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In Health Japan 21, which is a recent health policy in Japan, one of the main target is to
extend people’s healthy life expectancy. Healthy life expectancy is the average period during
which people can live independently and the sum of healthy and unhealthy life expectancy is the
average life expectancy. 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 early stage and slow its progress through intervention treatment.

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 siage.
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. 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.

In this paper, from the perspective of upper limb function, we established an analytical
muscle model to estimate muscle strength and established a motion capture system to measure
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.

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
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exercise of biceps curl to lift a dumbbell was simulated to verify the effect of each muscle.

In Chapter 3, we talk about the development of muscle function measurement and evaluation
system. The system incorporates an acceleration and 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.
Specifically, when performing the biceps curl exercise, the resistance force is recorded by the load
cell and the motion of the forecarm is measured by the acceleration & gyro sensor. With the
obtained data, a segmentation algorithm is proposed segment the data in to small segments. At last,
based on the preprocessed data, 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 the segmentation algorithm and indexcs proposed in Chapter 3, we
evaluate physical frailty from the perspective of muscle function. An experiment 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.

Chapter 5 describes the application of our system in the field of muscle rehabilitation. With
the improved measurement and evaluation system established in Chapter 3, and using the muscle
strength analysis model related to muscle strength from the amount of exercise proposed in
Chapter 2, we established a support system that can encourage trainee move toward their
established goal while recording the improvement status of the exercise state and strength.

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