of 61500

elderly people were identified and a prevalence of from 4.0% to 17.0% (mean 9.9%) of
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physical frailty was found. Women (9.6%) were almost twice as likely as men (5.2%) to be
frail. Frailty increased steadily with age: 65 - 69 years 4%; 70 - 74 years 7%; 75 - 79 years 9%
and 80 - 84 years 16% [22], and the prevalence of frailty is markedly increased in persons
older than 80 [26]. Between a quarter and half of people older than 85 years are estimated to
be frail, and these people have a substantially increased risk of falls, disability, long-term care,

and death [22].

1.3 Concepts of frailty

The concept of frailty has been present in geriatric literature for many years and we are
witnessing an explosion of articles published on this topic recently [29]. A PUBMED search
made by Hogan and colleagues found that the number of publications containing the term
“frail elderly” had increased exponentially over the last 30 years [30]. However, although
there have been a large number of articles published on the topic of frailty in elderly people
and many definitions of frailty have been proposed, none is considered “Gold Standard”. This
is probably because that frailty develops as a consequence of age-related decline in many
physiological systems, which collectively results in subject’s vulnerability to sudden health
status changes triggered by minor stressor events [22]. Although there are many controversies
about the operational definition of the frailty symptom, the frailty is an important medical

syndrome with biological bases.

According to consensus opinions of experts involved in the Frailty Consensus
Conference hold by 6 major international, European, and US societies [26], the frailty is
literally defined as a clinical state in which there is an increase in an individual’s vulnerability
for developing increased dependency and/or mortality when exposed to a stressor event.
Chronic and acute diseases, and/or the physiological decline in the neuromuscular, metabolic,
and immune system that occurs during the aging process frequently contribute to the frailty
symptom. To vividly explain this literal definition, a diagram is drawn and shown in Figure
1.2. As illustrated in the diagram, the neuromuscular, metabolic and immune systems serve as

three walls to protect patients from diseases. Due to aging and disease, some holes appear and
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grow on the wall, thus increasing the chance of the disease pass through the walls. Although a
single hole on the wall carries no obvious or imminent threat of mortality, the deficits
contribute cumulatively to an increased risk of disability. More and bigger holes on the wall
means subjects have low reserve to protect them from diseases and increasing their
vulnerability to frailty. To some extend, the frailty reflects the deficits and reserves of elderly
people’s physiological system. Therefore, we have to think not only of plugging the holes
smaller at each level, but also of making sure that they do not line up.

Healthy Neuromuscular
i system

Metabolic system

Disease

Figure 1.4 The diagram explains the literal meaning of frailty. More deficits in the neuromuscular, metabolic,
and immune system will increase the possibility of disease pass through the walls, and consequently increase
subjects’ vulnerability to frailty.

Even there is no single generally accepted clinical definition of frailty, but one phenotype
model named the Fried Criteria has become popular to screen those who are in pre-frail or
frailty state so as to effectively target care [26,29]. In the 1990s, Fried and colleagues did a
secondary analysis of data obtained from a prospective cohort study of 5210 men and women
aged 65 years and older [24] and established the frailty phenotype model with five variables:
unintentional weight loss, self-reported exhaustion, low energy expenditure, slow gait speed,
and weak grip strength. This screening instrument was developed to identify frail persons at
high risk of adverse health-related outcomes in the clinical setting and the screening criteria
are presented in Table 1.1 [27]. People with 1~2 frailty criteria are classified as pre-frail and

more than 3 frailty criteria are classified as frailty. This operational definition of frailty was
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based on a conceptual paradigm and was later validated by showing its ability to predict

physical disability, hospitalization, and mortality in a sample of community-dwelling older

persons.
Table 1.1 The Fried Frailty screening criteria.
Criteria Definition and parameters
. Loss of 10 pounds unintentionally in past year or weight at examination < 10%
Weight loss .
of age 60 weight;
Self-reported exhaustion Self-report of fatigue or felt unusually tired or weak in the past month;

Frequency and duration of physical activities (walking, doing strenuous

Physical inactivity
household chores, doing strenuous outdoor chores, dancing, bowling, exercise);

Low walking speed Walking 4 m > 7 s if height < 159 cm or > 6 s if height > 159 cm.*

Low hand grip strength Grip strength, stratified by sex and body-mass index.

* Data for older women (lowest 20th percentile).

Healthy Normal aging

curve

Pre-frail

Aging curve under
minor illness

Frailty

Health status

Minor illness Disability

Minor illness

<

External S~~._ Minor illness
intervention — > " 7Sl
R4
Frailty criteria  Frailty criteria
= [~2 > 3

Figure 1.5 The continuous gradual process of frailty. The diagram shows the disproportion in the time of
recovery and the degree of decline of health status during different stages. Four stages are included in the frailty

process. Presence of 1-2 frailty criteria is defined as pre-frail stage and frailty criteria more than 3 is defined as

frailty stage.

Although the frailty and disability show some of the same symptoms, but the frailty is
different from disability. Figure 1.5 gives a visual representation of the disproportionate
decline of health status when facing a minor illness. As illustrated in the picture, the health
status of the subject continues to decline with age, and his health status can be roughly
divided into four stages: the healthy state, the pre-frail state, the frailty state, and last the
disability state. The pre-frail and frailty state appear to be transitional states in the dynamic

process from healthy to disability [31]. In the pre-frail, frailty and disability state, an
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apparently minor illness will results in a striking and disproportionate change in health state.
The health status in the pre-frail and frailty state recovers to the normal curve through external
intervention or self-recovery after a period of time. But there is a difference in the recovery
time and the decline degree due to difference in the impairment of subject’s physiological
systems. Moreover, after entering the disability stage, the impairment of physiological
systems reach to a crucial threshold that subject's health status irreversibly deteriorates after a
minor illness, resulting in a significant reduction in life expectancy. That is after entering the
disability stage, the health status of subject will not recover to the normal level after a minor

illness.

1.4 Common physical frailty syndromes

The frailty concepts mentioned above are literal definitions and conceptual images about
the frailty. However, for people without a medical background, they may not be able to obtain
an intuitive image about the frailty from its literal meaning. However the frailty syndrome
does happen among elderly people and affect their daily lives widely. Therefore, to
successfully combat frailty and arouse people's attention about this prevalent geriatric
syndrome, some common physical frailty syndromes in activities of daily life are illustrated

here to depict an intuitive image about the frailty.

In addition, frailty has multifaceted characteristic and is a dynamic process from healthy
to disability. Generally, the frailty can be divided into three parts: the physical frailty, mental
frailty and social frailty. The sarcopenia is the common illness of physical frailty and the
cognitive disorder is the common illness of mental frailty. The loneliness and geriatric
depression are common illnesses of social frailty. The mental frailty and social frailty are
combined effect of social, psychological, physiological and environmental factors, which are
not research content of this thesis. The research scope of this thesis mainly focuses on the
physical domain of frailty and those people in apparently vulnerable and mildly frail stage,
since we believe that the physical frailty can be treated through exercise interventions. The

physical frailty is closely related to the muscle wasting and weakness and is a common
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phenomenon among elderly people. The decline in force generating capacity, muscle mass
and strength will finally result in functional limitations of human limbs like walking, feeding

himself and shopping.

The common physical frailty syndromes among elderly people were reviewed from the
Fried Frailty screening criteria [24], the Japanese version of the Cardiovascular Health Study
(J-CHS) criteria [32,33.34], the Kihon checklist for assessing frailty status [35,36] and the
functional test for upper and lower extremity [37,38,39]. Those common physical frailty
syndromes are shown in Figure 1.6, Figure 1.7 and Figure 1.8 vividly. Those physical frailty
symptoms were classified into oral dysfunction, mobility dysfunction and upper limb

dysfunction.

(a) (b)

Figure 1.6 Common physical frailty symptoms related to oral function in daily life. (a) Swallow difficulty; (b)

Low bite force.

Figure 1.7 Common physical frailty symptoms in daily life related to mobility dysfunction. (a) Need a walking

stick when walking. (b) Need a four-legged walker when walking. (¢) Need to use handrails or walls when

climbing stairs. (d) Often falls or worry about falling.
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Figure 1.8 Common physical frailty symptoms in daily life related to upper limb function. (a) Having trouble
lifting and carrying a shopping bag of 5 kg or more; (b) Unable to do things at or above shoulder height; (c)
Having difficulty in normal housework (such as lifting a quilt); (d) Having difficulty with a knife, fork, spoon or

10
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chopsticks (situation like the food picked up with chopsticks often falls off); (e) Water glasses often fall from his
hands. (f) Having difficulty with climbing stairs while carrying a four leg walker. (g) Feel exhausted while

climbing stairs.

Figure 1.6, Figure 1.7 and Figure 1.8 show some common physical frailty symptoms in
daily life related to oral dysfunction, mobility dysfunction and upper limb dysfunction,
respectively. Oral muscle degeneration will result in decline in oral function like swallow
difficulty and low bite force. The decrease in force generating capacity of lower limb muscles
will result in decline in mobile ability, such as needing a walking stick or four-legged walker
while walking, needing to use handrails or walls when climbing stairs, and often falls or
worrying about falling. Similarly, the decline in muscle force of upper limb muscles will
result in decline in functional limitations of upper limb, such as having trouble lifting and
carrying a shopping bag of 5 kg or more; unable to do things at or above shoulder height;
having difficulty in normal housework (such as lifting a quilt); having difficulty with a knife,
fork, spoon or chopsticks (situation like the food picked up with chopsticks often falls off)

and having difficulty with holding a cup.

In addition, the upper-limbs play an important role in the process of walking and affect
elderly people’s mobile ability. For example, when the elderly people are walking with a
four-legged walker (shows in Figure 1.8 (f)), a cane (shows in Figure 1.9) and holding a
handrail to climb the stairs (shows in Figure 1.8 (g)), the upper-limbs need to bear part of the
body weight, move the walker and cane forward, and maintain their body balance. Jebsen [40]
and colleagues initially made the assumption that canes may be used to support 20% to 25%
of body weight and canes of ideal length produce 20° to 30 ° of elbow flexion, in which case
elbow extensors act as shock absorbers. Later studies using an instrumented cane proved that
axial loading on the cane varies between 15% to 40% of body weight [41,42]. It is illustrated
in Figure 1.9 that the elbow extensor and flexor muscles are recruited to bear part of the body
weight during the support phase of walking and the flexor muscles are recruited to move the
walker and cane forward during the swing phase alternately. During the swing phase, the
elbow flexor need to withstand the weight of the Cane. Even the muscle strength of lower

limbs are very weak, the elderly people can still walk a certain distance with the help from
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their upper limbs. Therefore, it is necessary to evaluate the upper-limb function when

evaluating elderly people’s mobile ability.

Support phase Swing phase Support phase

Figure 1.9 An elderly man walks with the help of a Cane. Both the elbow extensor and flexor muscles are
recruited to bear part of the body weight and keep the elbow joint stable during the support phase of walking.
The extensor muscles play dominate role in this process. The flexor muscles are recruited to move the walker
and cane forward during the swing phase alternately. During the swing phase, the elbow flexor need to withstand

the Cane weight. The axial loading on the cane varies between 15% to 40% of body weight [41,42].

1.5 Current research about physical frailty

As we have mentioned in previous sections, the research scope of this thesis mainly
focuses on the physical domain of frailty and those people in apparently vulnerable and
mildly frail stage. To the best of the author’s knowledge, four criteria are commonly used for
screening of physical frailty. They are the Fried Frailty screening criteria [24], the Japanese
version of the Cardiovascular Health Study (J-CHS) criteria [32,33.34], the Kihon checklist
for assessing frailty status [35,36] and the functional test for upper and lower extremity
[37.38.39]. The Fried Frailty screening criteria is a well-known, phenomenon-based, widely

accepted and commonly used frailty screening criteria world-wide, established by Fried and
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his colleagues. But the experimental population in their experiments were recruited from
European countries that the frailty screening value may not suitable for Asian people.
Therefore, the Japanese version of the Cardiovascular Health Study criteria and the Kihon
checklist were established to screen frailty among Japanese elderly people. The functional test
of upper and lower extremity is a commonly used criteria for testing of upper-limb and

lower-limb function.

Generally, the physical frailty can be assessed from three aspects: the oral dysfunction;
the mobility dysfunction and the upper limb dysfunction. The frailty symptoms of oral
dysfunction include swallowing difficulty and low bite force (As shown in Figure 1.6). The
swallowing difficulty is assessed through questionnaire [36, 43] and the bite force was
measured by using Digital Bite Force Sensor (As shown in Figure 1.10) [44]. The frailty
symptoms of mobility dysfunction include low walking speed, abnormal walking posture and
fall (As shown in Figure 1.7). The walking speed can be assessed by walking test (As shown
in Figure 1.11) [33,36,45]. The abnormal walking posture and fall of elderly are closely relate
to their muscle amount. As illustrated in Figure 1.12, elderly people’s muscle amount can be
simply checked by measuring the calf circumference [46]. The frailty symptoms of upper
limb dysfunction were vividly illustrated in Figure 1.8. Among those symptoms, the hand
dysfunction can be assessed by measuring their hand grip strength [24,32,33.35]. Figure is the
commonly used Digital Hand Dynamometer Grip Strength Measurement Meter for measuring

subject’s hand grip strength.

Figure 1.10 Measuring bite force by using Digital Bite Force Sensor.
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Average speed

Figure 1.11 The 5 meters walking test for assessing frailty in elderly people [3,28,33].

Figure 1.12 Simply checking of muscle amount by measuring the calf circumference. (a) The index finger ring
can't circle the calf; (b) The index finger ring just covers the calf; (c) The index finger ring is significantly larger

than the circumference of the calf.

Figure 1.13 Digital Hand Dynamometer Grip Strength Measurement Meter used for measuring hand grip
strength.
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Since different reader may have different understanding from the qualitative description
of frailty introduced in the previous section. Quantitative indicators are necessary and
important to establish an operational screening criteria of frailty. There are quantitative and
operational indicators available for the screening of slowness and hand strength weakness.
Table 1.2 are the quantitative value of walking time to screen slowness in a 4 m walking test
[24.33.36.45] and Table 1.3 are quantitative value of grip strength to screen hand weakness
[33.36.43]. Form the tables, we can see that the screening value is different for people with
different height, body weight and gender, especially for the Fried criteria. The Fried criteria
provide more detailed screening criteria for people with different body types and other two

criteria provide more simpler and rougher indicators.

Table 1.2 Quantitative value of walking time to screen slowness in a 4 m walking test.

Fried Criteria [24,45] J-CHS Ceriteria [33] Kihon checklist [36]
) > 7s if height < 159cm
For female subjects . >8.8s .
> 6s if height > 159cm Normal walking
) >7s if height < 173 cm speed <1.0 m/s
For male subjects > 10s

> 6s if height > 173cm

Table 1.3 Quantitative value of grip strength to screen weakness. BMI is the Body Mass Index.

Fried Criteria [45] J-CHS Criteria [33] Kihon checklist [36]
<17 kg for BMI <23
. <17.3 kg for BMI 23.1-26
For female subjects <19kg <18kg
<18 kg for BMI 26.1-29
<21 kg for BMI > 29
<29 kg for BMI <24
i <30 kg for BMI 24.1-26
For male subjects <29kg <26 kg
<30 kg for BMI 26.1-28

<32 kg for BMI > 28

After reviewing all those common frailty symptoms, we can see that current researches
about physical frailty mainly focus on the oral dysfunction and mobility dysfunction. Physical
frailty researches on the upper limb dysfunction only include measuring hand grip strength
and there are quantitative value to screen hand weakness. According to the frailty criteria
mentioned above, there are no adequate quantitative value available for the evaluation of
upper limb dysfunction besides the hand grip strength. However, the upper limb functions

related to elbow joint and shoulder joint play a significant and functional role in daily life of
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elderly people, like lifting and carrying a shopping bag, like normal housework, like
ambulatory locomotion with cane or walker, like getting up from a wheelchair. Moreover, as
we have mentioned above, the upper-limbs also play an important role in the process of
walking and affect elderly people’s mobile ability. The upper-limbs need bear parts of the
body weight. All this explains why this doctoral dissertation choice the upper-limb as the

research object to study physical frailty.

Besides, considerable evidence suggests that the ability to perform a physical task is
determined by a threshold level of muscular strength and endurance [47,48]. Individuals
lacking the requisite muscular strength may not be able to perform various activities of daily
living that are important determinants of independence. For healthy athletes, as illustrated in
Figure 1.14, the elbow flexor muscle strength is an important parameter measured by using
equipment like dynamometers. The main purpose of measuring elbow flexor muscle strength
in healthy athletes is to screen strong athletes. However, for elderly people, the measurement
of elbow flexor muscle strength is to evaluate frailty and the measuring system needs to be
simple, safe and reliable. The dynamometers and the criteria designed for healthy athletes
may not be suitable for screening frailty among senior subjects. Consequently, it is important
and necessary to design and establish measuring system and screening criteria for upper-limb

dysfunction which are suitable for senior subjects.

Figure 1.14 Dynamometers for assessing elbow flexor strength of the athletes. The Biodex System 4 [49].

16



Chapter 1 Introduction and Literature Reviews

2. Aim and organization of this thesis

In summary, as the society ages, the number of elderly people in frailty state or have a
risk of being in frailty state increases exponentially, highlighting the importance of assessing
frailty and choosing the appropriate intervention for slowing the progress of frailty. Figure
1.15 illustrates the core idea of the process of frailty level assessment used in this thesis.
Suppose there is an elderly subject and we want to evaluate his frailty level. A specific
exercise, such as walking or lifting a dumbbell, is provided and the sensor signal is recorded
to evaluate the subject’s performance in the exercise. Since we dose not know whether the
subject is frail or not. We want know how a normal person will perform in the same exercise
and compare the sensor signal to the reference value of a normal person. With the comparison
results and frailty criteria, the subject’s frailty level is consequently assessed. To get the
reference value of a normal person, the muscle model is built to simulate the performance of
normal person in the provided exercise. Demographic data, like age and body weight, of the
elderly subject and public experimental data of normal people were entered into the muscle
model as input parameters. Therefore, the output of simulation results are the reference value
of normal person. There are there most important parts in the assessment process: 1.
establishment of the muscle model to get the reference value of normal person; 2.
establishment of the measurement system; 3. establishment of the frailty evaluation criteria.

Demographic data

. Elderly subject
(e.g. age, body weight..) :

A specific exercise
Sensor signal

Public experimental Muscle Reference value
data of normal people model of normal person

Frailty criteria

Figure 1.15 General process of assessment of frailty level.
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The main object of this thesis is to develop a muscle function evaluation and training
support system for the purpose of slowing the progress of frailty. The system has the ability to
record and monitor the exercise dosage, evaluate muscle function and estimate muscular
states during the training. In the following, the contents in each chapter will be described in

detail.

In chapter 1, we firstly talk about the aging society and the prevalence of frailty among
elderly people. And then the conceptual and intuitive images about the frailty are presented to
give readers a clear image of frailty. Meanwhile, some quantitative criteria for evaluation of
frailty are introduced. Finally, we introduce the purpose and research outline of the present

manuscript.

Chapter 2 describes the concept of using musculoskeletal modeling to estimate muscular
states during exercises, and to quantify and evaluate the training effect of exercise on a
specific muscle. A detailed three-dimensional model of the upper extremity, including major
muscles make up the elbow flexor and extensor, was built base on public references and
database. The modeling process and principle were introduced in detail and the exercise of
biceps curl to lift a dumbbell was simulated. The simulation results provide physiotherapists

with instructions on designing training exercise.

Chapter 3 is the development of muscle function measurement and evaluation system.
Firstly, we built up a motion capture system to recognize and record movements of trainee
when perform rehabilitation exercises based on inertial and visual sensing. The inertial sensor
has the ability to effectively and accurately recognize movement of trainee, however the
gyroscope shows poor performance in long-term measurements of body motion and the
accelerometer can usually measure only one degree of freedom with one sensor. A
custom-made Thera-Band was designed and made to help subject do biceps curl exercise and
record the resistance force. Later, a force data segmentation algorithm was proposed to
segment the force data into small segments corresponding to different contraction phases. And

at last, with the preprocessed data, indexes for quantifying fatigue and recovery ability,
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muscle motion control ability and exercise tolerance were proposed to assess muscle function.

In chapter 4, based on the segmentation algorithm and indexes proposed in Chapter 3, we
evaluate physical frailty from the perspective of muscle function. An experiments of 6
subjects was carried out and the muscle motion control ability and exercise tolerance of their
elbow flexor were evaluated. We use the quotient of acceleration and deceleration time during
flexing stage to quantify motion control ability of elbow flexor. A bigger quotient means a
longer acceleration phase, which indicates the subject possesses a stronger ability to control
his flexor muscle. The coefficient of variation of force data during holding phase were used to
quantify exercise tolerance. A bigger coefficient of variation means a bigger fluctuation in

force, indicating a low ability of subject in keeping the force at a constant value.

Chapter 5 describes the application of our system in the field of rehabilitation. Firstly, by
using the musculoskeletal model built in Chapter 1, we estimated muscular states during
elbow flexor resistance training for bedridden patient and the results revealed the contribution
of each muscle in the flexing process. Later, the fatigue and recovery indexes were used to
monitor fatigue state during biceps curl exercise. Finally, a support system for dumbbell

lifting exercise is designed to help trainee record their training sets automatically.

In chapter 6, the conclusions of this study and future work are presented.
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Chapter 2

Analytical Model of Upper-limb Muscle Function

1. Background of musculoskeletal modeling

Musculoskeletal modeling is a powerful tool to research mechanical behavior of
human muscles and its interaction with human nervous system from the viewpoint of
mechanics and neuroscience by using the methods of mechanics [1]. This method
quantifies the mechanical and physiological properties of each muscle through parametric
modeling, enabling researchers to quantify muscle differences and gain insight into the
states (usually refer to mechanical states like muscle-tendon length changes, muscle fiber
force and velocity) of each muscle during the movement. Muscle’s mechanical behaviors,
like force-length-velocity-activation relationships, are determined by anatomical features
of skeletal system (e.g. anthropometric properties and muscle paths [1]) and muscle’s
architecture parameters (e.g. optimal fiber length, peak force, tendon slack length and
pennation angle [2, 3]), enables researchers to quantify mechanical properties and behavior
of muscles via mathematical modeling. More delightedly, with recent development in
image-based musculoskeletal modeling [4, 5] and physiological-phenomena-based
optimization method [6], highly individualized musculoskeletal model (MSM) and more
realistic prediction of muscle force can be achieved, leading to a great potential of its
application in clinical test and, of course, in the estimation of muscle-level stimuli of

resistance training.

With regard to musculoskeletal modeling of the upper limbs, researchers can build
muscle models based on public databases or use generic models provided by open source
or commercial software such as OpenSim (https://simtk.org/home/opensim) and AnyBody
(http://www.anybodytech.com/). Garner and his colleagues built a kinematic model of

human upper limb using high-resolution medical images obtained from the National
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Library of Medicine's Visible Human Project (VHP) dataset [7]. The muscle model is a
detailed three-dimensional model of human upper-limb, including major muscles cross the
elbow joint and shoulder joint [8]. Information about the joint kinematics and muscle
architecture of the muscle model are provided in references [7, 9]. The obstacle-set method
for representing muscle paths is described in detail in reference [10]. In addition, open
source or commercial software such as OpenSim [11,12] and AnyBody [13] provides users
with generic models to build upper limb models in a simple and convenient way. The
calculation results of these software are often used as a gold standard for evaluating the

muscle models built by researchers themself.

Moreover, the optimization method used in solving the muscle recruitment problem in
the inverse dynamics approach is another important question in musculoskeletal modeling.
In the past two decades, a number of muscle-force prediction methods have been presented
based on the Optimality principle [14, 15] that represent performance criteria on which the
neuromuscular system optimizes the activation of muscle forces. Static optimization
methods, dealing with isometric and relatively slow motions, predict redundant muscle
forces by minimizing a cost function, comprising the sum of muscular stress or force raised
to a power, subject to force/torque constraints associated with a given task. The biggest
advantage is that the muscle force prediction is mathematically formulated and can be
numerically solved, enabling a prediction for relatively complex tasks involving multiple
joints such as walking and running. There are still arguments and criticism on the
neurological background of this optimization; however, the effectiveness of this approach

for predicting stereotyped motor performances has been reported in many papers [16, 17].

Therefore, in this section, we will firstly talk about the computational methods used in
musculoskeletal modeling and a detailed three-dimensional analytical musculoskeletal
model of human upper-limb, including major muscles make up the elbow flexor and
extensor, will be built to estimate muscular states during elbow flexor resistance training.
The technical details of the calculation will be described in detail to create an intuitive and

detailed impression of musculoskeletal modeling for the reader. And later, the muscle
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activation patterns were estimated in AnyBody when forearm flexing to lifting a dumbbell
with different pronation and supination angle. The estimated result could be treated as an
important reference standard for physiotherapists to evaluate the training effect of the
exercise on individual muscle and choose the appropriate training movement with specific
purpose. This section mainly focus on the computational aspects of estimating muscle
activation patterns base on musculoskeletal modeling and the clinical aspects will not be

investigated.

2. Musculoskeletal modeling of the upper extremity

This section introduces the technical details of the common process of building a
generic upper limb muscle model and estimation of muscular states. The muscle model
incorporates the main muscles or muscle parts that make up the elbow flexor and extensor.
The elbow flexor and extensor are dominated in the concentric and eccentric movements of
upper limb when forearm flex or extend to lift or drop a shopping bag. According to the
anatomical descriptions of human upper-limb [20], as illustrated in Figure 2.1, elbow
flexor and extensor primary include 7 parts of muscles. In this paper, a three-dimensional
Musculoskeletal model (MSM) of human upper-limb was established base on public data
of skeletal coordinates and muscle architecture [18, 19] and by using the obstacle-set
method [17] to model the muscle path. The MSM consists of 3 bones (Figure 2.1), 5 joints
(Table 2.2) and 7 parts of muscles (Table 2,1). Table 2.1 shows architectural properties of
each muscle or muscle parts. Additional details regarding the MSM are available in

references mentioned above [18, 19].

Radius

25



Chapter 2 Analytical Model of Upper-limb Muscle Function
(a) (b)

Figure 2.1 (a) Extensor and flexor of human upper-limb in sagittal plan. (b) Three-dimensional MSM

illustrates bones (green lines) and muscles (red lines) across elbow joint.
Table 2.1. Architectural properties of each musculotendon actuator of elbow extensor and flexor.
PCSA o™ Vo™ Is' FM ®

Muscles Abbr. (cm?) (cm)  (cm/s)  (cm) (N) (deg)

1. Triceps brachii(long) TRCIg 19.07 1524 1524 19.05 629.21 15.00

Extensor 2.Triceps brachii(lateral) =~ TRCIt  38.45 6.17 61.7 19.64 1268.87 15.00
3.Triceps brachii(medial) TRCm  18.78 4.90 49.0 12.19  619.67 15.00

4.Brachialis BRA 25.88 1028 102.8 1.75 853.90 15.00

5.Brachioradialis BRD 3.08 27.03 2703 6.04 101.58 5.00
6.Biceps brachii(long) BICI 11.91 1536 153.6 2293 392091 10.00
7.Biceps brachii(short) BICs 13.99 13.07 130.7 2298 461.76 10.00

Table 2.2 Shoulder joint and elbow joint in the muscle model.

Flexor

Flexion/Extension
Shoulder joint Abduction/Adduction
External/Internal Rotation
Flexion/Extension
Elbow joint
Pronation/Supination

2.1 Modeling of muscle geometry

Modeling muscle path is an inevitable issue in musculoskeletal modeling for muscle
path plays an essential role by determining muscle length, moment arm and force-sharing
of muscle-tendon force (MTF). Two different methods are commonly used in modeling
muscle path in MSM: straight-line and centroid-line methods. The straight-line method is
easy to implement but has many significant shortcomings. Centroid-line method can
represent muscle path more accurately but application of this model is limited by the fact
that location of muscle cross-sectional centroids are difficult to obtain for even a single
configuration of joint. In this paper, a compromising computational method, called
obstacle-set method, was used to model the joint-configuration-depended muscle path [21].
As illustrated in Figure 2.2, this method use some regular-shaped rigid bodies, like cylinder,
to serve as obstacles fixed on and move with skeleton to force muscles wrap on it for all
joint configurations. In the obstacle-set method, muscles were treated as mass-less,
friction-less cables that follow shortest path between origin point and insertion point. The

action line of MTF is determined by fixed or obstacle via points, origin and insert points.
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Garner [21] presented the detailed descriptions of the algorithms and formulas about this

method.

_——Obstacles |

Sagittal plan
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Figure 2.4 (a) Force-sharing of MTF across elbow joint. e;(i=1~7) denotes action line of MTF; (b) The action
line of es was projected into sagittal plan (es’) and along rotation axis (es’’). rs’ and rs’’ are their moment

arm.

In the obstacle-set method mentioned above, shortest-path of muscle wrapping is
computed analytically and muscle tendon length is calculated as sum of straight-line
segments and wrapping segments. Different from the tendon displacement method [22], we
classically defined moment arm as distance between muscle’s action line and joint’s axis of
rotation [23]. Figure 2.3 illustrates algorithm used in estimating moment arm of a specific
muscle with respect to a specific rotation axis. Point @’ and b is projection of point a and b
in plane c. r.;’ is the moment arm of e;” and r.; "’ is moment arm of e; . B is rotation center.
For specific muscle modeled in MATLAB, coordinates of a, b, B and n are known and its
moment arm about # can be calculated base on some simple geometric calculation. The
MSM is a detailed three-dimensional model and action line of muscles usually not in the
sagittal plane. As illustrated in Figure 2.4 (b), we project their action line into sagittal plan

to calculate moment arm base on geometric calculation.

2.2 Optimization process

Another important issue about musculoskeletal modeling is optimization method used
in estimation of MTF. As illustrated in Figure 2.4 (a), the human musculoskeletal system is
usually characterized by redundant muscles and load sharing is closely related to action
line of MTF and rotation axis. The static optimization method is usually used to solve this
redundant problem. In the past two decades, a number of force prediction methods have
been presented based on the Optimality principle [24] that represent performance criteria
on which the neuromuscular system optimizes activation of motor unit. The static
optimization is a computationally efficient method used in predicting redundant MTF by
minimizing a cost function subject to force/torque constraints associated with a given task
[24, 25]. Equilibrium equations include components in sagittal plane and along rotation
axis, constructed two constraint equations in optimization. MTF is also constrained to

between zero and maximum MTF by an inequality constraint. The objective function is
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expressed as sum of muscle stress squared. Gravity of forearm is another contributor to the

resultant moment about elbow joint. Static optimization is formulated as follows:

" 2
Minimize Z(Z J (1)

i=1 i

n

mt ’ ' r_ .
Subject to ZF rixe/ s M'=|l]a 2)

0<E"™<F)

Where F is magnitude of MTF; 4; is physiological cross-sectional area (PCSA); e;’
is sagittal projection of action line and r;” is sagittal moment arm; M is resultant joint
moment of gravity, resistance force, passive muscle fiber force and joint reaction moment,
and M’ is its projection in sagittal plane; [/] is inertia mass matrix of forearm; & is angular
acceleration at elbow joint (In this study, angular acceleration is relatively small and is

assumed as 0); Fy" is the maximum isometric muscle fiber force.
2.3 Estimation of muscular states

In this section, we talk about the algorithm used in estimation of muscular states.
Figure 2.5 is the flow chart of the estimation process. The musculoskeletal model and static

dynamics are introduced in previous chapters and this section mainly on the description of

Muscle-tendon model and the algorithm used in estimation of muscular states.

| [A].£=M l

N usculoskeletal : N . Treclootan
_ Static dynamics Muscle-tendon
model i model

Figure 2.5 Flow chart of the estimation process.

2.3.1 Muscle-tendon model

A Hill-type muscle model was utilized to represent intrinsic mechanical properties of

human muscles. As illustrated in Figure 2.6, each musculotendon actuator is represented as
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a 3-element muscle in series with an elastic tendon. The instantaneous length of the
actuator is determined by the length of muscle, the length of tendon, and the pennation
angle of muscle. In this model, pennation angle is assumed to remain constant as muscle

length changes [26].

For a specific muscle i, general form of function of Hill-type muscle model is given

by:

F"(t)=F'
=[F," + F," ]cos(p) 3)
=[£,(DfMa®F" + f,(DF," Tcos(p)

Where F™(t) = F' is the time-varying MTF; F4" and Fp" is the active and passive
muscle fiber force; / = "/l is the normalized muscle fiber length; v = v"/y" is the
normalized fiber velocity; /o™ is optimal fiber length; v¢" is maximal fiber velocity; a(?) is
time varying muscle activation; ¢ is muscle pennation angle; f4(1) and fp(l) are normalized
active and passive force-length relationships; f(v) is normalized curve of
velocity-dependent muscle fiber force. f4(1), fr(l) and f(v) are nonlinear formulas
characterize material properties of muscle tissue. In this model, we use curves created by
cubic spline interpolation of points defined on the Gordon Curve [27, 28]. As illustrated in
Figure 2.7 and Figure 2.8 are the normalized force-length and force-velocity curves.
Curves were normalized for force, length and velocity. Maximum muscle fiber contraction

velocity of all muscles was assumed to be vy"=10/y" [29].
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Figure 2.6 The three-parameter Hill-type muscle model used in modeling muscle force-generating

characteristics
!
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Figure 2.7 The normalized curve of active and passive force-length relationships [27].

2 T T T T T T T T

1.5

F/E

0.5

0—0.6 -04 -0.2 0 02 04 06 038 1

m, m
A% /V()

Figure 2.8 The normalized curve of force-velocity relationship of active muscle fiber.

2.3.2 Estimating muscular states

According to (3), muscle fiber length and fiber velocity is needed in estimation of
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passive and active muscle fiber force. For a specific muscle, we approximate

muscle-tendon length as a function of 4:
" =¥,06) “4)
The muscle tendon length includes two parts: tendon length /" and fiber length /™.
™ =1"+1" cos(¢) 3)

Suppose the change of muscle-tendon length is mainly result from the change of fiber

length, we have:

"™ dv, ()
dt dt

= (0. ) =" cos(p) ©)

Where v is the fiber velocity and v > 0 means muscle is shortening; v < 0 means
muscle is lengthening. Figure 2.9 illustrates algorithm used in estimation of muscular

states.

" Optimation
(3) ©) F-1 >‘ /:/"'” )
L) AL il

(1))@13))@ (10) 0
/(\)
(4‘))@

Figure 2.9 Block-diagram of algorithm used to estimate muscular states.

3. Estimating training effect on specific muscle based on AnyBody

As we have reviewed in Chapter 1, the suitable exercise intervention for treatment of
frailty is different during pre-frail and frailty stage. In order to avoid unnecessary injuries
to the frailty people, the exercise intervention need to be prescribed. Before choosing the
exercise for frailty people, physiotherapists need to evaluate the potential training effect of

exercise on patient, especially for those people who need adjust their muscle activation
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patterns in an appropriate manner. As shown in Figure 2.10, when the subject performs the
bicep curling exercise to lift a dumbbell, the weight of the dumbbell is the same, but the
muscle activation pattern is different as a consequence of difference in the pronation and

supination angle of forearm rotation.

The previous section shows that the musculoskeletal modeling provides a
considerable method to gain an insight into the muscular states during exercise training and
the computational methods were described in detail. However, the calculation results in
previous section are closely related to the optimization method used in inverse dynamic
analysis and the architectural properties of muscles in the model. To obtain a more reliable
estimated result, the AnyBody is used to calculate the muscle activation patterns during
biceps curl to lifting a dumbbell in this section. This section mainly focus on the building
process of the musculoskeletal model, and some simulation results and discussion will be

presented.

Rotation axis
Of\shmﬂ\der rotation

\ . .
Rotaﬁlon axis
of forearm rotation
|

[

Figure 2.10 The subject is doing bicep curl exercise to lift a dumbbell with his palm: (a) facing left (at

neutral position) and (b) facing up (supination angle is 90°).

3.1 Musculoskeletal modeling in AnyBody

The AnyBody (version 7.2, AnyBody Technology, Denmark) is a commercial
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software which is designed for constructing complex models of the human body and for
determining the environment’s influence on the body. The mathematical and mechanical
methods of the system were described in detail in [30]. A lot of templates are available in
the software and users can built their own model by modifying the template, thus providing
users a convenient and efficient method for simulating human movements. In this section,
the template of The Shoulder Arm Model is used and modified to built a simulation model
of people doing biceps curl to lifting a dumbbell. The built model is illustrated in Figure
2.11. The model includes 5 degrees of freedom (DOF) that define the kinematics of the
shoulder and elbow joint. At the shoulder joint, the three degrees of freedom are elevation
plane, thoracohumeral angle (also referred to as elevation angle), and shoulder rotation.
The elbow is defined by elbow flexion and forearm rotation. This muscle model includes
major muscles cross the shoulder joint and elbow joint, and the parameters of muscle
architecture are based on the preset values in the model. During the simulation, the three
degrees of freedom in the shoulder joint are constrained to keep shoulder joint at neutral
position and humerus in parallel with y axis of thorax. The pronation or supination angle of
forearm rotation is kept at a specific angle and the elbow flexion and extension joint is
driven by a force driver. This model is built for the purpose of simulating subject standing
straight and doing biceps curl to lifting a dumbbell in his sagittal plane. And an ordinary
dumbbell weighted 5 Kg is attached to the subject’s hand through the Palm Joint on his

hand.
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Dumbbell g3 Forearm flexion
\ and extension
2 DOF

©)
Figure 2.11 The musculoskeletal model established in AnyBody. The subject is standing in straight and

doing biceps curl to lifting a dumbbell in his sagittal plane. (a) is the frontal view and (b) is the posteriolateral

view.

3.2 Simulation results

After building the musculoskeletal model in AnyBody, a series of simulations were
carried out with different pronation and supination angle. As illustrated in Figure 2.4, the
force-sharing of MTF across the elbow joint is different when forearm rotation is at
different pronation and supination angle, results in the difference in muscle activation
patterns. Thus in this section, we want to analysis the difference in muscle activation
patterns due to pronation and supination angle when subject is doing biceps curl to lifting a
dumbbell. Figure 2.12 vividly expresses the variation range of pronation and supination
angle of forearm rotation. In the neutral position, the palm of subject is facing left. When
the supination angle reaches 90°, the palm is facing up, and when the pronation angle

reaches 90°, the palm is facing down.
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Neutral
position

90 ! /
Normal <z \ Normal

Supination: (/ \. Pronation:

Figure 2.12 Definition of pronation and supination angle of forearm rotation.
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Figure 2.13 Elbow joint angle as a function of time.

We changed the rotation angle of forearm from supination 90° to pronation 90° in the
model, and got the muscle length and muscle-tendon force at different pronation and
supination angle. As illustrated in Figure 2.13, the elbow joint is driven by a Force Driver
and the elbow joint angle changes with time like a sinusoid. The elbow joint angle varies
from 0° to 100° and the period of the sinusoid is 16s. The flexor muscles are dominated in
the flexion of forearm (Table 2.1). The simulation results of muscle length and
muscle-tendon force at different pronation and supination angle are illustrated in Figure
2.14 and Figure 2.15. Different from our muscle model described in the previous section,
the musculoskeletal model in the AnyBody divide the BRD and BRA muscle into two parts.
But as we can see from Figure 2.14 and Figure 2.15 , the muscle length and muscle-tendon

force are almost the same during the simulation, so we treat them as one muscle. From
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Figure 2.14 we also found that the muscle length of BICI and BICs becomes longer as the
forearm rotation angle changes from supination to pronation, with the BRD and BRA
change little. And according to Figure 2.15, we can see from the results that the changes in
the pronation and supination angle obviously affect the muscle activation patterns. Similar
to our simulation results presented in the previous section, the BRA muscle produced the
biggest average and maximal force during the simulation. As the forearm angle varies from
supination to pronation, the force-sharing of MTF is more and more concentrated on the

BRA muscle. This indicates that the different way of lifting dumbbell will results in

different training effects on the subject at the muscle level.

Supination angle = 90°

Neutral position = 0°

Pronation angle = 90°
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Figure 2.14 Muscle length at different pronation and supination angle.
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Figure 2.15 Muscle-tendon force at different pronation and supination angle.

3.3 Discussion

The biceps curl to lifting a dumbbell is a simple and common exercise which focuses

on development or maintenance of flexor strength of upper extremity. But as illustrated in

Figure 2.16, different people may have different ways to life dumbbell. Some people like
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to lift the dumbbell with his palm facing up but others prefer facing left or right. The
simulation results in previous section have revealed that the rotation angle of forearm
affects muscle activation patterns of muscles across the elbow joint. Here we want talk

about the rotation-angle-resulted difference in the training effect at the muscle-level.

Figure 2.16 Different ways to lift a dumbbell.
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Figure 2.17 Contribution percentage of work and length change of all muscles at different pronation and

supination angle.

It is the muscle that helps us moves forward, and the effect of muscle for people is
similar to that of an engine for a car. Studies [31] have show that the improvement of
muscle strength is a result of mechanical stimuli like work and power. The changes in
muscle length will stretch subject’s muscles and have the advantages of relieving muscle

tightness, improving body flexibility and curing muscle soreness. Therefore, we calculated
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the work performed by all muscles and the length change when subject lifts the dumbbell
to the maximum angle, and show the results in Figure 2.17. As we have mentioned in
previous section that the BRA is the biggest energy provider. The work contribution
percentage of flexor muscles is changed with the forearm rotation angle. The contribution
percentage is more balanced when subject’s palm faces up and the force-sharing of MTF is
concentrate on the BRA muscle when the forearm rotation angle changes from supination
to pronation. The length change of BRD reaches peak when the forearm is at neutral
position. To some extend, the simulation results provides good instructions when subjects
doing biceps curl to lift a dumbbell. It is suggested to put your palm faces up if you want
get a more balanced force-sharing of muscle force across the elbow joint and the stretching
effect on your BRD muscle is best when you forearm is at neutral position. In order to

avoid excessive concentration of muscle force, you’d better not put your palm faces down.

4. A simple analytical model for estimating muscular states

In later chapters, we will use the dumbbell lifting exercise to assess the elbow flexor
muscle’s frailty level of elderly people. To achieve that goal, in this section we present a
simple analytical model for estimating muscular states based on the techniques and
methods introduced in the previous sections. Generally speaking, the methods used for
estimating muscle status described in Section 2 of this Chapter is a method of numerical
calculation and it require parameter optimization to solve the redundant problem of muscle
force sharing. But because of the intrinsic property of static optimization, the calculation
process is time-consuming and the optimized results are closely related to the objective
function and constraint conditions. Therefore, to solve the problems mentioned above, we
built a simple analytical model by using techniques and methods introduced in Section 2

and Section 3 of this Chapter.

4.1 The analytical model

Before building the analytical model, we need to make some proper assumptions. The
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mechanism by which the neuromuscular system controls muscle activation to produce
intended movement is very complicated, especially for multi-joint movement. But for
single-joint movement like dumbbell lifting, the activation pattern of muscles is mainly
related to joint position. Therefore, In this analytical model, we assume that: 1. When
lifting a dumbbell, the activation pattern of muscles across the elbow joint is depend on the
elbow joint angle, and has nothing to do with the dumbbell weight; 2. When the muscle
fiber activation rate of the biggest moment contributor reaches its biggest value (100%),

the elbow joint angle reaches its maximum value.

According to Figure 2.1, we can see that it is the elbow flexor muscles that bend the
elbow to lift the dumbbell. The elbow flexor muscles include the Brachialis,
Brachioradialis, Biceps brachii (long) and Biceps brachii (short) muscle. Since different
muscles have different physiological cross-sectional area and moment arm, therefore, their
moment contribution to lift the dumbbell is also different. We did simulation of dumbbell
lifting by using the AnyBody model established in Section 3 of this Chapter and the
simulation results of the moment contribution ratio of each muscle when lifting a dumbbell
is illustrated in Figure 2.18. The elbow joint angle varies from 0° to 135° and the period
of the sinusoid is 16s. The dumbbell weight is 6Kg in the model. We use the moment
contribution ratio as gold standard to determine individual muscle moment contribution

ratio.
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Figure 2.18 Simulation results of moment contribution of each muscle when lifting a dumbbell.
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From the simulation results, we can see that the contribution of each muscle is not the
same and the ratio is changes with the elbow joint angle. The Brachioradialis (BRD)
muscle is the biggest moment contributor. Suppose the moment contribution is only
depend on the elbow joint angle, the moment contribution of BRD (K(#)) can be expressed

as:

K(0)="Y¥,(0) (7N

where 6 is the elbow joint angle and ¥;(6) is a polynomial of 6.

R/)um/v/w//

Figure 2.19 Force analysis of muscle across the elbow joint.

Figure 2.19 gives the force analysis of muscle across the elbow joint. The muscle
across the elbow joint includes 7 muscles or muscle parts. According to equilibrium
equation of force in the theoretical mechanics, the moment of dumbbell is the sum of

moment of all muscles across the elbow joint. Which can be expressed as:

_ mt mt mt mt
Mg : R[)umbbell =F BRA 'RBM +F BRD 'RBRD +F BICs ‘RBJ('s + [ BICI 'RBI(:/ (8)

where M is the dumbbell weight and g is the gravitational acceleration. Rpumbbenl is the
moment arm of dumbbell force. F ™ is the muscle tendon force of A muscle and Ra is its

corresponding muscle moment arm. Since the BRD muscle is the biggest moment
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contributor and the moment contribution of BRD is obtained from the simulation of

AnyBody, we can write Formula 8§ as:
K(0) Mg R,por = Fis* Ripa ©)

From the formulas (3) and (9), we can get a more concise equation for linking

external dumbbell force to internal muscle parameters as:
K(0)- MgL, sin(0) = [£,(1) f "a(0)+ £, (D]F" Ry, (B) cos(p) (10)

where L; is the length of forearm. The meaning of other variables such as / and v are the

same with Formula (3). Which can be expressed as:

l _ lmt (t)

Iy
e vmt (t)

Vm
o (11

)= dldt(t)
I"(t) =¥, (0)
0(r) ="¥5(1)

where ¥>(6) is a polynomial of 8, and ¥3(¢) is a polynomial of ¢.

For the BRA muscle, its muscle moment arm is a function of 8 which can be

expressed as:
Rl =7.89¢7°0" —4.27¢760° +4.96¢7°0° +0.1160 +3.2 (12)
The muscle length of BRA is:
I, =2.431e70(t)" —4.931e”0(t)’ —5.55¢7'0(1)” — 0.20250(¢) + 362.2 (13)

Furthermore, we can get the muscle fiber velocity as:
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mt
mt dlBRA

Vi = =(9.725¢776(t)’ —1.479¢7°0(t)* —1.11e°0(t) - 0.2025)0(t)  (14)

Therefore, according to Formulas (11) ~ (14), if we know the elbow joint angle as a
function of time, we can estimate the internal muscular states simply and easily. In the next

section, we will show some simulation results.

4.2 The simulation results

In this section, we will show some simulation results explain how the external
parameters and internal muscle parameters will affect the state of activation of the muscle
fibers a(t). In later chapters, the a(t) is an important parameter in evaluation of the frailty

level. Figure 2.20 is the moment arm of the dumbbell and BRA muscle in the model.
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Figure 2.20 The moment arm of the dumbbell and BRA muscle.

4.2.1 Impact of F;" on the simulation results

It is widely accepted that the aging will results in a decrease in muscle mass that has a
direct impact on the ability to produce force. Here we will investigate the impact of F; on

the simulation results. We decrease the value of F" in the model to simulate the decline in
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muscle strength of elderly people as they age. Table 2.3 are the different cases of F/ in the
simulation. In the simulation, the subject is lifting a 6Kg dumbbell from 0° to 120° in 1

second and put it down. The elbow joint angle can be expressed as a function of time:
6’(t)z120-sin(%-t) (t=0~2s) (15)

Correspondingly, the elbow joint angular velocity can be expressed as:

o(t) = 607 -cos(%-tj (t=0~2s) (16)
Table 2.3 Different cases of F in the simulation. F is the peak muscle force.
Case A FiM =461.76Nx100%
Case B FoM =461.76N*x60%
Case C FoM  =461.76N*x30%
Case Co FoM =461.76Nx17%

Figure 2.21 is the change of activation state of the muscle fibers a(t) with different
FoM. As we can see from the simulation results, the muscle utilization rate increases with

the decrease of Fy when a subject want lift a dumbbell to the same position.
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Figure 2.21 The change of activation state of muscle fibers of the BRA muscle a(t) with different F,*. When

the a(t) is equal to 1, it means that all the fiber are activated.
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4.2.2 Impact of elbow joint angular velocity on the simulation results

In this section, we investigate how the elbow joint angular velocity affect activation
state of muscle fibers. There are 3 simulation cases with different angular velocity as
shown in Table 2.4. The change of elbow joint angle of each simulation case with time is
shown in Figure 2.22. In those simulation cases, the subject is lifting a 6Kg dumbbell from
0° to 120° at different speeds. Case D is the most fast and Case F is the slowest. The F"
in the model is equals to 461.76N. Figure 2.23 shows the simulation results of the change
of a(t) with different angular velocity. From the simulation results, we can see that muscle
activation rate during the elbow flexion phase is bigger than that of the elbow extension
phase. And the increased angular velocity will results in the increase of muscle fiber

activation consumption.

Table 2.4 Different cases with different angular velocity in the simulation.

0() =120 -sin(z-1) (=0~ 1s)
Case D
o(t)=120r -cos(m-t) (t=0~1s)
o(t) = 120~sin(%-t) (t=0~2s)
Case E
o(t) =1207 - cos(%-t) (t=0~2s)
o(t) = 120-sin(%r) (t=0~ 4s)
Case F
o(t) =307 .cos(%-zj (t=0~4s)
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Figure 2.22 The different cases of elbow joint angle changes with time.
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Figure 2.23 The change of activation state of muscle fibers of the BRA muscle a(t) with different angular

velocity.

5. Summary

In this section, we presents the concept of using musculoskeletal modeling to estimate
muscular states during resistance training and this chapter is mainly on the discussion of
the computational aspects musculoskeletal modeling. We take the elbow flexor RT as a
simple example and an integrated system was built for this exercise. The design concepts
of the system, the measurement and analysis methods were described in detail. Some
comparative experiments were carried out to show feasibility and accuracy of this system.
Simplicity and low computational costs are two of the biggest advantages of the system.
Many results can be displayed to the patient in real-time so that the patient can choose the
appropriate training dose based on his feeling or the instruction of physiotherapist. The

calculations also demonstrate that musculoskeletal modeling is a considerable method to
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vividly show the muscular states during the training. After introducing the computational
methods used in musculoskeletal modeling, the exercise of biceps curl to lift a dumbbell
was simulated to provide physiotherapists with good instructions to design the training
exercise. The simulation results reveal that: 1. If you want get a more balanced
force-sharing of muscle force across the elbow joint, please put your palm faces up; 2. The
stretching effect on your BRD muscle is best when you forearm is at neutral position; 3. In
order to avoid excessive concentration of muscle force, you’d better not put your palm

faces down.

In addition, due to the intrinsic property of static optimization, the calculation process
is time-consuming and the optimized results are closely related to the objective function
and constraint conditions. To solve the problems mentioned above, we built a simple
analytical model by using techniques and methods introduced in Section 2 and Section 3 of
this Chapter. Simulations were carried out to reveal the impact of FOM and elbow joint

angular velocity on the muscle fibers activation state in the case of dumbbell lifting.
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Chapter 3
Measuring System for Evaluation of Muscle Function

1. Introduction

As we mentioned in Chapter 1, the research scope of this thesis mainly focus on the
physical domain of frailty. The muscle strength, motion control ability and exercise
tolerance are important aspects of muscle function, and are closely related to the ability to
perform activities in daily life. In this section, we introduce the development of a muscle
function measurement and evaluation system. Firstly, we need a motion capture system to
recognize and record movements of trainee when doing exercise. The resistance force data
are also needed to record when trainee is doing resistance training. Later, the data obtained
needs to be processed and indexes are needed to quantify the muscle function. Therefore,
this section mainly focus on the sensor technology aspect and development of the
measurement system. And a repetition segmentation and a muscle action segmentation are
also proposed to pre-process the obtained data, for the purpose of presenting indicators for
evaluating muscle function in the following chapter. After obtaining the segmented force
data, indexes for quantifying muscle fatigue and recovery ability, motion control ability

and exercise tolerance were proposed to built the muscle function evaluation system.

2. Review of the motion capture system

A motion capture system (MCS) is needed in the system to recognize and record
movements of trainee when doing exercise. Inertial sensors have the advantage of low-cost,
low power consumption and small-size which are common options for the development of

MCS [1]. An inertial sensor in general consist of a three-axes accelerometer and a
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three-axes gyroscope. The inertial sensor can measures the direction of gravity, motion (i.e.,
translation and rotation) accelerations and turning rates. By the fusion of these information,
it is possible to estimate the orientation of a rigid body in the three-dimensional space.
Therefore, it may be able to estimate the whole body motions, if the inertial sensor is
attached on every body segment of a user. Recently, the inertial sensor was widely adapted
to monitor and assess rehabilitation exercises in several well-known research projects
[2,3.4,5]. In the research published by Taylor [2], tri-axial accelerometers were used in
assessment of exercise quality in the rehabilitation of knee osteoarthritis patients. Similarly,
in the research of Chen [3], a system that can identify the type of exercise movement the
user performed was developed by using three wearable accelerometers. Accelerometer
were used to calculate the inclination angles include the angle of thigh raise, knee flexion,
hip external rotation and trunk forward bending. This system was used in the setting of
home-based rehabilitation for knee osteoarthritis patients and can provide the physician the
ability to tele-monitor the accuracy of rehabilitation the patient performed, and also
provide the patient the ability to self-evaluate whether his/her rehabilitation behavior is
correct or not. Hou [4] used an inertial sensor to measure subject’s elbow joint angle by
fusion of acceleration and angular rate using an extended Kalman filter. Other applications
of using inertial sensor to measure orientations of body segments include body parts
tracking [6,7], measurement of shoulder joint function [8], orthopaedic outcome

assessment [9] and so on.

Despite the wide application of inertial sensor in estimation of body segment
orientation, there are some shortcomings in the use of inertial sensors. First, the correctness
of the angle calculation is largely determined by the alignment of sensor on the body
segment and the usage scenario. Incorrect alignment during exercise, incorrect speed of
movement and poor quality of movement may have an impact on the efficacy of exercise
and may therefore result in a poor outcome. Second, when the angle is calculated by
angular velocity integration, the error in the measured angular velocity will result in an
increase in the inaccuracy of the estimated orientation, which is a well-known drift effect

of the gyroscope [10]. If the system only include one accelerometer or gyroscope, the
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long-term or dynamic performance of the system is not good and additional sensors are

usually required to improve calculation accuracy [11].

In addition, visual sensors like cameras are another common option for MCS. To the
best of our knowledge, the most accurate systems for gait analysis are camera-based
systems with reflective markers [12]. These systems acquire spatial movement of many
markers positioned on the body, while a software outputs the joint angles and/or other gait
parameters. However, these systems need subject wear many markers on the body and
require a dedicated laboratory, limited its application in clinical trials. Other non-contact
motion capture sensors like Microsoft Kinect [13] had wide application in monitoring and
assessment of rehabilitation exercises [14,15]. But the Kinect sensor needs several
advanced sensing hardware, like a depth sensor and a color camera, to obtain full-body 3D
motion capture [16]. The advanced sensing hardware makes the Kinect an expensive
equipment which is unsuitable for common used in the home-based environment. And
more importantly, the Microsoft has announced that Kinect has been discontinued in 2017.
The cost is an big problem of vision-based monitoring system, but recently, an open
framework named OpenPose [17] is built to obtain 2D virtual skeleton joints directly from
RGB data and showed good performance and efficiency in situation with multiple people.
It only requires RGB data acquired by ordinary cameras, making it an inexpensive choice
for monitoring and evaluation of home-based rehabilitation training. But the OpenPose
now can only estimate 2D pose and the results are influenced by camera position. This
indicates that the OpenPose could serve as a supplementary method to gain additional joint

freedom when subject moves.

3. Design of the measuring system

Figure 3.1 gives a visual representation of the design concept of the measuring system.
Three types of sensors, include a camera, an accelerometer and gyroscope sensor, and a
load cell, are used in the system. We take the biceps curl with a resistance band as an

example, as illustrated in the figure, a trainee is standing in front of a screen with his
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forearm flexes or extends to stretch a custom-made Thera-Band. A camera is placed on the
lateral side of the trainee and the RGB pictures are recorded and sent to the OpenPose to
obtain the 2D anatomical key-points of the trainee. The elbow or shoulder joint angle are
calculated base on the anatomical key-points. An accelerometer and gyroscope sensor is
used to record the acceleration and angular velocity during the training. And when the
trainee flexes his forearm in sagittal plane with shoulder joint at neutral position and
humerus in parallel with y axis of thorax, the elbow joint angle can be calculated based on
the acceleration signal. A load cell is connected with the Thera-Band through a lifting hook
and is utilized to record resistance force posed by the Thera-Band. The force signal are
recorded and sent to the desktop. A repetition segmentation algorithm is propose to
automatically segment the force data into small segments based on muscle actions. The
joint angle, acceleration and angular velocity, and training sets are showed to the trainee

through a user interface for giving the trainee visual feedback about the training record.

Camera

Accelerometer &
Gyroscope

Motion capture
system

] Personal computer
Repetition ~ pegmented
segmentation

Load cell

Figure 3.1 Design concept of the measuring system. A motion capture system, which incorporates an
accelerometer, a gyroscope and a web camera, is established to recognize the movements of trainee while
doing exercise. A custom-made Thera-Band is made to measure the time-varying resistance force during the
training. The illustration uses biceps curl with a resistance band as an example. The OpenPose is used as a

supplementary method to gain additional joint freedom when subject moves.

3.1 Motion capture system based on inertial and visual sensing
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According to the number of joints involved in exercise, upper limb rehabilitation can
be divided into multiple joints or single joint exercises. The movement of a single joint (e.g.
shoulder lifting and bicep curl) can be recognized by using inertial sensors like
accelerometer or gyroscope. However, the gyroscope shows poor performance in long-term
measurements of upper limb motion and one accelerometer can usually measure only one
degree of freedom. If the inertial sensor is only included in the monitoring system, multiple
sensors are required, which makes the system complicated and uncomfortable for the
trainee. The OpenPose is an intelligent and efficient method to estimate 2D skeleton joints
trough visual sensing. With all of those in consideration, in the motion capture system (as
illustrated in Figure 3.2), we use one inertial sensor to measure the angle, angular velocity
and acceleration during rehabilitation exercises, and the OpenPose is used as a

complementary method to gain additional joint freedom in the movement.

(a) Side view (b) Top view

Figure 3.2 Design concept of the motion capture system. In the shoulder lifting exercise, a accelerometer is
used to measure shoulder abduction or flexion angle (6). A camera placed on top of the subject is used to

measure the internal/external rotation angle (f) of shoulder.

3.1.1 Estimation of joint angle based on OpenPose

In this section, we will discuss how to use the OpenPose to estimate the human joint
angle during the training based on the RGB image obtained from a webcam. Figure 3.3
shows the flow chart of estimation of shoulder joint angle. The OpenPose is firstly used to

get the anatomical key-points of body parts in a RGB image recorded from a camera. And
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later, the joint angle is calculated by using the vector angle calculation formula.

The OpenPose is a very interesting and recently developed open framework which is
freely available on the GitHub [18]. The OpenPose provides Python Application
Programming Interface (API) that anyone can download, install and use it in the Python
development environment for free non-commercial use. The OpenPose Python API
requires python-dev, numpy (for array management), and OpenCV (for image loading)
[18,19]. After the installation, the OpenPose can jointly detect human body, hand, facial,
and foot keypoints on single pictures. These pictures can be images that already exist or
image records from the camera. By calling the body pose estimation function, we can get
the anatomical key-points of all persons in the picture. Figure 3.4 and Table 3.1 illustrate a
list of key points and their corresponding body parts recognized in the OpenPose. There are

19 key-points in total represent main joints and parts of the human body.

RGB image Anatomical key-points

Angle
estimation fer
3 Shoulder
joint angle

Camera
Human >

Figure 3.3 The flow chart of calculation of shoulder joint angle.

Figure 3.4 The 2D anatomical key-points recognized by the OpenPose. The number is marked near its body
part.
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Table 3.1 A list of key points and their corresponding body parts.

No. Body part No. Body part No. Body part
0 Nose 7 Left Wrist joint 14 Right Eye
1 Neck 8 Right Hip joint 15 Left Eye
2 Right Shoulder joint 9 Left Hip joint 16 Right Ear
3 Right Elbow joint 10 Right Knee joint 17 Left Ear
4 Right Wrist joint 11 Left Knee joint 18 Background
5 Left Shoulder joint 12 Right Ankle joint
6 Left Elbow joint 13 Left Ankle joint

The key-points contain the two-dimensional coordinates of each body part in the
image coordinate system. Since the image coordinate system are scaled and without a
known length or a known coordinate system as a reference, it is impossible to calculate the
real length of each body part through the two-dimensional coordinate. However, the
shoulder joint angle is not affected by image scaling. Therefore, so we can get the body
joint angle base on the anatomical key-points. As illustrated in Figure 3.5, suppose the
subject is standing in front of the camera and lifting his arm. The shoulder joint angle can

be calculated as the angle between r; and r2. Which is expressed as:

i Ir|

ezarcos[ /ALE J (2-1)

where |A| is the length of vector A. r; is the unit vector along the positive x-axis ([1,0]) and

ry is the vector from P> to P3. Which is expressed as:

1= P(x3,53) = P (x,,5,) (2'2)
where P> (x2,y2) is the shoulder joint and P (x3,y3) is the elbow joint.

We programmatically implemented the algorithm and some experiments were carried
out to test the program. The calculation result of the experiment was illustrated in Figure
3.6. In the experiment, a subject was asked to stand in front of a camera and lift his arm for
twice. A web camera was used to record the video and the shoulder joint angle of left and
right arm were calculated. As we can see from the result, the OpenPose can effectively

detect the body parts of subject. However the stability of the detection is not so good,
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making the calculation result very uneven. This also indicates that the accuracy of the
angular velocity and acceleration which are calculated as the derivation of the obtained
angle may not so good. So in addition to the camera, accelerometer and gyroscope sensors
are need to obtain the acceleration and angular velocity. A comparison between the angular

velocities obtained by the gyroscope and OpenPose will be shown in the next section.

Figure 3.5 The shoulder joint angle 6 is calculated as the angle between r; and 2. P> is the shoulder joint and

Ps is the elbow joint.

100} Letftarm |
— Rightarm
l;,’ 80 7
(=]
c
[0+
€ 6o0f ]
L
g
S 40 7
o
<
n
201 7
0 Il Il Il Il Il Il Il Il Il
2 3 4 5 6 7 8 9 10 11 12

Shoulder joint angle (°)
Figure 3.6 The shoulder joint angle calculated by OpenPose.

3.1.2 The 6-DoF inertial measurement unit

In the measuring system, a 6-DoF inertial measurement unit (IMU) which
incorporates a three-axis accelerometer (TWE Lite 2525A, size 20x20x 10mm, weight
6.5g) and a three-axis angular rate sensor (L3GD20, size 10x10x2mm) was built to obtain
acceleration and angular velocity, and joint angle. A custom-made watchband was designed
to attach the sensor on subject’s body part through a velcro tape. Figure 3.7 shows the
details of the custom-made watchband and the sensor. The LGD20 is a small chip attached

to the accelerometer and powered by a 3 volt button battery. Sensor signals were measured
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and processed by a wireless transmission module (MONO Wireless, size 62x24x8mm) and
sent to the desktop via the COM port for data analysis. Regarding sensors’ features, both
the accelerometer and gyroscope have many configurable options, including dynamically
selectable sensitivities, as well as a choice of output data rates (ODR) for each sensor. In

the current IMU, the sensors were configured as follow:

® Gyroscope: one 16-bit word per axis, with a sensitivity of £2000 degrees per second
and ODR of 400 Hz;
® Accelerometer: one 16-bit word per axis, with a sensitivity of +2 g and ODR of 200

Hz.

When the angular velocity of body segment is not too big, the accelerometer sensor
can be used to estimate joint angle. Here we explain how to estimate elbow joint angle
when subject is doing bicep curl exercise. Figure 3.8 illustrates the placement and axis
direction of the accelerometer sensor. The sensor is comfortably attached to the forearm of
subject by a velcro tape and ensures that the z axis of the sensor is parallel to the forearm
rotation axis. Because when doing the bicep curl exercise, the forearm is supposed to
flexes and extends in the sagittal plane with shoulder joint at neutral position and humerus
in parallel with y axis of thorax. So, as illustrated in Figure 3.8, we can obtain the elbow
joint angle f by calculating the inclination angle of the accelerometer §. Which can be

expressed as:

B=180"-0 (2-3)

where 0 is the inclination angle which is the angle between vectors of gravity and z axis

(R=[0 0 1]") in the sensor coordinate system. That is:

G-R
0 = ar cos| ———— (2-4)
{|G|'|Rz|]

where G is the vector of gravity. |4| means the normal of vector A.
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N |

Velcro tape Sensor

Figure 3.7 Details of the custom-made watchband and the IMU.

Shoulder rotation
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Forearm rotation

Dumbbell ~ axis

Elbow joint
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Figure 3.8 Placement and axis direction of the accelerometer sensor.

Similarly, the correctness of the estimation of elbow joint angle using the 6-DoF IMU
was tested through an experiment. As shown in Figure 3.9, a female subject is siting on a
chair with her shoulder joint at neutral position and humerus in parallel with y axis of
thorax. The IMU is attached to her forearm and her forearm flexes and extends in her
sagittal plane. The elbow joint angle estimated by using the IMU is compared with that
estimated by OpenPose. The compare results is illustrated in Figure 3.10. As we can see
from the results, elbow joint angle estimated using the IMU shows a good consistency with
that estimated by OpenPose, except when elbow is fully extended. The difference of elbow
joint angle when elbow is fully extended is mainly caused by the the famous
biomechanical phenomena called carrying angle. The carrying angle of the human elbow
refers to the obliquity between the upper arm and the supinated forearm when the elbow is
held in extension [20]. The good consistency of the estimated angle between IMU and
OpenPose demonstrates that this measuring system can correctly estimate elbow joint

angle when forearm flexes or extends in sagittal plane.
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Figure 3.9 (a) The IMU is attached to subject’s forearm to estimate elbow joint angle when subject doing

bicep curl exercise. (b) The elbow joint angle is estimated by OpenPose as a comparison.
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Figure 3.10 Comparison of elbow joint angle calculated by accelerometer and OpenPose.

3.2 The custom-made Thera-Band and Load cell

Accommodating resistance devices such as bands and chains are useful methods to
maximize gains in strength and hypertrophy. These devices have significant feature of
variable resistance force throughout the range of motion and positive benefit on
neuromuscular adaptation [20]. In our system, we use Thera-Band [21] to help subject do
resistance training. Since the training load was different among different trainees, three
different types of Thera-Band (Green, Red, and Yellow) were constructed and connected to
the handle using a carabiner clip. A load cell (SC301A, 100 kg) was used to measure the
time-varying resistance. The analog signals were converted into digital signals through an

A/D converter (AE-HX711-SIP, 30 Hz). The load cell was calibrated and the scale factor
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was calculated before the experiments using calibration weights. Details of the Load cell
and the custom-made Thera-Band are illustrated in Figure 3.11. As it can be seen in Figure
3.12, each Thera-Band was tested under uniaxial tensile extension and the force data were
recorded in order to obtain its load versus extension curve. Based on the curves, it can be
observed that the green band had the highest resistance, while the yellow band had the
lowest. In the experiments, different combinations of Thera-Bands were used to set

different training loads for the trainees according to their muscle strength.

A/D converter (AE-HX711-SIP) Ardumo boarc

Handle
Custom-made Thera-Band
(Yellow, Red and Green)

L

Load cell (SC301A)

Figure 3.11 Details of the Load cell, custom-made Thera-Band and Arduino board.
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Figure 3.12 Load versus length change curves of the custom-made Thera-Bands.

4. Force data segmentation

For the bicep curl exercise with a custom-made Thera-Band illustrated in Figure 3.13,
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the contraction include multiple phases in one repetition. Normally, four contraction phases
are included in one repetition, which are concentric (CON), eccentric (ECC), and isometric
(ISOM) contraction phase, and plus the rest period, as shown in Figure 3.14. During the
CON phase, the subject flex his forearm to resistance against the resistance force produced
by the custom-made Thera-Band, and hold the force for a while during the ISOM phase.
Later release his forearm in ECC phase. The subject usually need to have a short rest
during the Rest phase. During different contraction phase, the role of muscle is different.
Thus, we can use the force data during different phase to quantify subject’s muscle
function. In this section, we propose an force data segmentation algorithm to segment the
force data into small segments. The first objective was to propose an algorithm for
automatically segmenting the force data into small segments based on muscle actions. The

proposed algorithm incorporates repetition segmentation and muscle action segmentation.

Desktop

\

)

Load-cell and
Custom-made Thera-band

Figure 3.13 Picture shows a subject is performing performing the bicep curl exercise with a custom-made
Thera-Band.
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Figure 3.14 Different contraction phases in one repetition. Rest is the rest period. The CON is the concentric
phase. The ISOM is the isometric phase and the ECC is the eccentric phase.

4.1 Repetition segmentation

Repetition segmentation is a pre-processing stage, where the force data are divided
into individual segments according to the training cycle. Its purpose is to increase the
accuracy of muscle action segmentation. Figure 3.15 illustrates a typical plot of resistance
data during the bicep curl exercise. As it can be seen from the curve, the force signal
exhibits strong periodicity with distinct peaks and troughs. A simple and efficient peak
detection method [22] was used to find the minimum value of the trough, which was taken
as the segmentation point. In the segmentation process, the mean resistance value was used
as the threshold value to divide the force signal into peaks and troughs. This method was
implemented with the aid of MATLAB(R2012b) and an example of a segmentation result

is illustrated in Figure 3.16.
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Figure 3.15 Segmentation points locating logic. The minimum value of the trough was chosen as the

segmentation point.
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Figure 3.16 Example of a segmentation result. Different training cycles are illustrated in different colors.

4.2 Muscle action segmentation

Different muscle actions play different roles in resistance training, and their effects on
muscle strength and power adaptation are also different [23]. The bicep curl exercise is an
easy-to-recognize movement, which incorporates all the CON, ISOM, and ECC muscle
actions. However, usually there is no clear cut-off point between CON, ISOM, ECC, and
rest phases, since training is a complex process that is affected by many subjective factors,
such as personal ability, willingness, and fatigue. In this section, a muscle action
segmentation algorithm was proposed to approximately divide each biceps curl cycle into

four time-windows.

Figure 3.17 gives a visual representation of how the segmentation algorithm operates.
The core idea of the segmentation algorithm is based on the difference in force derivatives
at the different contraction phases. Raw force data containing one flexion-extension
repetition were obtained using the repetition segmentation algorithm proposed in the
previous section. Firstly, the first order derivative of force versus time was numerically
calculated. Then, from the derivative curve, it was perceived that the maximum and
minimum values were the most discriminating features. In CON contraction, the
force-derivative increases rapidly at the beginning, reaches a maximum value, and then
rapidly decreases to zero. In ISOM contraction, the subject keeps his/her forearm in

quasi-static state for a few seconds and the force-derivative does not change much. In ECC
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contraction, the subject releases his/her forearm and the force-derivative reaches a
minimum value. Consequently, the maximum and minimum values of the force-derivative
were considered as important thresholds to segment the force data. The segmentation
model can be expressed as:

CON, (0.1* Max < dF (f) < max)
F(t) € { ISOM, (0.1* Min < dF (t) < 0.1* Max) (1)
ECC, (Min<dF(f)<0.1* Min

ol ™S4

)

Figure 3.17 Schematic diagram of the segmentation algorithm. (a) The maximum and minimum values of

the first order derivative of force versus time were used as thresholds to divide the data into three parts. (b)
Trend line intersections were used to segment the arm biceps curl exercise into four contraction phases (CON,
ISOM, ECC and rest).

In CON and ECC contraction, data with a derivative greater or less than 10% of the
maximum and minimum values were chosen and the trend line was calculated to
approximate the change in force during these contraction phases. The trend line is an
approximate alternative of the data in the contraction phases. On the one hand, this
approximation eliminates some accidental situations in the data, such as fluctuations or
slacks. On the other hand, when the forearm flexes or extends, the force tendency is
preserved as much as possible. The trend line (y = fi(?), i = 1~3) was calculated using linear
regression. The trend line intersections (A~D) and the line of constant function (y = 0)

divided the arm biceps curl exercise into the CON, ECC, and ISOM contraction phases and
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the rest period.

4.3 Performance of the Segmentation Algorithm

To the best of our knowledge, this is the first study that uses an automated method to
segment resistance force data into contraction phase specific segment. Compared to other
manual methods, this method exhibited high efficiency. Using a dual-core 3.5 GHz Intel
processor laptop, the rating time for one trial takes no more than 5 seconds. Some typical
segmentation results are presented in Figure 3.18. As it can be seen, the proposed
algorithm can correctly segment the force data into the four contraction phases (CON,
ISOM, ECC, and Rest), even when there are some fluctuations or slacks between two
contraction phases. In some cases, when the trainee bended his/her arm at the beginning of
CON, some failed startups occurred. During those failed startups, the resistance was
relatively small and these data do not produce effective TUT. In such cases, the algorithm
removed these invalid data and used the trend line to determine the most likely starting
point. In other cases, the boundary between two contraction phases was clearly marked by
the trend line intersection. The segmentation results were visually checked and it was

found that the algorithm successfully segmented all the data.
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Figure 3.18 Four representative examples of segmentation results. Red asterisks denote intersections and red

circles denote segmentation points. The trend lines are denoted by the red lines.
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In order to further verify the correctness of the algorithm, two assessors, who were
unfamiliar with the experiment, were recruited to manually pick the visually observed
cut-off point between two contraction phases, and the TUT was calculated as the gold
standard. The TUT comparison is demonstrated in Figure 3.19. As it can be seen, there was
a good agreement in TUT between the proposed algorithm and the assessor. The total TUT
was exactly the same, however the algorithm’s TUT was a little longer than that of the
assessors during CON and ECC, while during ISOM, the algorithm’s TUT was a little
shorter than that of the assessors. In addition, from the comparison results, it can be seen
that there was difference also in the rating results between assessors, which means that the
rating of the data was subjectively influenced by the assessor. The proposed segmentation
algorithm was implemented programmatically, avoiding the subjectivity of the assessors.
Therefore, it is an automated and objective method for quantifying the exercise dosage

during home-based elbow flexor resistance training.
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Figure 3.19 TUT comparison for one participant at different phases.
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5. Indexes for quantifying muscle function

5.1 Extraction of fatigue and recovery indexes

Exercise is usually accompanied by muscle fatigue. When fatigue occurs, the
threshold to trigger action potentials in a motor unit increases, i.e., the motor unit’s
tendency to fire decreases [24,25]. Since the discharge rate changes, the number of
recruited motor units is reduced, resulting in the reduction of muscle force. Here, muscle
fatigue was defined as the relative decline in average force (Fa(i)) during ISOM
contraction and the decreasing slopes (kI and k2) of Fuw(i) were used as index of
fatigability. The recovery of Fa.(i) after 1-minute rest (1MinRec) was used to quantify

subject’s ability to recover from fatigue.

Figure 3.20 explains how the decreasing slopes and the recovery of the average force

after rest were calculated. The average force during ISOM contraction is expressed as:

B.(»)+C,(y) (2)

F(ZVG (i) = 2

where Bi(y) and Ci(y) are the y value of the starting and ending point of ISOM, respectively.
The regression slopes k/ and k2 were calculated using a regression function. The

calculation of 1MinRec is expressed as:

IMinRec = Wx 100% (3)

where P2(y) and PI(y) are the y value of points P1 and P2, respectively, and F0 is the

initial force.
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Figure 3.20 Average force distribution and regression trend line of a male subject. Initial force (F0) and
Pl(x,y) are the mean value of the first and last three data during the 5-minute ISC. P2(x,y) is the mean value
of the first three data during the 2-minute ISC.

5.2 Indexes for quantifying muscle motion control ability

The Thera-Band is a typical accommodating resistance device that provides the
trainee with adaptive resistance force throughout the range of motion and has good
adaptation effect in the neuromuscular system. The shortening and lengthening
contractions of muscle are combined effects of motor units and nervous-system system
[24]. In the sub-maximal contraction of arm biceps curl with resistance band, firstly, the
brain sends down a command (voluntary drive) through the spinal cord and peripheral
nerves to muscles, and then the muscle generate a impulse, forcing the forearm to stretch
the resistance band. The contraction process includes acceleration and deceleration phases.
As illustrated in Figure 3.21, we used the quotient of acceleration and deceleration time (R;)
to quantify muscle motion control ability of subject to voluntarily contract his forearm.

Which is expressed as:

“

where 77 and 7> are the time windows of acceleration and deceleration during CON

contraction. Similarly, the quotient (R>) during ECC contraction is expressed as:
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R, =~ )

where 73 and 7, are the time windows of acceleration and deceleration during ECC

contraction.
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Figure 3.21 Schematic diagram illuminates how to divide the CON and ECC into acceleration and

deceleration phases.

5.3 Indexes for quantifying muscle exercise tolerance

As we can see from Figure 3.15, the resistance force during ISOM phase did not
remain unchanged during the experiment. The fluctuation in force during ISOM phase
reflects the ability of subject’s muscle to keep the force at a constant value, or to some
extend, reflects subject’s exercise tolerance or holding ability. Here, we use the Coefficient
of Variation (CV) to quantify the fluctuation in force during ISOM phase. Figure 3.22 is
the flow chart of extracting coefficient of variation for quantifying muscle exercise
tolerance. With the repetition segmentation and muscle action segmentation algorithm
mentioned above, as illustrated in Figure 3.22, we can get the force data of each
contraction phase. Since the force data changes over time and we only want to count the
distribution of the magnitude of the force throughout the experiment. So we use the
phase-plot analysis to get the frequency distribution heat map of force during ISOM phase
at the phase space. Figure 3.23 is an example of phase-plot of one trail. We use the force
data as the x-axis data and derivative of force versus time, which can be obtained by

numerical calculation, as the y-axis data. Finally, as illustrated in Figure 3.24, we count the
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frequency of occurrences in the phase space and get the frequency distribution heat map of

force and force derivative of time (Figure 3.25).

After getting the frequency distribution heat map, the coefficient of variation is
calculated to quantify muscle holding ability. The coefficient of variation (CV) is a
statistical measure of the dispersion degree of data points in a data series around the mean.
The coefficient of variation represents the ratio of the standard deviation to the mean, and
it is a useful statistic for comparing the degree of variation from one data series to another,
even if the means are drastically different from one another. The coefficient of variation

(CV) is a dimensionless variable and its calculation formula is expressed as:

CV = (6)

g
yri
where o is the standard deviation and g is the mean. We calculated the standard deviation
and mean value by using std2() and mean2() functions in MATLAB. A bigger value of

coefficient of variation means a bigger fluctuation in force during ISOM phase.
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Figure 3.23 Example of segmentation result in one repetition. We use different colors to distinguish different

phases.
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Figure 3.24 Example of phase-plot of one trail. We use different colors to distinguish different phases.
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Figure 3.25 Example of frequency distribution heat map of force and force derivative of time during ISOM

phase in the phase space. The color represents how many times a data appears at a certain point. Blue

represents fewer times and red represents more times.

6. Summary

In this section, we talked about the establishment of a measurement system for muscle

function measurement and evaluation. The design concepts and sensor technology are

described in detail. The measurement system incorporates an motion capture system and a

custom-made Thera-Band. The motion capture system is built based on inertial and visual

sensing for recognizing and recording movements of trainee when doing exercise. The
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Thera-Band is used to help subject do resistance training and the resistance force is
recorded through a load cell. In addition, a repetition segmentation and a muscle action
segmentation algorithm are proposed to obtain force segments during different contraction
phases and the performance of the segmentation algorithm was evaluated. Since during
different contraction phase, the role of muscle is different. The force data during different
phase can be utilized to quantify subject’s muscle function. At last, after obtaining the
segmented force data, indexes for quantifying muscle fatigue and recovery ability, motion
control ability and exercise tolerance were proposed to built a muscle function evaluation

system.

7. References

[1] Jung P G, Oh S, Lim G, et al. A mobile motion capture system based on inertial sensors and smart
shoes[J]. Journal of Dynamic Systems, Measurement, and Control, 2014, 136(1): 011002.

[2] Taylor P E, Almeida G J M, Kanade T, et al. Classifying human motion quality for knee
osteoarthritis using accelerometers[C]//2010 Annual international conference of the IEEE engineering
in medicine and biology. IEEE, 2010: 339-343.

[3] Chen K H, Chen P C, Liu K C, et al. Wearable sensor-based rehabilitation exercise assessment for
knee osteoarthritis[J]. Sensors, 2015, 15(2): 4193-4211.

[4] Hou J, Sun Y, Sun L, et al. A pilot study of individual muscle force prediction during elbow flexion
and extension in the neurorehabilitation field[J]. Sensors, 2016, 16(12): 2018.

[5] Foxlin E M, Harrington M, Altshuler Y. Miniature six-DOF inertial system for tracking
HMDs[C]//Helmet-and Head-Mounted Displays III. International Society for Optics and Photonics,
1998, 3362: 214-228.

[6] Foxlin E. Inertial head-tracker fusion by a complementary separatebias Kalman filter[C]//Proc.
VRAIS. 185-194,

[7] Korver R J P, Senden R, Heyligers I C, et al. Objective outcome evaluation using inertial sensors in
subacromial impingement syndrome: a five-year follow-up study[J]. Physiological measurement, 2014,
35(4): 677.

[8] Bolink S, Grimm B, Heyligers 1 C. Patient-reported outcome measures versus inertial
performance-based outcome measures: A prospective study in patients undergoing primary total knee
arthroplasty[J]. The Knee, 2015, 22(6): 618-623.

[9] Bouvier B, Duprey S, Claudon L, et al. Upper limb kinematics using inertial and magnetic sensors:
Comparison of sensor-to-segment calibrations[J]. Sensors, 2015, 15(8): 18813-18833.

[10] Luinge H J, Veltink P H. Measuring orientation of human body segments using miniature
gyroscopes and accelerometers[J]. Medical and Biological Engineering and computing, 2005, 43(2):
273-282.

[11] Racic V, Pavic A, Brownjohn J] M W. Experimental identification and analytical modelling of
human walking forces: Literature review[J]. Journal of Sound and Vibration, 2009, 326(1-2): 1-49.

73



Chapter 3 Measuring System for Evaluation of Muscle Function

[12] Han J, Shao L, Xu D, et al. Enhanced computer vision with microsoft kinect sensor: A reviewl[J].
IEEE transactions on cybernetics, 2013, 43(5): 1318-1334.

[13] Otten P, Kim J, Son S. A framework to automate assessment of upper-limb motor function
impairment: A feasibility study[J]. Sensors, 2015, 15(8): 20097-20114.

[14] Olesh E V, Yakovenko S, Gritsenko V. Automated assessment of upper extremity movement
impairment due to stroke[J]. PloS one, 2014, 9(8): e104487.

[15] Zhang Z. Microsoft kinect sensor and its effect[J]. IEEE multimedia, 2012, 19(2): 4-10.

[16] Cao Z, Simon T, Wei S E, et al. Realtime multi-person 2d pose estimation using part affinity
fields[C]//Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition. 2017:
7291-7299.

[17] Cao Z, Hidalgo G, Simon T, et al. OpenPose: realtime multi-person 2D pose estimation using Part
Affinity Fields[J]. arXiv preprint arXiv:1812.08008, 2018.

[18] https://github.com/CMU-Perceptual-Computing-Lab/openpose

[19] Arandjelovié, Ognjen. "A mathematical model of neuromuscular adaptation to resistance training
and its application in a computer simulation of accommodating loads." European journal of applied
physiology 110.3 (2010): 523-538.

[20] Van Roy P, Baeyens J P, Fauvart D, et al. Arthro-kinematics of the elbow: study of the carrying
angle[J]. Ergonomics, 2005, 48(11-14): 1645-1656.

[21] https://www.theraband.com/

[22] Bird, Stephen P., Kyle M. Tarpenning, and Frank E. Marino. "Designing resistance training
programmes to enhance muscular fitness." Sports medicine 35.10 (2005): 841-851.

[23] Liu, Jing Z., Robert W. Brown, and Guang H. Yue. "A dynamical model of muscle activation,
fatigue, and recovery." Biophysical journal 82.5 (2002): 2344-2359.

[24] Enoka, Roger M., and Andrew J. Fuglevand. "Motor unit physiology: some unresolved issues."
Muscle & nerve 24.1 (2001): 4-17.

74



Chapter 4 Assessment of Physical Frailty based on Muscle Function

Chapter 4
Assessment of Physical Frailty based on Muscle Function

1. Introduction

Exercise intervention has physiological effects on the brain, endocrine system,
immune system, and skeletal muscle [1,2] and has received much attention recently. Many
studies have revealed that exercise interventions, particularly those involving strength and
balance training, can be successful at improving muscle strength and therefore, improve
muscle function abilities in long-term care residents [3.4,5]. Strength training is
acknowledged as a means of preventing or delaying frailty and loss of function [6],
recommended by national health organizations, such as the American College of Sports
Medicine (ACSM) and the American Heart Association [7,8,9]. But an important issue that
arises is how to choose the appropriate training volume according to his frailty state.
Assessment of subject’s frailty state is necessary before designing exercise intervention for
frailty people. We already mentioned in Chapter 1 that the research scope of this thesis
mainly focus on the physical domain of frailty. Physical frailty affects patients' oral
function, mobility function and upper limb function, and ultimately lead to a decline in

quality of daily life.

Actually, one of the biggest causes of frail is muscle weakness [1]. In our daily lives,
it is our muscle system that drives us to complete the complex movements. The muscle
strength, motion control ability and exercise tolerance are important aspects of muscle
function and are closely related to the ability to perform activities in daily life [1,2].
Considerable evidence suggests that the ability to perform a physical task is determined by
a threshold level of muscular strength and endurance [10,11]. Individuals lacking the
requisite muscular strength may not be able to perform various activities of daily living

that are important determinants of independence. The muscle strength decides the ability of
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a people to restrain loads. The motion control ability decides the ability of a people to
control muscles to perform complex movements and the exercise tolerance decides how
long the movement can lasts.For example, as illustrated in Figure 4.1, when an elderly
people is using his mobile phone, his elbow flexor muscle helps him keep his forearm at a
stable position and helps him click on different locations on the screen. That means the
exercise tolerance (keep at a stable position) and motion control ability (touch different
locations on the screen) are important muscle function when using the mobile phone. The

strength of hand muscle determines the magnitude of hand gripping strength.

Figure 4.1 Elderly people using mobile phone. The elbow flexor muscle is highlighted in pink.

In addition, the upper-limbs play an important role in the process of walking and
affect elderly people’s mobile ability. For example, when the elderly people are walking
with a cane (shows in Figure 4.2), the upper-limbs need to bear part of the body weight and
maintain their body balance. Even the muscle strength of lower limbs are very weak, the
elderly people can still walk a certain distance with the help from their upper limbs.
Therefore, it is necessary to evaluate the upper-limb function when evaluating elderly

people’s mobile ability.
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Besides, since different people have different body types and different ages, the
established frailty screening criteria need consider the impact of age and body shape on the
screening criteria. Figure 4.3 describes the flow chart of how to assess subject’s frailty
level. The input demographic data, like age, body weight and limb length, are used to set
the experimental conditions and build up the simulation muscle model. The muscle model
is used to establish the evaluation criteria of normal people. Experiments are carried out to
get the experimental value. The frailty evaluation criteria is built to compare the
experimental value and normal criteria value to get the frailty level. Normally, there are
four steps needed in the evaluation of the frailty level, which are: A. How to set the
experimental conditions; B. How to conduct the experiment and obtain experimental value
of elderly people; C. How to establish the criteria of normal people; D. How to establish
the frailty evaluation criteria. In next section, we will explain these four steps in detail by

using the maximum dumbbell lifting experiment.

Figure 4.2 An elderly man walks with the help of a Cane. Both the elbow flexor and extensor muscles were
recruited to bear part of the body weight. The extensor show a higher activation status than the flexor

muscles. The elbow flexor muscle strength is utilized to keep the elbow joint stable.
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Figure 4.3 A flow chart explaining the frailty level assessment process.

2. Assessing frailty level based on elbow flexor muscle strength

In this section, we introduce a novel and simple method used to assess frailty level of
elderly people based on elbow flexor muscle strength. During the evaluation process, the
subject just need to perform the maximum dumbbell lifting experiment and the maximum
angle he can lift is measured and compared with normal criteria value to get the frailty
level of his/her elbow flexor muscle. The core idea of this method is that for a suitable
dumbbell weight, thee maximum angle that people of different ages and weights can lift is
different. Therefore, we can use the ratio of elderly people to normal healthy people to
describe the relative frailty level of elderly people (As illustrated in Figure 4.4). To achieve
that, one important issue is to get the criteria value of maximum angle that the normal
healthy people can lift. However, to the best of the author’s knowledge, there are no
researches on the maximum angle a healthy subject can lift especially for the elderly
people. However, we can find data on the relationship between age and muscle area [12]
and the relationship between muscle area and maximum muscle strength [13]. Besides, we
have shown in Chapter 2 that for a give dumbbell, the maximum angle a subject can lift is
closely related to the maximum muscle strength. Consequently, we can calculate the
normal criteria value for normal healthy subject by using the analytical muscle model and
data on the relationship between age and muscle, and the relationship between muscle area
and maximum muscle strength. The evaluation process involves multiple steps and this

section will explain those steps in detail.
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Figure 4.4 Core idea of the assessing method. 6y is the maximum angle of normal healthy people and 6; is

the measured angle of elderly people. The 6o is used as an control criterion of normal people.

2.1 Setting the experimental conditions

As we mentioned in the previous chapter, the muscle strength changes with age.
Therefore, before doing the experiment, we need choose the suitable dumbbell weight
according to subject’s actual ability. Here, we explain how to select the suitable dumbbell
weight based on the age entered, which means that the dumbbell weight is depends solely
on patient's age. Since the elbow flexor muscles are recruited to bear part of the body
weight when elderly subjects walking with a cane, we choose the suitable dumbbell weight
by referring how much weight the cane needed to bear during the walking. Toshio Soma
[14] and his colleagues did electromyography (EMG) analysis of shoulder joint muscles in
standing with ambulatory aids. As illustrated in Figure 4.5, they use the EMG signal to
analysis the activity of all muscles across the shoulder joint. The EMG signal of the Biceps
brachii, Triceps brachii, Brachioradialis deltoid, Pectoralis major and the Latissimus dorsi
muscles were recorded when a subject is standing with the help of a cane, and the results of
the Biceps brachii and Triceps brachii were shown in Figure 4.6. The partial weight borne
by the cane were also recorded by using a force plate, and the results of 5 seconds were

illustrated in Figure 4.7.
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T-shaped cane

Figure 4.5 A subject is standing with the help of a T-shaped cane. The EMG activity of all muscles across

the shoulder joint and the floor reaction force FT were measured in the experiments. Picture obtained and

modified from Reference [14].
Analysed period G
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brachii

Triceps
brachii

Figure 4.6 EMG activity of the Biceps brachii and Triceps brachii muscle when a subject standing with the

help of a T-shaped cane. Picture obtained and modified from Reference [14].
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Figure 4.7 Partial weight borne by the cane. The data from 0~1 s is the deadweight of the cane and the data
from 2~5 s is the stable partial weight born by the cane. Picture obtained and modified from Reference [14].
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From the EMG results illustrated in Figure 4.6, we can see that both the elbow flexor
and extensor muscles were activated to bear part of the body weight. However, the
activation ratio between elbow flexor and extensor is different, which means that their
contribution is different during the walking. From the results, we can see that the amplitude
of EMG activity of extensor muscles is approximately three times that of flexor muscles.
In addition, the data of the partial weight borne by the cane reveals that pure weight born
by the cane is about 8 Kg (13 Kg-5 Kg). Consequently, the body weight born by the flexor
muscles is estimated to be 8/3 Kg. However, the 8/3 Kg is the usual weight but in the
maximum dumbbell lifting exercise, the dumbbell weight need be a little bigger. Moreover,
the muscle strength changes with age. Figure 4.8 is the relationship between age and
muscle area. From the data, we can see that the muscle area reaches its maximum at the
age of 25 and after that continuously declines with age. Therefore, we refer to the trend of
this curve and suppose the suitable dumbbell weight for people at the age of 90 to 100

years is about 3K g, the suitable dumbbell weight for different ages is shown in Table 4.1.
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Figure 4.8 Relationship between age and muscle area. Data obtained from Reference [12].
Table 4.1 The suitable dumbbell weight for different ages.

Agel/years 10~20 20~30 30~50 50~70 70~90 90~100
Dumbbell
weight/Kg K 10 K / > 3
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2.2 Conduct the experiment and obtain experimental value

During the experiment, the subject need perform the maximum dumbbell lifting
exercise. Each subject need perform the experiment for three times and the average is used
as the final result. We use the accelerometer sensor described in Chapter 3 to estimate the
elbow joint angle. Placement and axis direction of the accelerometer sensor were shown in
Figure 4.9. The accelerometer sensor was attached to the lateral side of his forearm and
sensor signals were measured and processed by a wireless transmission module and sent to
the desktop. Because when doing the bicep curl exercise, the forearm is supposed to flexes
and extends in the sagittal plane with shoulder joint at neutral position and humerus in
parallel with y axis of thorax. So, as illustrated in Figure 4, we can obtain the elbow joint
angle 8 by calculating the inclination angle of the accelerometer 4 [15]. Which can be

expressed as:
p=180"-6 (1

where 6 is the inclination angle which is the angle between vectors of Gravity and z axis

(R=[0 0 1]7) in the sensor coordinate system. That is:

GxR
0 = arcos| ———= 2)
[IGIIRzl ]

where |4| means the normal of vector A.
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Figure 4.9 Placement and axis direction of the accelerometer sensor.
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2.3 Establishment of the criteria of normal people

In this section, we talk about how to calculate the criteria value of normal subject.
Figure 4.10 is the flowchart of estimating the maximum angle the subject can lift.
According to the simulation results in Chapter 2, if we know the subject’s maximum
isometric muscle fiber force Fy" and the dumbbell weight, we can calculate the maximum
angle the subject can lift based on the muscle model. As stated in the previous section, the
weight of the dumbbell can be determined by the age entered. Besides, we need to know
the maximum muscle strength Fy according to the age and body weight entered. Many
researches reveal that the maximum muscle strength is related to subject’s age and body
weight [12,13,15]. Figure 4.8 is the relationship between age and muscle area. Ikai and his
colleagues measured the muscle strength and muscle area of 245 healthy human subjects,
and they found that there is a linear relationship between muscle strength and muscle area,
as illustrated in Figure 4.11. Therefore, based on the relationship between age and muscle
area (Figure 4.8), and the relationship between muscle strength and muscle area (Figure
4.11), we can get the relationship between age and muscle strength as illustrated in Figure
4.12. Besides, the muscle strength is also affected by the body weight. Maughan and his
colleagues [16] found there is a weak linear relationship between muscle strength and body
weight. Their results were shown in Figure 4.13. Take the BRA muscle as an example, we
can get the curves of muscle strength changes with the age and body weight. That means if
we know the subject’s age and body weight, we can calculate the maximum force of a

certain muscle of him.

Maximum Muscle

: Strength (F™)
Body weight gth (Fo

Muscle Maximum Angle
I the subject can lift

mode

Dumbbell weight

Figure 4.10 Flowchart of estimating the maximum angle the subject can lift.
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Figure 4.11 The linear relationship between muscle strength and muscle area.
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Figure 4.12 Relationship between age and muscle strength.
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Figure 4.14 Effect of body weight on the relationship between age and F¢™. Take the BRA muscle as an

example.

After getting subject’s Fy™ and the dumbbell weight, we can eventually calculate the
maximum angle he can lift by using the muscle model. However, as illustrated in Figure
4.14, we need the elbow joint angle as input to calculate the maximum muscle force Fy" in
the muscle model. But there is a one-to-one relationship between # and Fy". So by using
special numerical calculation methods, it is possible to calculate the maximum angle based
on the input F,M. If the reader want to know more details about the analytical muscle

model, please refer to Chapter 2.

At the maximum angle
AnyBody =

ai)=1, 1) =1

Dumbbell : Force Muscle tendon Muscle tendon
welght . estimation force model

Maximum angle

Muscle kinimatic | /"8% ) Ja() Jo()
modcl

Sensor

Figure 4.14 Flowchart explains how to calculate the maximum muscle force under the circumstances that a

specific dumbbell (1/) can only be lifted to a certain maximum angle ().

Here we also show some simulation results reveal how the body weight, age and

dumbbell weight affect the maximum angle a subject can lift in a comprehensive way.
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Figure 4.15 is the effect of body weight on the and maximum angle the subject can lift with

a specific dumbbell weight. Figure 4.16 is the effect of dumbbell weight on the and

maximum angle the subject can lift if we know his body weight.
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Figure 4.15 Effect of body weight on the and Maximum angle the subject can lift with a specific dumbbell
weight. The dumbbell weight is 10Kg.
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Figure 4.16 Effect of dumbbell weight on the and Maximum angle the subject can lift if we know his body
weight. The body weight of the subject is 60Kg.
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2.4 Establishing the frailty evaluation criteria

After getting the measured maximum angle ; and the calculated maximum angle 6y,
we still need a frailty evaluation criteria to assess subject’s frailty level. The Frailty state

can be expressed as Formula 3. Table 4.2 is a simple frailty evaluation criteria to screen

frailty level.
. 6,
Frailty state = X x100% 3)
0
Table 4.2 A simple frailty evaluation criteria to screen frailty level.
0<6,6)<0.4 0.4<6:116,<0.8 0.8<6:1/6p<1.2 1.2 <66
Frailty Pre-frail Normal Strong

3. Indicators for evaluating motion control ability and exercise tolerance

In this section, the bicep curl exercise with a custom-made Thera-Band was
performed by subjects to assess their muscle function. The bicep curl exercise focuses on
development or maintenance of flexor strength of upper extremity and it is simple and
applicable for many circumstances like hospital, rehabilitation center and home. In the
exercise, the subject need to flex his forearm to resistance against the resistance force
produced by the custom-made Thera-Band. It is the elbow flexor muscle that drives the
forearm to a certain angle that the force data during the flexing stage can be used to
quantify flexor muscle’s motion control ability. After the resistance force reaches a
maximum value, the subject need hold the value for a while. The force data segments in
the holding phase can be used to quantify subject’s exercise tolerance. Usually, one
repetition incorporates four contraction phases, which are concentric (CON), eccentric
(ECC), isometric (ISOM) contraction phase and the Rest phase. During the CON phase,
the subject flex his forearm to resistance against the resistance force produced by the
custom-made Thera-Band, and hold the force for a while during the ISOM phase. And later,
subject release his forearm in the ECC phase. The subject usually need to have a short rest

during the Rest phase.
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3.1 Concepts and big picture

Figure 4.17 illustrates the concepts and flow chart of the system. Firstly, the force data
segmentation algorithm described in Chapter 3 was used to automatically segment force
data into small segments based on muscle actions. Then, after obtaining the segmented
force data, indexes for quantifying muscle function proposed in Chapter 3 were used to

quantify motion control ability and exercise tolerance of elbow flexor muscle.

As illustrated in Figure 4.17, the subject sits on a wheelchair while performing the
bicep curl exercise against resistance produced by a custom-made Thera-Band. A load cell
is connected with the Thera-Band to measure the resistance. Analog signals corresponding
to the resistance were sampled and digitized by an analog-to-digital (A/D) converter and
the data were sent to a desktop computer through an Arduino board. A graphical user
interface (GUI) was built for monitoring the training process, and the force signals were
acquired and saved for further analysis and post-processing. A peak detection method was
firstly used to find signal valleys, in order to divide the force data into small segments
(Fi(t)), and then calculate the number of repetitions. In each segment, the first order
derivative of force versus time was numerically calculated, and the maximum and
minimum values were taken as the discriminating feature to segment the training cycle into
the CON, ECC, and ISOM contraction phases. The force data segments in CON phase are
used to quantify subject’s motion control ability and force data segments in ISOM phase

are used to quantify subject’s exercise tolerance.
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Figure 4.17 Concepts and big picture of the system. Fi(2) is the resistance in repetition i. Max(i) and Min(i)
are the maximum and minimum force slope values. CON, ECC, and ISOM are concentric, eccentric, and

isometric contraction, respectively. Rest; is the force data in the Rest phase.

3.2 The measuring system

Figure 4.18 shows the experiment set-up. A standard wheelchair is utilized to help the
subject sit in a stable position and to help him/her lean the left or right arm against the
armrest of the wheelchair. The subject flexes his/her forearm in the sagittal plane against
the resistance produced by the custom-made Thera-Band. In resistance training, the subject
pulls the handle which is connected to the Thera-Band. The Thera-Band is attached to the
load cell, which is anchored to the footplate of the wheelchair by a lifting hook. As
mentioned above, a load cell (SC301A, 100 kg) was used to measure the time-varying
resistance. The analog signals were converted to digital signals through an A/D converter
(AE-HX711-SIP, 30 Hz). The load cell was calibrated and the scale factor was calculated
before the experiments using calibration weights. A personal computer (PC) was used to
acquire, display, save, and process the force data through a serial COM port. Figure 4.19
shows the GUI designed with the aid of MATLAB to help users supervise the training
process and is also used as a real-time signal display and storage. Users can type initial
setups of the experiment into the system through the GUI. The resistance force and elbow
joint angle are displayed in the GUI in real-time. For the convenience of the operator
monitor the training process, a musculoskeletal model is also included in the system and
the subject can interact with it in real-time. Since the training load was different among
different trainees, three different types of Thera-Band (Green, Red, and Yellow) were
constructed and connected to the handle using a carabiner clip. More details about the

measuring system is described in Chapter 3.
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b o

Desktop

Load-cell and
Custom-made Thera-band

Serial: CONB

Figure 4.19 GUI built for receiving and saving the force data.

3.3 Experimental procedure

Six healthy subjects (3 male and 3 female, age 27.3 + 4.2, weight 60.3 + 11.7 Kg,
height 171 + 9.7 cm) volunteered to participate in this pilot experiment. All subjects were
familiarized with the research procedures and gave their informed consent. All subjects
reported no known neurological, musculoskeletal, or orthopedic disorders. Figure 4.20
gives a visual representation of the procedure followed in the fatigue and recovery protocol.
The protocol has been carefully designed to incorporate four parts: one-repetition
maximum (1RM) test, 5S-minute intermittent submaximal contraction (ISC), 1-minute rest,

and 2-minute ISC. The 1RM test is performed to assess subject’s flexor muscle strength
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and the obtained value is the basis for selecting the combination of elastic bands. Three
sets of contractions were performed, and the average force was taken as the final 1RM. In
the 1RM test, the number of bands was empirically increased to reach the maximum load
the subject can pull while flexing his/her forearm throughout the full range of motion
(elbow joint angle more than 150°). During the 5-minute ISC, the number of elastic bands
was chosen to ensure that the initial average force was 40~60% that of 1RM. ISC is an
intermittent and dynamic voluntary contraction process with many repetitions. During each
repetition, the subject flexes his/her forearm to a maximum angle (CON contraction),
maintains the angle for about 3 seconds (ISOM contraction), and then returns to a relaxed
state (ECC contraction). A short rest was allowed between each repetition and the rest time
was usually no more than 4 seconds. During the 1-minute rest, the subject was encouraged
to stand up from the wheelchair and swing his/her arm to recover from the fatigued state.
The 1-minute rest and 2-minute ISC were performed in succession after the S-minute ISC.
The subjects performed the exercises with both hands and were given ample rest between
experiments. All subjects were right-handed. A training session was conducted in order to
get the subjects familiar with the experimental procedure before the formal experiment. A
metronome was used to help subjects maintain a pace while performing each repetition

phase. The subjects should find the contraction beat by themselves.

Figure 4.20 Schematic of the experimental procedure. IRM is the one-repetition maximum test, MVC is the
maximum voluntary contraction, and ISC is the intermittent submaximal contraction. Each black bar

represents 1 repetition, which incorporates the CON, ISOM, and ECC contractions.

3.4 Experimental results

Figure 4.21 shows a typical force-time curve of a male subject. As dynamic
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contraction progressed, the maximum force the subject could reach reduced gradually and
was restored to a certain extent after the 1-minute break. When the participants got tired,
there were some fluctuations in force during ISOM contraction. Demographic data of the
study participants and other details about the experiment, such as the initial force, are
presented in Table 4.1. As described in the previous section, the combination of
Thera-Bands was chosen based on subject’s muscle strength. By looking at Table 4.1, it
can be noticed that the female subjects had lower 1RM force than the male subjects. The
left hand of the subjects was weaker than the right hand, which is consistent with the actual
situation. Based on their performance in the experiment, it was noted that S02 was the
weakest one and S06 was the strongest (served in the army). The repetition numbers before

rest (m) and after rest (n) were calculated and are given in Table 4.1.
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Figure 4.21 Representative data of a male subject. The blue curve represents data during the 5-minute ISC
and red curve represents data during the 2-minute ISC.
Table 4.1 Demographic data of the study participants and experiment details. The 2R means subject used 2

Red Thera-bands in exercise.

Subject Age | Weight Hand IRM Initial Combination of Repetitions
No. (Year) | (Kg) (N) Fave (N) Thera-Bands m n
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3.4.1 Distribution of R; and R;
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As mentioned in Chapter 4, the quotients of 77 and 7>, 73 and 7 were used to quantify
the motion control ability of participant's elbow flexor muscles, gaining insight into the
control strategy of subject's neuromuscular system in shortening or lengthening the
muscles to resist external resistance. The time-varying R; and R, before and after rest for

all participants were calculated and shown in Figure 4.22 a,b.
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Figure 4.22 Variations in (a) R; and (b) R> before and after rest for all participants. The dotted line is the raw

data and moving average was performed to highlight the data trends.

As we can see from Figure 4.22a, different from the decreasing slope and peak
velocity, the R; and R> change with time but are not continuously decreasing or increasing.

In CON contraction, female subjects usually have R; values smaller than male subjects (the
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mean and standard deviation of female subjects were 0.529 + 0.0411, compared with 0.790
+ (0.182 for male subjects). As mentioned above, S06 is the strongest participant whose R;
usually bigger than others (the average of R; in left hand is 1.133 and the right hand is
0.787), which reminded us that the R; may related to subject’s muscle strength. For female
subjects, duration of the acceleration phase lasts less than the deceleration phase and the R;
value fluctuates around 0.5. In contrast, during ECC contraction, duration of the
acceleration phase lasts longer than the deceleration phase. The female subject's R> value
fluctuates around 1, and the male subject's R> value fluctuates around 1.5. Moreover, there

was no significant difference between R; and R before and after 1 minute rest.

3.4.2 Phase-plot analysis of force and force derivative

We use the phase-plot analysis to count the distribution of the magnitude of the force
throughout the experiment in the phase space, regardless of time. With the repetition
segmentation and muscle action segmentation algorithm mentioned in previous chapters,
we firstly get the force data of each contraction phase and the force derivative versus time
were calculated through numerical calculation. And later, the force data were used as
x-axis data and the derivative of force versus time were used as y-axis data to get the phase

diagram in Figure 4.23 and Figure 4.24.
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Figure 4.23 Phase diagram of left hand for all subjects. In the figures, blue circles represent data in rest
period, red circles represent data in CON phase, green circles represent data in ISOM phase and pink circles
represent data in ECC phase.
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Figure 4.24 Phase diagram of right hand for all subjects. In the figures, blue circles represent data in rest

period, red circles represent data in CON phase, green circles represent data in ISOM phase and pink circles
represent data in ECC phase.
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Figure 4.25 Heat map of the frequency distribution of left hand during ISOM phase for all subjects. The

color represents how many times a data appears at a certain point. Blue represents fewer times and red
represents more times.
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Figure 4.26 Heat map of the frequency distribution of right hand during ISOM phase for all subjects. The
color represents how many times a data appears at a certain point. Blue represents fewer times and red

represents more times.

As can be seen from the phase diagram, the curve shape during CON and ECC phase
is different for different subject. The shape of the curve is affected by the time when the
force derivative reach its maximum. That means that the the quotients of 77 and 7>, 73 and
T, are related to the curve shape. Here, we want to analysis the fluctuation in force during
ISOM phase. Therefore, for the data in ISOM phase, we count the number of occurrences
at a certain point and get the heat map of the frequency distribution of left hand during
ISOM phase for all subjects in Figure 4.25 and Figure 4.26. As we can see from the
frequency distribution diagram, the heat map of female subject is more concentrated than
male subject. Indicate that the coefficient of variation of female subject is bigger than male

subject.
3.5 Assessment of elbow flexor function

In the previous sections, the measurement system was described and a segmentation
algorithm that automatically segments the biceps curl cycle into small parts based on

muscle actions was proposed. A pilot experiment with 6 subjects was conducted and the
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distribution of R1 and R2, phase-plot analysis of force and force derivative were presented.
In this section, we want to use the frequency distribution of R1 to assess motion control

ability and the coefficient of variation to assess exercise tolerance.

3.5.1 Assessing motion control ability based on frequency distribution of R1

In this section, we show the prospect of using the frequency distribution of R1 to
assess subjects’ motion control ability. Similar to using grip strength to assess upper limb
function, the 1RM value in the experiment is related to flexor muscle strength. That means,
to some extend, the 1RM value reflects the weak or strong level of the subject. Firstly, we
want to show the linear relationship between average value of R1 and 1RM. And later, the
frequency distribution of R1 were divided into three parts to show differences in motion

control ability between each other.

In concentric phase of bicep curl with a resistance band, the brain sends down a
command through the spinal cord and peripheral nerves to muscles. When the command
arrives at the motor unit and it is strong enough, it triggers an action potential, which in
turn activates motor units of flexor muscles. Force is generated by contraction of muscle
fibers and the forearm starts to flex. The resistance force from the resistance band increases
with the increases of elbow joint angle. When the resistance force reaches a certain value,
the forearm stops accelerating. The time ratio between acceleration and deceleration
indicates the dynamic contraction effort of participant's elbow flexor muscles. A large time
ratio means a longer accelerating phase, which also means a bigger contraction command
from the brain. Moreover, a positive linear relationship was found between R1 and 1RM
(Figure 4.27). All of those inspired us use the time ratio between acceleration and
deceleration to assess subject’s contraction effort during the concentric phase. In Figure
4.27, we noticed that different from the decreasing slope and peak velocity, the value of R1
change with time but are not continuously decreasing or increasing. The R1 of female
subjects fluctuate around 0.5 and the R1 of male subjects usually start from 1. As

illustrated in Figure 4.28, we use the frequency distribution of R1 to analysis subject’s
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contraction effort and the x axis is divided into three parts (Part 1: 0<T1/T2<0.5, Part 2:
0.5<T1/T2<1 and Part 3: 1<T1/T2). The proportion of each region for all subjects are
illustrated in Figure 4.29. As we can see, S06 has a much bigger area of part 3 and a much
smaller area of part 1 than other subjects, which means S06 showed a stronger contraction
effort during the experiment. This is consistent with the fact that S06 is the strongest
participant. All of those indicate that the frequency distribution of R1 could be used as an

important variable to quantify subject’s motion control ability.
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Figure 4.27 Linear relationship between average of R1 and IRM (y = 0.0035x + 0.22). The subject’s label is

marked near each data point.
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Figure 4.28 Frequency distribution of R1 for all subjects.
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Figure 4.29 Bar charts illustrates the proportion of each region for all subjects.

3.5.2 Assessing exercise tolerance based on coefficient of variation

According to Figure 4.25 and Figure 4.26, we noticed the heat map of female subject
is more concentrated than male subject, which indicates that the coefficient of variation of
female subject is bigger than male subject. A bigger value of coefficient of variation means
a relative bigger fluctuation in force during ISOM phase. A big fluctuation in force means
that the subject is unable to maintain a constant resistance force during the ISOM phase,
which means that his elbow flexor has lower exercise tolerance. After calculating the
coefficient of variation of all subjects, correlation analysis was performed and a negative
linear relationship was find between coefficient of variation and 1RM. As illustrated in
Figure 4.30, a strong subject with bigger 1RM value has a smaller coefficient of variation,
which means that their relative fluctuation in force during the ISOM phase is smaller. All
of those shows the prospect of using the coefficient of variation to assess subjects’ exercise

tolerance of elbow flexor muscles.
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Figure 4.30 Linear relationship between coefficient of variation and 1RM.

4. Summary

In this section, we introduce a novel and simple method used to assess frailty level of
elderly people based on elbow flexor muscle strength. During the evaluation process, the
subject just need to perform the maximum dumbbell lifting experiment and the maximum
angle he can lift is measured and compared with normal criteria value to get the frailty
level of his/her elbow flexor muscle. The core idea of this method is that for a suitable
dumbbell weight, thee maximum angle that people of different ages and weights can lift is
different. Therefore, we can use the ratio of elderly people to normal healthy people to

describe the relative frailty level of elderly people.

Besides, we introduce some indicators for evaluating motion control ability and
exercise tolerance. An automated method was presented for segmenting resistance data into
contraction phase-specific segments during elbow flexor resistance training, for the
purpose of establishing an automatic monitoring system for home-based resistance training.
The principle of the algorithm was described in detail, and experiments were performed to
evaluate the performance of the method. The good agreement in TUT measurements
between the proposed algorithm and the assessors indicated that the proposed algorithm
can correctly segment the contraction into contraction phase-specific parts, thus providing

clinicians and researchers with an automated and objective method for quantifying
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home-based elbow flexor resistance training. The objective and automated nature of the
segmentation algorithm has the advantage of eliminating the subjective influence of the

assessor and improving the rating efficiency.
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Chapter 5
Application of the System for Muscle Rehabilitation

1. Introduction

After assessment of frailty, intervention is needed in the treatment of frailty. As we
have mentioned in Chapter 1, the exercise intervention is the most common used or, to
some extend, the most effective way to release the frailty symptom. Strength training is
acknowledged as a means of preventing or delaying frailty and loss of function [1],
recommended by national health organizations, such as the American College of Sports
Medicine (ACSM) and the American Heart Association [2,3]. The ACSM’s position stand
[3] on exercise for older adults recommends that exercise prescription for frail people is
more beneficial than any other intervention (e.g. caloric and protein support, vitamin D,
and reduction of polypharmacy), and that the contradictions to exercise for this population

are the same as those used with younger and healthier people.

Accommodating resistance devices such as bands and chains are useful methods to
maximize gains in strength and hypertrophy, and these methods are frequently remanded to
frail elderly hospitalized patients [1,4]. The population in need of physical rehabilitation is
constantly increasing, however the situation is that most people, especially those frail
elderly adults [5,6], lack of easy access to public rehabilitation centers, as a result of
financial or physical constraints or limited therapist availability [5,7]. Even though the
increase in the number of rehabilitation therapists has outpaced the population growth in
recent years [8], there is still a shortage of trained rehabilitation service providers in aging
societies. After the physiotherapist provides the patient with initial instructions on how to
perform the exercise, trainees need to complete the entire training program on their own.
However, without the supervision of a therapist, one of the biggest challenges of

home-based resistance training is that the therapist may not know if the patient has
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performed the exercise as prescribed. Therefore, an exercise monitoring system is
necessary and useful for home-based trainees in order to quantify the exercise dosage, and

most importantly, to improve their adherence to the training program.

Moreover, exercise is usually accompanied by muscle fatigue. The fatigue and the
recovery rate reflect the metabolic capacity of the patient, providing the physiotherapist
with an intuitive perception of the subject’s exercise capacity. Numerous methods have
been proposed to monitor muscular fatigue associated with exercise [9,10] and surface
electromyography (SEMGQG) is the most common one [9,11,12,13]. The regression slope of
the linear regression of median frequency has been used as an important muscle fatigue
index [12]. Recently, some fatigue-recovery protocols were deliberately designed to study
the fatigability and the recovery ability of knee extensor muscle under intermittent,
isometric, or dynamic maximal voluntary contractions in old adults [14,15,16]. Knee
extension torque and power were measured using a dynamometer and the fatigability and

recovery ability were expressed as reductions and increases in torque, velocity, and power.

Monitoring and assessing a subject's response to exercise allows the physiotherapist to
have an intuitive perception about his exercise capacity, which plays a significant role in
designing appropriate exercise programs and choosing individualized training doses. This
section is the application of our system in the field of rehabilitation. Firstly, we use the
musculoskeletal model established in Chapter 2 to estimate muscular states during elbow

flexor resistance training for bedridden patient. Later, the

2. Estimating muscular states during elbow flexor resistance training for

bedridden patient

Frail people are characterized by low physical activities. Bedridden patients have the
characteristics of low physical activities. The prolonged bedridden behavior of elderly
people will exacerbates skeletal muscle wasting and consequently results in the declining

of physical function [17,18]. The decreased physical function increases patient's
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dependence on bed rest, which in turn exacerbates the patient's condition. In order to
reverses this exacerbation, appropriate and effective exercises are required during patient's
bed rest [19]. Here, by using the musculoskeletal modeling method described above, we
estimate the muscular states during elbow flexor resistance training for bedridden patient.
The simulation results revealed the contribution of each muscle in the flexing process. The
design concepts of the system, measurements and analysis methods will be introduced in

detail.

2.1 Measurements and analysis methods

2.1.1 Design concepts of the system

Figure 5.1 illustrates the design concepts of the system. For simplicity of the system,
we only use one load cell to measure the time-varying resistance force during the training.
The measured resistance force is an external variable and its resulting power and work
doesn't contain details of stimuli experienced by muscles. Therefore, we established an
elbow-joint angle estimation model (EJAEM), a musculoskeletal model (MSM) and a
muscle-tendon model (MTM) (described and established in Chapter 2) to estimate
muscular states during the training. The EJAEM serves as an analytical description of the
experimental setup and it enables real-time interaction between patient and MSM. The
MSM is a three-dimensional model of the upper extremity, including major muscles make
up the elbow flexor and extensor, and was built base on public data [20, 21]. MSM
provides kinematics and kinetics required in optimization of MTF and estimation of
muscular states. The MTM was established to estimate the active and passive muscle fiber
force for the reason that the optimized MTF is resultant force of active and passive muscle
fiber force, and the power of active muscle fiber force is meaningful for evaluation of

muscles.
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Figure 5.1 Design concepts of the system and data flow in estimation. 0 is the elbow joint angle and o is the
angle velocity. |Frope| is resistance force. dL. and dL/dt is length change and change rate of the Thera-Band.
FAm and FPm is active and passive muscle fiber force. Im and vm is muscle fiber length and velocity. Fimt
is the optimized MTF. |[Frope| represents mechanical stimuli measured at the body-level and the FAm, FPm,

Im and vm represent mechanical stimuli estimated at the muscle-level.
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Microsoft LifeCam

Figure 5.2 Layout of the experimental setup.

Figure 5.2 shows layout of the experimental setup. In the training, patient is
positioned in bed in supine with his forearm flexing or extending to oppose resistance force
produced by a custom-made Thera-Band. The Thera-Band is connecting with a load cell
which is anchored to bed by a lifting hook and utilized to record resistance force posed by
Thera-Band. Force data is converted to digital signal by an A/D converter and sent to
desktop using Arduino board. The web camera is utilized to record video of the forearm

movement and the recorded video was used to calculate real elbow joint angle for test of
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the measuring system.

2.1.2 The elbow-joint angle estimation model

The EJAEM plays an essential role in kinematic and kinetic analysis of forearm
movement. Figure 5.3 illustrates the physical model used to estimate elbow joint angle and
it includes the coordinates and geometrical parameters about the training setup. In the
model, L, L; and L> denote length of Thera-Band, forearm and upper arm. S;, S> represents
x-coordinate of elbow and shoulder joint. 4, B, C and E denotes position of shoulder, elbow,
hand and center of gravity. One end of the load cell is connecting with the bed at point D
by using a lifting hook and other end connecting with Thera-Band. 8 denotes the elbow

joint angle.

Figure 5.3 Physical model used to estimate elbow joint angle and the geometric parameters and coordinates

of the experimental setup. The model is a simplified two-dimensional model in sagittal plane.

As we can see from the physical model, with specific H, S, S>, L; and L, 6 is closely
related to current length of Thera-Band L. That implies if we know L, we can predicate
elbow joint angle through some simple geometric calculation. As shown in Figure 5.4, we
stretched Thera-Band to a series of lengths and recorded the force data to obtain its

load-versus-length-change curve.
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Figure 5.4 Load-versus-length-change curve of the custom-made Thera-Band. Ly is the initial length of
Thera-Band.

Figure 5.4 shows a strong one-to-one relationship between force and length. We use a

polynomial equation to approximate the nonlinear relationship between load and length as:

L="(

E‘Ope

) (M

where ?;(x) is the polynomial equation of x and its expression is different for different
custom-made Thera-Band. |F.p| is the force data recorded from load cell and it is the norm

Of Frope.

According to the physical model, L is a trigonometric function of # and its

mathematical expression can be expressed as:

(H-1L,sin0)* +(S,— L cosh)’ =L’ ®)

Because Thera-Band has an initial length L, and resistance force is 0 when
Thera-Band length is less than Ly, so that the elbow joint angle estimated by EJAEM is
never less than the initial angle 8. According to (7) and (8), and combine with the recorded

|Frope| we eventually get 6 as a function of time:

0(1) = lpz(Fmpe )=¥5(0) )
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Furthermore, we can get the angular velocity w as:

B do(r) B V.(t+d)-¥,@)
Cod dt

(1) (10)

2.2 Results

2.2.1 Evaluation of the measuring system

Contrastive experiments were carried out to test correctness of the measuring system
in estimating elbow joint angle. In experiment, a subject was asked to perform two sets of
concentric and eccentric contractions in flexor resistance training (The experiment was
conducted with the subject's understanding and consent). Initial configurations of training
set-up were measured using rulers and typed into the model (S;=1080mm, S>=1384mm,
Li=270mm, L,=304mm, Ly=870mm, H=230mm). We recorded the video and measured the
real elbow joint angle by using protractor and compared it with that estimated in EJAEM.
As we can see from results illustrated in Figure 5.5, elbow joint angle estimated in EJAEM
shows a good consistency with that measured from video except when angle is less than
initial angle &y. This is because when |F,,p is zero we set rope length at its initial length in
program. Calibration was performed to eliminate the time-delay caused by software and
hardware. The good consistency between measured and estimated result demonstrates that
this measuring system can correctly estimate elbow joint angle when forearm flexes or

extends in sagittal plane.
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Figure 5.5 Comparison of elbow joint angle measured from video and that estimated in EJAEM.
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2.2.2 Evaluation of the musculoskeletal model

The MSM provided by Garner [20, 21] is a detailed three-dimensional model of the
human upper-limb. But the EJAEM in this paper is a simplified two-dimensional model in
sagittal plane. Therefore, we projected muscles into the sagittal plane, calculated muscle
length and moment arm, and compared them with results provided by Garner [22], Lemay
[23] and Garner [21] as an evaluation of the MSM. Their results were obtained by using
anatomical or experimental data. As illustrate in Figure 5.6 and Figure 5.7, muscle length
and moment arm were calculated as a function of elbow joint angle with shoulder joint at
neutral position, humerus in parallel with y axis of thorax and elbow joint angle varied
from 0° to 150°. We use polynomial coefficients of muscle length and moment arm
provided by Pigeon and Lemay, which were approximated by using anatomical or model
data, and point data of moment arm illustrated in Garner [21]. Lemay only provides length
changes of muscle length so we use the constant portion of muscle length provided by
Pigeon [22]. The muscle length and moment arm estimated in this model demonstrate a
substantial agreement with that provided in their documents, especially the moment arm
compared with Garner. Data used in this model originate from Garner but we use different
method in calculating moment arm. Garner calculated the moment arm by computing the
derivative of muscle length with respect to joint angle [21]. Good coherence of muscle
length and moment arm demonstrates that the established MSM captures important
mechanical features of muscles across elbow joint and is adequate to serve as a generic

model to analyse muscle kinematics in the case of elbow flexing or extending.

109



Chapter 5 Application of the System for Muscle Rehabilitation

(a) : BRA (b) : BRD
7z 400 400
g — Pigeon £ — Pigeon
< 300 Lemay 1 < 300 Lemay 1
2 Model 2 Model
2 200 2200 1
2 2
2 2
5 100 S = 100
= ‘ ‘ = ‘ ‘
0 50 100 150 0 50 100 150
Elbow angle (deg) Elbow angle (deg)
(¢) : BIC (d): TRI
2 400 = 400
E g
<= 300 < 300ﬁ
) )
S =
%’) 200 — Pigeon %’, 200 — Pigeon 1
e Lemay e Lemay
2 100 Model 2 100 Model 1
0 50 100 150 0 50 100 150
Elbow angle (deg) Elbow angle (deg)

Figure 5.6 Comparison of muscle length as a function of elbow joint angle.
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Figure 5.7 Comparison of moment arm as a function of elbow joint angle. Positive values indicate flexion

moment arm, negative values indicate extension moment arm. 0° means elbow is fully extended.

2.2.3 Muscular states and mechanical stimuli during flexor resistance training

The muscular state refers to mechanical variables such as the muscle-tendon length
changes and the muscle fiber velocity. Mechanical stimuli such as power and work are
derivative of those mechanical variables. One set of concentric and eccentric contraction
was performed by a healthy subject in flexor resistance training and data were utilized to

show body-level and muscle-level stimuli in Figure 5.8 and Figure 5.9, and in Table 5.1. w,
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dL,.pe and v" were derivative of 6, rope length and fiber length versus time respectively;
power was the product of force and velocity; work was the accumulation of product of
force and displacement over each time step; flexor and extensor power was calculated as
sum of power of flexor and extensor. Table 5.1 shows work and displacement, as well as
the average force of resistance force and muscles. Work is accumulation of the product of
muscle fiber force and displacement over each time step. Length change is accumulation of

small displacement over each time step and average force is mean value of force.
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Figure 5.8 The elbow joint angle (EJA), angular velocity (), resistance force (| Frope|), length change rate

(dLrope), power of resistance force, power of flexor and extensor in the training.
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Figure 5.9 The active (F4™) and passive (Fp™) muscle fiber force, muscle fiber velocity (v"), power of active
(P4™) and passive (Pp™) muscle fiber force, length changes of muscle fiber in the training.
Table 5.1 Work, maximal change in length, average and maximal force of resistance force and muscles. We

set direction of elongation along rope or muscle path as the positive direction of force and length change.

Extensor Flexor
[Frpe TRClg TRCm TRClt BICs BICI BRA  BRD
Work (N*m) -6.24 0 -0.105  -0.502  3.06 2.02 4.03 0.308
Maximal change (mm) 316.04  31.61 30.13 3134 -55.08 -52.99 -34.89 -78.10
Average force (N) -17.34 0 -498  -20.19 -49.58 -36.62 -109.12 -3.43
Maximal force (N) -31.27 0 -26.21 -82.76 -74.13 -52.42 -17193 -594

The calculated results show important characteristics about the mechanical stimuli
during flexor resistance training. In concentric contraction, resistance force reaches its
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maximum within two seconds and the maximal angular velocity is about 50 deg/s. Most of
the muscle-level stimuli show a good consistency with the body-level stimuli. For example,
near maximal elbow joint angle, the resistance force, active and passive muscle fiber force
and length change of muscle fiber reach their maximum or minimum at the same time and
their curves show a good consistency. But because of the differences in muscle architecture,
the muscle fiber velocity shows a significant difference between flexor and extensor, and
the curves of muscle fiber velocity are different from the curve of angular velocity. The
resistance force power can be considered as the combined effect of flexor and extensor
power. Passive muscle fiber force, which appears when fiber length exceeds its optimal
fiber length, affects active muscle fiber force of other muscles. BRA was the biggest
energy provider and produced the biggest average and maximal force; this is probably

because BRA possesses the biggest PCSA among flexor.

3. Monitoring subjects’ fatigue state

3.1 Elbow flexor fatigue and recovery profiles

The average force during ISOM contraction was calculated using the aforementioned
algorithm. The force data distributions and the resulted trend lines for all participants are
shown in Figure 5.10. For the purpose of comparison, all force data were normalized to the
initial value. The decreasing slopes of the average force before and after rest in female and
male subjects were analyzed and the statistical result is given in Table 3.3. Table 3.4

reports the statistics of average force recovery in left and right hand after 1-minute rest.

It can be observed in Figure 5.10, that, just as stated in many references that all
definitions of fatigue necessitate a decline in force or power, the average force during
ISOM contraction decreased continuously. Due to the difference in the initial force, the
average force of the right hand decreased faster than the average force of the left hand. It
seems that the initial force is related to the decreasing slope of the average force. The

Student’s t test revealed that there was no significant difference in the decreasing slope
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between left and right hands (p = 0.2 and p = 0.14, respectively, Table 3.3). The average
force restored to a certain extent after the 1-minute rest, however it decreased much faster
than before the 1-minute rest. This was probably because the 1-minute rest does not
prevent the development of central fatigue. An inspection of the slopes revealed that the
average force of the male subjects decreased faster than that of the female subjects (Table
3.3). Hunter attributed the sex difference in the fatigability of arm muscles to the difference
in absolute force. In addition, there was a significant difference in 1MinRec between left
and right hands (p = 0.03, Table 3.3), and the recovery ability of the right hand was greater
than that of the left hand (Table 3.4).

S01 S02 S03
T 3 3
= = =
() () (9]
[=2] j=2] j=2]
I @ o
[ [ [
2 2 2
70 Left hand 70 Left hand 70 Left hand
Right hand Right hand Right hand
60 * + ! 60 t * ! 60 t N !
0 200 400 600 0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s)

S04

T 3 3
= = =
() () (9]
[=2] j=2] j=2]
I @ o
[ [ [
2 2 2

70 Left hand 70 Left hand 70 Left hand

Right hand Right hand O Right hand
60 * + ! 60 * * ! 60 t N !
0 200 400 600 0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s)

Figure 5.10 Normalized average force distribution and trend lines for all participants.
Table 3.3 Statistics of the decreasing slopes of the average force before and after rest. The smaller the slope,
the faster the average force drops. The Student t test was performed to examine the decreasing slope

difference between left and right hands. Data is expressed as mean + standard deviation*. p>0.05%*.

Decreasing slope of average force
Before rest (k1) After rest (k2)
Female -0.0407 £ 0.0115* -0.0860 + 0.0416*
Male -0.0758 + 0.0176* -0.140 £ 0.0425*
Overall -0.0582 + 0.0231* -0.113 £ 0.0492*
T-test p=0.2%* p=0.14**

Table 3.4 Statistics of 1MinRec in the left and right hand. Data are expressed as mean + standard deviation;
Student test was performed to examine the 1MinRec difference between left and right hands. p<0.05*.
IMinRec (%lnitial) |
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Left hand 9.968 + 1.889

Right hand 13.738 +3.149
Overall 11.853 £ 3.163
T-test p=0.03*%

3.2 Main parameters affecting subject’s fatigue and recovery

According to the experiment data, the average force during ISOM contraction
continued to decrease and recovered to some extend after the 1-minute rest. The decrease
in average force can be a consequence of central fatigue or muscle fatigue. In the previous
section, the decreasing slopes and average force recovery were used to quantify the
subject’s fatigue and recovery response to exercise. Considering that too high fatigue rates
may lead to training-related musculoskeletal diseases or muscle damage, the main
parameters that affect subject's fatigue and recovery response should be determined. This
would be useful for physiotherapists to choose the suitable training variables when
designing resistance training programs. It is easy to imagine that a stronger person will be
less prone to fatigue and more likely to recover from fatigue. Thus, a linear relationship

between 1RM and decreasing slope, as well as between 1RM and 1MinRec, is assumed.

Although the difference in TUT affects acute fatigue response, the CON, ECC, and
rest time in the experiment was not limited and the proportions of TUT varied greatly
between subjects. Thus, currently, the variables of interest are the age, weight, 1RM, and
initial force. Firstly, linear regression analyses were performed to determine the linear
correlation between the above parameters. The analysis results demonstrated a strong
linear correlation between 1RM and initial force (» = 0.93, p = 8.96e-6). The explanation
for the linear correlation is that the combination of bands was chosen according to the
subject’s 1RM. Many studies have clearly demonstrated the decline in skeletal muscle
strength in old age, however there is no significant correlation between age and 1RM (r =
0.05, p = 0.88). This can be attributed to the narrow age range of the subjects in the present
experimental study (ages ranging from 22 to 34 years old). Meanwhile, there was a
significant linear correlation between weight and 1RM (» = 0.82, p = 0.001), which was in

line with the fact that heavier people usually have stronger muscles. Then, linear regression
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analyses were performed between the variables of interest and the fatigue-recovery indexes
(Table 3.5). Due to the fact that there was a significant difference in 1MinRec between left
and right hands (p = 0.03, Table 3.4), the linear regression analyses for 1MinRec were
performed for the left and right hand, respectively. Figure 5.10 is a trend line plot of the

initial force versus the decreasing slope £/ and of 1RM versus 1MinRec.

According to Table 3.5, contrary to our hypothesis, a negative linear relationship was
found between 1RM and k/ (»r = -0.82, p = 0.001), which means that the average force
decreased faster in subjects with higher 1RM. This can be explained by the fact that a
stronger subject would experience a greater initial force in the experiment, which would
result in a faster reduction of the average force. A notable negative linear relationship was
found between initial force and k7 (» =-0.84, p <0.001). That is to say, in stronger subjects,
the average force decreases much faster, simply because they have sustained a greater
absolute force in the experiment. Therefore, it can be reasonably concluded that the
absolute initial force may be a more important variable affecting the decrease in average
force compared to 1RM. In addition, a notable positive linear relationship was found
between 1RM and 1MinRec. This is in line with our assumption that stronger people are
more likely to recover from fatigue. All the above indicate that when designing resistance
training programs, special attention needs to be paid to the absolute initial force and

recovery ability difference, rather than focusing on the muscle strength of the trainee.

Table 3.5 Linear regression analysis results. A bigger correlation coefficient means a higher linear
relationship between two variables. A negative correlation coefficient indicates a negative correlation
between two variables. Data are expressed as correlation coefficient (p-value). Data belongs to left
hand* and right hand**.

Age Weight IRM Initial force
k1 0.02(0.95) -0.73(0.008) -0.82(0.001) | -0.85(0.0004)
k2 0.54(0.07) -0.30(0.34) -0.52(0.08) -0.38(0.22)

-0.33(0.52)* | 0.67(0.15)* | 0.77(0.07)* | 0.71(0.11)*
-0.18(0.73)** | 0.67(0.14)** | 0.92(0.009)** | 0.76(0.08)**

1MinRec
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Figure 5.10 Trend line plot for (a): initial force versus £/ (y =-0.0007x - 0.0103). (b): 1RM versus 1MinRec
(y = 0.032x + 6.03 for left hand; y = 0.061x + 6.11 for right hand). The subject’s label is marked near each
data point.

4. Support system for elbow flexor resistance training

4.1 Support system for active training with dumbbell and resistance band

In this section, we describe the support system used for active elbow flexor resistance
training. The first training exercise is biceps curl with a dumbbell. As illustrated in Figure
5.11, a subject is standing in front of a screen with his forearm flexing and extending to lift
a dumbbell. Some real-time training results were displayed on the screen. A accelerometer
sensor was attached to the lateral side of his forearm and sensor signals were measured and
processed by a wireless transmission module and sent to the desktop. A Graphical User

Interface (GUI) was built in MATLAB which includes three parts: the musculoskeletal
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model (MSM), training plan and the real-time result of time duration during holding parts.
The MSM is a detailed, three-dimensional muscle model of human upper-limb and the
subject can interact with it in real-time with the accelerometer sensor. At the training plan

panel, subject can choose different training intensity according to his training goal.

User interface

Training plan

Serial: COMI0

Start record

Reset veiw Update
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(@) (b)
Figure 5.12 The GUI which is built to show the MSM, muscle velocity (v), initial setup and some real-time

results. A subject was extending his forearm and the muscle velocity changes over time were showed to users
(Muscle velocity reflects state of muscle shortening and stretching. Less than 0 means muscle shortening, and
more than 0 means muscle stretching). Muscles were divided into four groups, and the muscle velocity of
each group is the average muscle velocity. BICS and BICI belong to Group 1. TRCIg, TRCIt and TRCm
belong to Group 2. BRD belongs to group 3 and BRA belongs to group 4.

As illustrated in Figure 5.12, the second training exercise is biceps curl with a
custom-made Thera-Band for bedridden patients. The patient is positioned in bed in supine
with his forearm flexing or extending to opposes resistance force produced by a
custom-made Thera-Band. The thera-Band is connecting with a load cell which is anchored
to bed by a lifting hook and utilized to record resistance force posed by the Thera-Band.
Force data is converted to digital signal by A/D converter and sent to the desktop using
Arduino board. A muscle model built in Chapter 2 was included in the GUI and the
measuring system enables real-time interaction between patient and the muscle model. The
real-time interaction increases patient’s engagement in the training process. Real-time
interaction makes the muscle like a sensor that can be used to measure muscle kinematic

parameters such as length and length changes of a muscle.

4.2 Kinematics analysis of a passive training support system

In section 4.1 of this Chapter, we present a support system used for active resistance
training with a dumbbell or a resistance band. The users of this system need have the
ability to actively lift a dumbbell or stretch a resistance band. However, for patients who
have completely or almost completely lost their upper limb mobility, a passive training
support system is necessary for them to complete the necessary upper limb activities in
daily life, like elbow joint flexing and shoulder joint lifting. As illustrated in Figure 5.13 (a
and b), a passive upper-limb training support system is designed to help patients perform
necessary upper limb activities in daily life. A subject is siting under the slide and is driven

by the slide through ropes to perform upper-limb rehabilitation exercises.
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(b)

Figure 5.13 A passive training support system for driving patient perform necessary upper limb activities in

daily life. a is the CAD design concept and b is the experimental prototype.

For this passive training support system, an important question is how to control the
slide moves to driven subject’s upper-limb to complete the desired exercise, which is the
forward and inverse kinematics analysis. Here, by using the upper-limb muscle model built
in Chapter 2, we designed a GUI for the forward and inverse kinematics analysis of the
passive training support system. With this GUI system, designer can conveniently change
the angle of the shoulder or the elbow joint, and display the coordinates of the slide and the
coordinates of the shoulder, elbow and wrist joints in real time. A simulation results are
illustrated in Figure 5.15. In the simulation, the elbow joint angle changes from 0 to 120
degree and the x,y,z coordinates of the wrist joint were calculated. From the simulation
results, we can see that the GUI system is capable of performing the forward and inverse

kinematics analysis of the passive training support system.
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Figure 5.14 The GUI system designed for the forward and inverse kinematics analysis of the passive training

support system.
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Figure 5.15 The wrist joint coordinates changes with the elbow joint angle.

5. Summary

In this section, we presents the concept of using musculoskeletal modeling to estimate
muscular states during elbow flexor resistance training for bedridden patients and it is
mainly on the discussion of computational method. We take the elbow flexor RT as a
simple example and an integrated system was built for this exercise. The design concepts

of the system, the measurement and analysis methods were described in detail. We
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recorded the video about the training process and measured the real elbow joint angle by
using protractor and compared it with that estimated in EJAEM. Results demonstrate that
the measuring system can correctly estimate elbow joint angle when forearm flexes or
extends in sagittal plane. The muscle length and muscle moment arms were calculated and
compared with results provided in other references to show that the established MSM is
adequate to serve as a generic model to analyse muscle kinematics in the case of elbow
flexing or extending in sagittal plan. The system offers a simple method to monitor muscle
states during elbow flexor RT in bedridden patients, providing coaches or physiotherapists
with practical muscle-related information to evaluate the training process. The calculations
also demonstrate that the musculoskeletal modeling is a considerable method to vividly

analyze the muscular states during training.

In addition, we designed an assistant system for assisting subject do bicep curl
resistance training. The training set, period and muscle kinematics parameters were
automatically recorded with this system. The measuring system enables real-time
interaction between patient and increases patient’s engagement in the training process.
What’s more, we built a GUI system for the forward and inverse kinematics analysis of a

passive training support system.
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Chapter 6
Conclusion

6.1 Summary and contribution

As the society ages, the number of elderly people in frailty state or have a risk of
being in frailty state increases exponentially, highlighting the importance of assessing
frailty and choosing the appropriate intervention for slowing the progress of frailty.
According to a survey performed by Ministry of Health, Labour and Welfare of Japan,
frailty is the third leading factor that inhibit healthy life expectancy. Therefore, in order to
extend people’s healthy life expectancy, it is important to recognize the frailty of the body
at an carly stage and slow its progress through intervention treatment. Focusing on the
physical domain of frailty and those people in apparently vulnerable and mildly frail stage,
this presents a muscle function evaluation and training support system for the purpose of

slowing the progress of frailty.

After searching the common frailty screening criteria, like the Fried Criteria, the
J-CHS Criteria, the Kihon checklist and the functional test for upper and lower extremity,
we found that the evaluation of physical frailty mainly focus on oral function, mobility and
upper limb function. Quantitative indicators like bite force, muscle mass, walking speed
and muscle strength are commonly used to quantify physical frailty symptom. The muscle
strength, motion control ability and exercise tolerance are important aspect of muscle
function and are closely related to the ability to perform activities in daily life. On the other
hand, since the comprehensive evaluation indicators of frailty has not been established yet,

the means and methods for assessing frailty are highlights of recent research.

To solve the above problems, in this paper, we firstly established an analysis muscle

model to estimate muscle strength and established a motion capture system to measure
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upper limb movement. Based on the muscle analysis model, a system for evaluating
muscle function was developed from the perspective of exercise volume. In addition, based
on the evaluation method of muscle function, indexes for frailty evaluation were proposed.
Furthermore, in order to delay the progression of muscle frailty, we established a strength
training support system that can help trainee perform the appropriate exercise while

recording the frailty state.

More detailed, firstly, we presents the concept of using musculoskeletal modeling to
estimate muscular states and a detailed three-dimensional model of the upper extremity,
including major muscles make up the elbow flexor and extensor, was built base on public
references and database. Moreover, the exercise of biceps curl to lift a dumbbell was
simulated to provide physiotherapists with good instructions to design the training exercise.
The simulation results reveal that: 1. If you want get a more balanced force-sharing of
muscle force across the elbow joint, please put your palm faces up; 2. The stretching effect
on your BRD muscle is best when you forearm is at neutral position; 3. In order to avoid
excessive concentration of muscle force, you’d better not put your palm faces down. The
calculation results also demonstrate that musculoskeletal modeling is a considerable

method to vividly show the muscular states during the training.

Later, we established a measurement system for muscle function measurement and
evaluation. The design concepts and sensor technology are described in detail. The
measurement system incorporates an motion capture system and a custom-made
Thera-Band. The motion capture system is built based on inertial and visual sensing for
recognizing and recording movements of trainee when doing exercise. The Thera-Band is
used to help subject do resistance training and the resistance force is recorded through a
load cell. In addition, a repetition segmentation and a muscle action segmentation
algorithm are proposed to obtain force segments during different contraction phases and
the performance of the segmentation algorithm was evaluated. Since during different
contraction phase, the role of muscle is different. The force data during different phase can

be utilized to quantify subject’s muscle function. At last, after obtaining the segmented
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force data, indexes for quantifying muscle fatigue and recovery ability, motion control

ability and exercise tolerance were proposed to built a muscle function evaluation system.

Furthermore, based on the segmentation algorithm and indexes proposed in Chapter 3,
we evaluate physical frailty from the perspective of muscle function. An experiments of
multiple subjects was carried out and the muscle motion control ability and exercise
tolerance of their elbow flexor were evaluated. We use the quotient of acceleration and
deceleration time during flexing stage to quantify motion control ability of elbow flexor. A
larger quotient means a longer acceleration phase and a stronger ability of subject to
control his flexor muscle. The coefficient of variation of force data during holding phase
was used to quantify exercise tolerance. A bigger coefficient of variation means a bigger
fluctuation in force, indicating a low ability of subject in keeping the force at a constant

value. By using those indexes, the physical frailty state of subject can be determined.

Finally, we describes the application of our system in the field of muscle rehabilitation.
We designed an support system for assisting subject do bicep curl resistance training. The
training set, period and muscle kinematics parameters were automatically recorded with
this system. The measuring system enables real-time interaction between patient and
increases patient’s engagement in the training process. With the established muscle model
in Chapter 2, training results can be displayed to the patient in real-time so that the patient
can choose the appropriate training dose based on his feeling or the instruction of

physiotherapist.

6.2 Limitations and future work

We lack senior participants in our experiment and we did that with realistic
considerations. In Japan, there are some formalities that are required to obtain an ethical
license to experiment with older people. Moreover, unlike healthy people, the equipment
used by older people needs to be safer and more reliable. There is still some work to be

done to make this instrument simple and convenient to use, especially the measurement
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system. It is a long way to go to make a smart, cheap, friendly and widely accepted training
instrument, especially for the elderly at home. In our research plan, senior participants will
be included, after improving our instrument and obtaining permission from the

rehabilitation center and Medical Ethics Committee.
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