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People with muscular dystrophy suffer difficulties in everyday life due to 

reduced arm function. To solve this problem, various dynamic arm support 

(DAS) was developed. However, only a few of them is commercially available 

due to low marketability, and the available DAS has low functionality and 

usability. The main objective of the thesis is developing a compact DAS with 

high performance and transparency that can be fabricated using the entry-level 

3D printer. However, in order to achieve all of these features, several issues 

have to be solved. 

First, a human has complex shoulder structure that makes shoulder joint 

displacement causing large misalignment between arm and orthosis. Secondly, 

the characteristic of the passive elastic actuator is far from the ideal spring. Thus 

actual produced torque is different from the desired torque. Thirdly, there exist 

only a few information about the relationship between the printing build 

parameter and the mechanical property of the fabricated part using the entry-
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level 3D printer. Therefore, the optimum design is hard to be done with the 3D 

printer. 

The main contributions of the dissertation are as following. Developed an 

ergonomic mechanism that enables the human natural movement with a simple 

structure by using the human motion characteristic. Increase assisting 

performance and energy efficiency of the DAS by designing a realistic model 

and proper usage condition of the passive elastic actuator. And construct a 

design guideline for optimal design and fabrication using the entry-level 3D 

printer  

By using all accomplishment of the above research, the SHR orthosis (an 

ergonomic passive DAS) is developed, which enable human natural movement 

and provide the proper assistive force with a simple structure. The performance 

and usability of the developed DAS are assessed by quantitative experiment 

and qualitative clinical trial. The result of the quantitative experiment 

demonstrates that the orthosis can reduce muscle activation level. And the 

clinical trial proves that the developed DAS can increase the motor function of 

the muscular dystrophy patients. Consequently, the SHR orthosis is expected 

to enable the independence of daily life of the muscular dystrophy patients. 

 

Keywords: Dynamic arm support, Orthosis, Weight compensation, Shoulder 

complex, Scapulohumeral rhythm, Clinical validation, 3D printing 
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Chapter 1. Introduction 
 
1.1 Motivation 
 
1.1.1 Assistive Device for People with Upper Limb Dysfunction 

The arm function is one of the most essential functions for people to 

performing daily lives. Most of the activities of daily living (ADL) 

requires a certain level of arm motor ability. However, there exist 

patients who have weakened their motor ability of the upper limb by 

motor impairments such as muscular dystrophy(MD) [1], spinal 

muscular atrophy(SMA) [2], incomplete spinal cord injury(ISCI) [3] or 

the other various causes. Overall, there are approximately 53 types of 

source of the arm weakness [4]. 

Figure 1.1 Upper extremity weakness due to Muscular dystrophy 

Among them, MD is the representative disability that causing motor 

impairment of the arm. The main characteristic of the MD is their motor 

ability decreased by weakening and breakdown of skeletal muscles [5]. The 

loss of muscle starts from proximal muscle and spread to distal muscle 

gradually. According to the American Society of Muscular Association of 
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America, it is reported to be approximately one of the 1,000 people born with 

some kind of MD in every race, race, and region [6, 7]. In the United States, 

the estimated population of MD is roughly 200,000. According to the Korea 

Centers for Disease Control and Prevention, 7.04 per 100,000 people have 

MD [8]. This is a much lower level than the global trend, but prevalence rate 

is rapidly increasing. 

These patients are not completely paralyzed, but they have difficulty on 

arm function due to reduced strength. Therefore, 79.3% of MD patient needs 

the assistance of other people to conducting their daily lives, and 51.5% of 

patients are totally dependent on others [4]. This reduces their quality of life 

(QoL), and the social cost is considerable. Thus, the needs for the 

independence of daily life of the MD patient is very high.  

According to the results of a survey conducted by the actual MD patients 

[9], the most difficult motor function is the gait ability and second difficult 

function is the arm function, such as picking up or lifting some object. A 

wheelchair is solving the discomfort caused by walking disability. However, 

there exist no successful solution that solves the arm function limitation. 

Figure 1.2 Various type of the dyanamic arm support, (a) functional 

splint, (b) Spring loaded orthosis and (c) robotic manipulator 

 



３ 

 

Currently, various type of upper limb assistive orthosis are being 

developed to support the activities of the MD patients. These devices include 

a simple orthotic device that just fixes patient's arm in functional posture and 

a robotic arm that completely replace the arm function (see Fig 1.2) [10, 11]. 

However, the ideal assist device that actual patient need is the device that 

makes them regain their arm function. In response, an assistive device named 

dynamic arm support (DAS) has been developed to enable them to move 

their arm again [12]. The DAS allow them to move their arm by reducing the 

required effort on moving the arm.  

1.1.2 Benefit of the 3D Printing technology on Personalized 

Assistive device 

The most important thing for the assistive devices is that they should be 

designed and constructed individually based on the type of disease and their 

body size. Especially, because the upper extremity shows a variety of 

movements that have wide workspace and high DOF, the upper limb 

assistive device essentially be designed individually. However, the assistive 

device for the MD patient is hard to be commercialized due to a small 

number of the patients, thus only splint is being prescribed. 

The major issue of customized assistive device is its complex procedure 

of the custom manufacturing. Conventional customized fabrication is done 

through following procedure; replication, initial production, assessment, 

modification. These all process is done by manually, and the modification 

cycle can occur several times. Because of this, it takes a lot of time to build, 

and the price is very high and the accessibility to maintenance is very low. 

The 3D printing technology attracts attention as a solution of the 

customized fabrication. Different from traditional machinery manufacturing 
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methods, fabrication using 3D printing technology has the following 

advantages [13]:  

Figure 1.3 The entry-level 3D printer using the Fused-filament 

fabrication method 

- 3D printing is suitable for creating complex geometries that is hard to be 

made by traditional method. Thus, it is suitable for the manufacture the 

orthotic device that should be fit to a curvy body shape. 

- It has high cost-efficiency for small quantity batch production. Thus, it 

is suitable fabrication method for the customized orthotic device that 

inherently premised of small quantities.  

- It has short design-fabrication cycle time. Thus, it can reduce the 

customized fabrication time and cost.  

- The design process is based on CAD that allow easy modification. 

Especially, this method is gaining attention because a lot of low-cost, 

entry-level 3D printer coming out recently. If the 3D printer is spread, a big 

change on the orthotic device market is expected. Therefore, this study also 

aimed to develop a DAS based on the entry-level 3D printing method. 
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1.2 Background 
 
1.2.1 Categorization of Dynamic Arm Support 

The demand for the assistive device supporting the upper extremity 

has existed for a long time, and various type of DAS have been studied 

and developed. To develop a DAS that fulfills the needs of the actual 

patients, an initial study carried out to analyze the pros and cons of the 

conventional DAS. The DAS can be categorized according to its power 

source and connecting method to the body.  

According to the power source, the DAS can be divided into non-

powered orthosis, passive orthosis, and active orthosis [14]. Each 

category has distinct characteristics regarding functionality and 

practicality. 

Figure 1.4 Categorization of the DAS by the power source  
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• Non-powered orthosis  

Non-powered orthosis is a device that produces free movement on a 

horizontal plane by supporting the arm at a certain height. The 

movement on horizontal surfaces is possible with a small force because 

the potential is not varied along the movement. It cannot assist shoulder 

elevation motion although it can just induce small elevation angle 

change according to horizontal movement. Although the non-powered 

orthosis does not have many benefits regarding functionality, it has the 

advantage that the volume of equipment is very small and affordable. 

Thus it is suitable for use in everyday life. 

• Passive orthosis  

The passive orthosis is a device that uses passive energy storage like 

spring and counter-weight. It transfers arm's potential energy to elastic 

energy or another potential energy when lowering the arm and uses this 

as a power source during the elevation. It enables the free movement on 

3D space that presents great progress regarding functionality compared 

with the non-powered orthosis. At the same time, the volume and weight 

of the device are still quite small that can be used in everyday life. 

However, it can use only finite energy; its functionality has obvious 

limitation. 

• Active orthosis  

An active orthosis, so called robotic orthosis, is a device that uses active 

actuators like a motor and hydraulic cylinder. Because it uses external 

power source, it is possible to make any motion freely. However, it is 
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bulky, heavy and expensive, so it is hard to be used for the individual 

device. Therefore, it is usually used as a rehabilitation device in the 

hospital. 

Figure 1.5 Two type of the DAS according to the assisting method, the 

end-effector type (left), the exoskeleton type (right) 

As a result, the passive orthosis is a good option to be used as a device for 

daily use considering the functionality and affordability. Further, the passive 

orthosis can be divided into two types depending on the assisting force type 

and connecting method to the body. One is an end-effector type device, and 

the other is an exoskeleton type device [15]. 

• End-effector type  

The end-effector type orthosis is mounted at the externally from the 

user's body and compensate the arm weight by applying vertical force to 

the ground. Because of this structure characteristic, the end-effector type 

device has its pros and cons.  

The end-effector type device is free from the human kinematics; thus, 

it doesn't need to consider natural redundancy and muscle, joint 

characteristic of the human. This type of device doesn’t need to align the 

joint axis of the orthosis and human; structure of the device can be simple.  
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However, the end-effector type device requires more workspace to 

properly operate and it has possibility to make harmful loading to the 

human joint. Furthermore, it cannot induce accurate movement of each 

joint, thus it can cause joint abnormality at long-term use. 

• Exoskeleton type 

On the other hand, the exoskeleton type orthosis is a device that is 

worn parallel with each segment of the human body and compensate the 

arm weight by the torque at the joint.  

The exoskeleton type device is placed closest to the human body, the 

volume of the device can be smallest and inconspicuous. And the device 

is design to be aligned with the human joint, it has low possibility to 

induce harmful loading to the human joint. However, actual human joint 

has very complex geometry, it is hard to keep perfect alignment of two 

rotation joints and the device require complex mechanism to compensate 

actual human joint movement, thus it is hard to be used simple passive 

orthosis. 

1.2.2 Basic Mechanism of Dynamic Arm Support 

The passive actuation type DAS use basic gravity compensator(BGC) 

mechanism as a basic mechanism to compensate the arm weight [18]. As 

shown in Fig 1.6, BGC is consisted with one linkage that connected to 

ground by a ball joint and a spring that connected between the linkage and 

the other ground point which located on the vertical of the ball joint.   
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Figure 1.6 Schematic diagram of the basic gravity compensator 

The major feature of the BGC is that it can compensate the weight and 

keep the posture completely if the spring has proper stiffness. This 

characteristic is possible by energy exchange between the potential energy 

of the mass and the elastic energy of the spring. If the total energy of the 

system is conserved, the system can always maintain a stable posture. This 

can be expressed by the following formula: 

2 21
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Since the mounting point of the spring is located on the vertical of the ball 

joint, the rotation about the z-axis cannot affect the total energy of the whole 

system. Thus, the total energy has only on control parameter; the elevation 

angle. If complete energy conservation is possible, the change of the 

elevation angle shouldn't make any change in the total energy. It can be 

expressed as follow: 

0( ) s in
P E

a b K M g L 





 


   (1.2) 



１０ 

 

This condition is possible when the spring has a specific value, and 

the value can be derived from equation (1.2). 

K
M g L

a b
     (1.3) 

The BGC structure possible to implemented when there exists a vertical 

axis to the ground, and therefore this structure is often used as a combination 

of parallelogram structure [19]. The parallelogram structure can make a 

vertical axis at the distal end of the structure, regardless of the posture. Thus, 

BGC structure can be serially extended. Because of its simple structure, 

perfect theoretic performance and high expandability, the BGC structure is 

used for various passive actuating DAS.  

Figure 1.7 Examples of the DAS based on the BGC mechanism X-Ar 

(left), TOP-HELP (middle) and RoboMate (Right) [20, 21, 22] 

 

1.2.3 Initial Clinical Trial using Basic Gravity Compensator 

The BGC structure has perfect weight compensation performance 

theoretically. As it used as an assistive device for upper extremity 

assistance, it is expected to enable the MD patient to move their arm with 

their reduced strength. Therefore, to verify its functionality, a DAS that 

based on BGC mechanism is designed and fabricated, and an experiment 

is carried out. Total 5 MD patients are involved in this experiment. 



１１ 

 

Figure 1.8 Initial clinical trial using the BGC type orthosis 

Different from the expectation, most of the patients failed to perform 

proper arm movement while wearing the DAS. And some problems are 

found from this experiment. 

i. It cannot produce proper torque along the elevation angle. 

ii. Movement is very discomfort. The DAS restricted the joint movement.  

iii. Hard to control, the rotation axis is easily distorted.  

The reasons for these problems are assumed as follow: 

1. It has oversimplified human kinematic model 

2. Lack of proper validation for Elastic Actuator  

3. Too redundant design.  

Therefore, we will discuss ways to enhance this problem and to set up 

a research direction to improve it. 
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1.2.4 Important Factors in Usability 
 

Figure 1.9 The survey result of that the reason why 

patient does not use assistive devices 

Based on initial clinical trial and other previous studies [23], 

important factors on designing the DAS are derived: 

1. Low cost  

2. Comfortable = Transparent + Balance whole workspace 

3. Inconspicuous (Aesthetics) = Low volume 

4. Force transmission(Functionality) = Assistive function = Independency 

in performing 

5. Easy to use = Easy to control 

6. Easy don/doff 

7. Easy adjustable(alignment) to the body = Customization 

8. Safe = Not create residual force if misalignment exist 

 
1.3 Challenges on Developing Effective Dynamic Arm 
Support 

From the initial clinical trial, problems on the conventional DAS is 

assessed and get proper feedback from actual MD patients. Based on this 

information, issues and design requirement to improve the functionality 

of the DAS is studied. Ultimately, the ideal DAS should have an 

ergonomic design to minimize discomfort, have a compact and 

inconspicuous structure and easily customizable to enable natural 
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movement of each patient [23]. Therefore, in this section, detail issues 

to satisfy the desired conditions are investigated. 

1.3.1 Improve Design Model 

The BGC structure has simple structure that makes a functional 

limitation of this mechanism. Because this structure is designed based 

on oversimplified model. Therefore, studies to make realistic model 

should be carried out. 

1.3.1.1 Improving Human Shoulder Model 

The conventional BGC structure assumed the human shoulder joint as a 

simple spherical joint [25]. However, actual human shoulder has complex 

structure consist of humeral-shoulder joint and scapulo-thoracic joint so 

called the shoulder complex [26]. The error caused by the model difference 

induce large misalignment between the human arm and the DAS that makes 

considerable discomfort to the patient. And the conventional desired torque 

profile is also based on the oversimplified upper extremity model, a realistic 

desired torque profile should be derived. Therefore, it is necessary to study 

the design of an ergonomic design to implement the nature support model. 

1.3.1.2 Improving Passive Actuator model 

The conventional BGC model designed based on the ideal elastic actuator. 

However characteristic of the actual elastic components is much different 

from the ideal model and cause the assistive torque error between the desired 

torque and the actual torque. Therefore, it is necessary to study about the 

characteristic of the passive component to design realistic model of the 

passive actuator. 
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1.3.2 Maximize Performance with Minimal structure 

The inconspicuous is one of the most important factors of the DAS for 

daily use. To reduce the volume of the DAS, it is important to maximize its 

performance while using simple mechanism. However, it is difficult to 

satisfy both comfortability and functionality that is the most important 

factors on the DAS. 

To increase the comfortability, the rotation axis of the DAS should keep 

fine alignment with the human joint. However, the actual human joint has a 

complex surface geometries that make complex trajectory of the rotation axis. 

And it is difficult to know the exact center of the human joint by the 

observation from the outside of the human body. Usually compensating the 

joint movement of the human body require a complex structure that has the 

conspicuous appearance and low mechanical efficiency. 

Therefore, determining an optimal solution between structure complexity 

and performance is the key challenge of designing the DAS with high 

efficiency. For this purpose, accurate understanding about human motion 

characteristic and required performance of the DAS is necessary. 

1.3.3 Design Fully Controllable Passive Orthosis 

Transparency is the important factor that determining the comfortability 

of the DAS [27]. To maximize transparency, the DAS should allow all 

natural movement of the human arm that need high DOF. Kinematically, the 

high DOF can increase the transparency, but it makes the whole structure 

redundant that cause uncontrollability of the system. It makes the user hard 

to control the device, which reducing the usability of the DAS. 

Therefore, finding an optimal solution that maximizes the workspace of 
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the DAS while keeping the system controllable is the challenging point of 

this part. 

1.3.4 Design and Fabrication using the Entry-level 3D Printer 

To make a compact device, design of the device should be optimized. The 

mechanical property of the 3D printed part is determined by the various 

printing build parameter. For optimal design, it is important to know the 

relationship between the mechanical property and the build parameter. 

However, it is difficult to perform optimal design due to the lack of 

information about the influence of the build parameter. Therefore, the 

influence of representative build parameters on tensile strength and bending 

strength are examined, and the design guideline for making the part using 

the entry-level 3D printer are proposed. 

Additionally, 3D printer has a problem about the limitation of available 

material. Thus, the maximum strength of the 3D printed part is limited. And 

the surface accuracy of a 3D printer is limited making it hard to be used to 

make the moving part. Therefore, a new solution is needed to overcome these 

issues of the current 3D printer. 

1.3.5 Simplify Personalize Design Process 

Customization is the important issue on the assistive device for the 

disabled. And it is more important for an upper limb device like the DAS to 

reduce discomfort due to the misalignment. One of the main objectives of 

developing 3D printing based assistive devices is enabling easy 

customization.  

Ideally, the joint trajectory of each joint for each subject should be 

measured to do perfect customization. However, it is hard to be done because 
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this process is too complex and needs specialized equipment. Therefore, 

customization should be easy to develop true open-source products. For this 

purpose, human motion characteristic should be analyzed to find easy design 

factor of the DAS. 

1.4 Objectives and Contributions 
 
1.4.1 Research Objective 

The main objective of the thesis is developing a compact DAS with high 

performance and transparency that can be fabricated using the entry-level 3D 

printer. The conventional passive DAS have limitation on its effectiveness 

and comfortability because its design is based on oversimplified human 

model and excessive assumptions. Therefore, we conducted a research to 

develop a DAS based on extended human model and passive actuator model 

while maintaining a concept of a minimal simple structure.  

 At the first part of the thesis, the structure and the motion characteristic 

of actual human shoulder was studied to investigate the issues and target of 

the study for the ergonomic passive DAS. At the chapter 2 of the thesis, a 

mechanism based on human motion characteristic to maximize the 

transparency of the DAS with minimal structure is proposed and verify the 

effect of the DAS compared with conventional DAS. At the chapter 3, a 

modified desired assistive torque profile considering actual upper arm 

movement condition during ADL was proposed and tendon routing structure 

and secondary torsional spring was designed to realize the proposed torque 

profile. Moreover, proper usage conditions to maximize efficiency of the 

passive elastic actuator was studied. Chapter 4, quantitative experiment was 

conducted to figure out relationship between build parameter and the 

resultant strength of the low-cost 3D printer and design guideline was 
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proposed. At the end of the thesis, a clinical trial for the actual patient was 

conducted to verify the improvement of the efficacy of the motor ability and 

ADL performing ability when using the developed DAS. 

1.4.2 Contribution 

The main contribution of this thesis is providing novel design for an 

ergonomic dynamic arm support with high usability.   

The main accomplishments of this thesis are:  

ᆞ Developed an ergonomic mechanism that enable the human natural 

movement with a simple structure using the human motion characteristic 

ᆞ Proposed a method to make a redundant passive structure controllable  

ᆞ Proposed a normalized shoulder kinematic model for easy 

customization 

ᆞ Make a realistic model of the passive elastic actuator and propose a 

usage condition to maximize the efficiency 

ᆞ Proposed a compact torsional spring to overcome the inherent limitation 

of the basic gravity compensator mechanism 

ᆞ Construct a design guideline for optimal design of the 3D printed 

product and proposed new method to overcome the limitation of the 

entry-level 3D printer 

ᆞ Verify the performance of the developed DAS by quantitative 

experiment and qualitative clinical trial 
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Chapter 2. Mechanism Design to Improve 

Transparency 

 
2.1 Introduction 

One of the most important factors in designing a DAS for everyday use is 

maximizing the comfortability. The discomfort of the DAS means that the 

undesired force is exerted to users during the movement that is reducing the 

usability of the DAS and hinder the patient from using the DAS in actual life. 

And this undesired force causes unwanted energy loss that reducing the 

efficiency of the device.  

To increase the comfortability of the DAS, it should have high 

transparency. The high transparency mean that the user should not feel any 

force except for assistive force [28]. The force on which the DAS produce 

can be divided into a vertical ingredient and horizontal ingredient according 

to the human upper arm axis. The vertical ingredient force can be regarded 

as an assistive force that helps user movement while the horizontal ingredient 

can be regarded as a residual force that applying undesired force to the user's 

joints. 

The main cause of the residual force is a misalignment between the human 

joint axis and the joint axis of the DAS [27, 28]. Ideally, the rotation axis of 

the DAS should always keep coinciding with the rotation axis of the human 

joint. However, it is hard to keep the perfect alignment of the rotation axes 

for the wearable device. The actual human joint has a complex surface 

geometries that make complex trajectory of the rotation axis [29]. And it is 

difficult to know the exact center of the human joint by the observation from 

the outside of the human body. Furthermore, the misalignment problem 
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becomes even worse because the contact point between the human and DAS 

is not rigid due to the soft tissue of the human body. 

Therefore, in this chapter, studies are conducted to analyze the motion 

characteristic of the human shoulder and developed the mechanism that can 

increase the transparency of the DAS. And the change of the transparency is 

evaluated by measuring the joint alignment and residual force. 

 

2.2 Human Shoulder Complex Model Study 
 
2.2.1 Human Shoulder complex modeling 

 
2.2.1.1 Human Shoulder Complex 

In general, the human shoulder is often considered only Glenohumeral 

(GH) joint that connects the upper arm and trunk. Therefore, most of the 

conventional DAS is designed by considering the human shoulder as a 

simple spherical joint [25, 30, 31]. 

However, observing the movement of the actual human shoulder, it can 

be found that other bones like scapula and clavicle move together with the 

humerus. The whole structure of the actual human shoulder is consisting of 

the humeral-shoulder joint and the scapulo-thoracic joint, and it is called as 

the shoulder complex [26, 32, 33]. For further details, the shoulder complex 

consists of humerus, clavicle, and scapula that is connected by glenohumeral 

joint, acromioclavicular (AC) joint, scapulothoracic (ST) joint and 

sternoclavicular (SC) joint. 
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Figure 2.1 Human shoulder complex 

The reason that the shoulder complex should be considered for designing 

the exoskeleton type orthosis is that if people try to move GH joint while the 

movement of the shoulder complex is restricted, motion becomes extremely 

uncomfortable and excessive force is applied to the GH joint. Or if the DAS 

is designed considering only GH joint, large misalignment occurs due to the 

shoulder complex movement during the shoulder elevation. And this 

misalignment decreases the assisting performance of the DAS and cause a 

residual force to the arm that makes discomfort.  

To verify this problem, an initial test was conducted using simple BGC 

type orthosis. As the shoulder elevation angle increased, the center of the GH 

joint is elevated causing misalignment between the human flexion axis and 

the rotation axis of the orthosis (see Fig 2.2 (a)). This effect cause angle 

difference between the human arm and the orthosis linkage that cause the 

assistive torque is lower than the required gravitational torque as shown in 

Fig 2.2 (b). 
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Figure 2.2 (a) Joint misalignment due to shoulder elevation, (b) Angle 

difference and assistive torque error due to shoulder elevation 

  

Figure 2.3 The shoulder complex movement simulation model 
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The DAS should enable the natural movement of the human shoulder 

complex to maximize the usability and performance. In this section, the 

characteristic of the shoulder complex is studied to get insight for designing 

the DAS with high transparency. 

2.2.1.2 Shoulder Complex Simulation Model 

The shoulder complex simulation model was made to analyze the 

movement pattern of the human shoulder complex according to the upper 

arm movement. There exist many previous anthropometry studies about the 

average human body segment data [34, 35, 36]. The shoulder simulation 

model is design based on the anthropometry human kinematic data and initial 

posture of each joint of the shoulder complex.    

The previous study has been done about the detailed movement of each 

segment of the shoulder complex [37, 38 39]. They attached the pin maker 

directly to the bone and measured the change of each joint angle using a 

motion capture system. To identify the motion characteristic of the human 

shoulder complex, trajectory of each bone and joints are simulated using the 

angle data of the previous study. 

2.2.1.3 CGH Trajectory Simulation 

Fig 2.4 (a), (b) and (c) show the simulation results of the trajectory of the 

GH joint about various elevation plane. The results show that the frontal 

trajectory of the GH joint varies with the elevation plane. However, the 

vertical trajectory of the GH joint on all three condition shows a similar 

pattern that is almost linear to the elevation angle. 

To assess the reliability of the results, the results are compared with the 

GH joint trajectory measured in other previous studies [37, 38 39]. And the 
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results are verified to have a high degree of similarity with other studies. 

Therefore, it can be concluded that this model can be used to predict the 

tendency of the shoulder movement. The most important results of this study 

is the flexion trajectory on the sagittal plane (Fig 2.4 (a)). The frontal 

trajectory of the GH joint is similar with the sine shape, and the vertical 

trajectory is almost linear line according to the elevation angle. 

 

2.2.2 Experimental Validation of Shoulder Model 

 
2.2.2.1 Experiment Design 

To validate the reliability of the shoulder complex simulation model, the 

actual trajectory of the human GH joint is measure and compared with the 

results of the simulation model.  

The movement of the human GH joint is measure by video analysis 

method. Three markers are attached to the GH joint (top, side and back side 

of the GH joint when flexion angle is zero, see Fig 2.5) based on previous 

sturdies [40, 41], and the center of the GH joint is calculated by using these 

three marker data. Two additional markers that attached on fix bar is 

mounted on the chair, and the data of this 2 marker are used to calibrate the 

length scale and orientation of the joint trajectory data. 
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Figure 2.4 Simulation result of the GH joint trajectory, (a) during 

shoulder flexion, (b) during shoulder abduction and (c) during 

scapula plane elevation  

 

Total six subjects are involved, and each subject is seated in the chair and 

raises the arm slowly over 5 seconds. Only flexion motion is examined, and 

measured ROM was the 0° to 120°. The detail information of the subject is 

shown in Table 2.1. 
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Figure 2.5 Experimental setup for GH joint trajectory measurement 

 

TABLE 2.1 Kinematic Data of Subjects 

Subject 

Number 
Height (cm) 

Shoulder 

width (cm) 

Clavicle 

length (cm) 

Sub 1 178.5 38 17.5 

Sub 2 174 37 118 

Sub 3 166 34 15 

Sub 4 174 36 17 

Sub 5 180 38.5 18 

Sub 6 174 37 17 

The normalization method is proposed to find out common characteristic 

from the motion data of the subjects with various body size. According to 

the previous simulation study, the trajectory of the GH joint is most 

influenced by the movement of the clavicle. Therefore, the measured 

trajectory of GH joint is normalized using the clavicle length of each subject. 

2.2.2.2 Result 

Fig 2.6 (left) show the raw trajectory of the GH joint that the starting point 

is assumed as (0,0). The result shows that the GH trajectory is a high 
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difference among individual subject. Fig 2.6 (right) is the normalized 

trajectory of the GH joint. The difference between each subject is much 

reduced than the raw date. 

For more accurate interpretation, frontal motion trajectory, and vertical 

motion trajectory were separately plotted. Fig 2.6 show the vertical motion 

trajectory of each subject. The results indicate that the vertical trajectory has 

relatively smaller individual differences. Especially, the results of 

normalized data at 120° show almost identical value. And the trajectory is 

slightly dent to downward, but it can be assumed as linear at major ROM for 

ADL task (30° to 90°). On the other hand, frontal motion trajectory shows 

high individual differences, and it is hard to find some similarity even after 

the normalization. 

 Figure 2.6 The GH joint trajectory in sagittal plane during shoulder 

flexion 
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Figure 2.7 The GH joint vertical motion trajectory (top) raw trajectory, 

(bottom) normalized trajectory 

  

Figure 2.8 The GH joint horizontal motion trajectory (top) raw 

trajectory, (bottom) normalized trajectory 
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2.2.3 Discussion 

From the previous experiments, motion characteristic of the human 

shoulder complex according to shoulder elevation is assessed. And this 

analysis gives insight for designing the DAS with high transparency.  

Because the vertical movement and horizontal movement have different 

characteristic, motion of the GH joint should be separated. The vertical 

movement of the GH joint has a linear relationship with elevation angle. 

Thus it can be compensated by designing some mechanism that actuated by 

shoulder elevation movement. The horizontal movement of the GH joint 

have a large individual difference; there should exist redundant DOF to 

increase the transparency. 

A mechanism to compensate the vertical movement is shown in section 

2.3 and a mechanism for the horizontal movement is shown in section 2.4. 

 
2.3 Mechanism Design using Human Motion 
Characteristic 
 
2.3.1 Human Motion Characteristic 

The human shoulder complex has high DOF that needs complex 

mechanical structure to be perfectly compensated by the wearable device. 

There exist previous studies that tried to enable the natural movement of the 

human shoulder perfectly (see Fig 2.9) [42~53]. However, these robots are 

too bulky due to the complex structure to be used for everyday life. Therefore, 

it is necessary to reduce some DOF of the DAS considering an essential DOF 

that needs to performing ADL task. 
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Figure 2.9 The previous studies to enable shoulder complex movement 

(a) BONES, (b) AssistOn-SE and (c) ARMIN II 

In this regard, Scapulo-humeral rhythm (SHR) characteristic, the natural 

human motion characteristic, can be used to designing the DAS. During the 

shoulder elevation, humeral elevation angle and scapula upward rotation 

angle have almost constant relationship by 2:1 [54, 55, 56]. For example, 

when the upper arm is elevated 180° the GH joint angle takes 120° and 

scapula rotation angle takes 60° as shown in Fig 2.10. This characteristic 

prevents tissue damage by preventing the loss of the subacromial space and 

increase the efficiency of muscle by enabling efficient length-tension 

condition during the shoulder elevation. This mean that the SHR 

characteristic reduces the effort of lifting the arm.  

In detail, the ratio between the humeral angle and the scapula angle varies 

slightly along the shoulder elevation angle, according to the previous study 

[56] the SHR ratio can be regarded as a constant value for desired ROM 0° 

to 120°. Taking advantage of this characteristic, it is possible to reduce 

required DOF of the DAS by coupling two DOF of the shoulder complex. 
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 Figure 2.10 Schematic diagram of Scapulo-humeral rhythm 

characteristic 

 

2.3.2 Principal Component Analysis of SHR trajectory 

The actual movement of the shoulder is intricate in the 3D space. To 

compensate the GH joint movement with minimal structure, the principal 

axis of the GH movement was analyzed. 

 

 

 

 

 

3D trajectory of the GH joint was measured by using the VICON motion 

capture system (Vicon Motion Systems Ltd, Oxford, UK). The marker set 

for the measurement is shown in Fig 2.11. Because the actual GH joint center 

is hard to measured directly, the least square optimization method is wildly 

used to estimate the GH joint center [46, 81, 82]. The center of the GH joint 

is estimated by using 3 vectors as shown in Fig 2.12. vn
m vector is a known 

vector by the measurement data and the other two vectors are unknown 

 

Figure 2.11 Marker location for the GH joint measurement 
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vector. To reduce the unknown variable, static posture measurement was 

conducted first. Using the equation (2.1), the constant value for the rm was 

determined.  
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After the static section, dynamic posture measurement was conducted. The 

trajectory of the GH joint was measured for the shoulder flexion, shoulder 

abduction and scapula plane elevation motion. The center of the GH joint was 

estimated by using equation (2.2).  
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 Figure 2.12 Coordination systems and vectors for least 

square optimization method  
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In order to utilize the GH trajectory characteristic to designing an orthotic 

device, the results for ground axis do not have much meaning. All results 

should be aligned for arm axis. For this purpose, three elevation planes are 

merged into one elevation plane and the estimated GH trajectories also 

merged into same plane. The result is shown in Fig 2.13.   

  

Figure 2.13 Combined GH center trajectory   

By using the measured GH trajectory, principal component analysis(PCA) 

was conducted to identify the principal motion of the GH joint. The result is 

shown in Fig 2.14. From the arm coordinates, the center of GH joint was made 

in one plane more than 95% and the first principal component is almost 

similar with ground vertical axis. It means that by compensating only vertical 

movement of the GH joint, most of the joint misalignment can be eliminated. 
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Figure 2.14 PCA result of the GH joint trajectory  

 

 

2.3.3 Orthosis Design using SHR Characteristic 

Based on PCA results, vertical displacement of the GH joint should be 

compensated as well as possible to improve transparency. By using the SHR 

characteristic of the human, vertical movement of the GH joint can be 

coupled with the shoulder elevation motion and compensate the vertical 

displacement. For this purpose, lack-and-pinion mechanism is applied to 

couple the shoulder rotation motion and linear vertical movement (see Fig 

2.15). The lack-and-pinion mechanism is structurally simple that can be used 

for compact orthosis device and it can strongly couple the rotation motion 

and linear motion. The vertical displacement can be easily adjustable by 

modifying the radius of the pinion gear. Fig 2.16 show the fabrication result 

of the proposed SHR orthosis. 
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Figure 2.15 The lack-and-pinion mechanism to realize SHR 

characteristic 

Figure 2.16 The developed SHR orthosis 

 

 

 

2.3.4 Experiment Design for Mechanism Validation 

An experiment is designed to assess the effect of the SHR structure on the 

misalignment of the shoulder joint. If the SHR mechanism act well, angle 

difference between the upper arm and the DAS linkage would be reduced 

and residual force between the arm and the cuff would be reduced. Therefore, 

the angle between the arm and the linkage and the interaction force at the 

cuff of the DAS. The experiment was conducted with non-impaired subject 

to exact structure validation. 
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2.3.4.1 Elevation Angle Alignment Test 

To compare the upper arm angle with the DAS linkage angle, the elevation 

angle of each component are measure using IMU sensor. As shown in Fig 

2.17, one IMU sensor is attached on the linkage of the DAS and the other 

sensor is attached on the subjects’ arm. The angle data of both sensors are 

set to 0 at the shoulder elevation 90 at the same time to remove initial 

difference. 

  

Figure 2.17 Experimental setup to validate the effect of SHR 

mechanism 

2.3.4.2 Residual Force Measurement Test 

To measure only residual force occurring at contact point between the 

human arm and the DAS due to the kinematic misalignment, the assistive 

force is removed during the experiment. A loadcell is mounted between the 

arm and the cuff and the data was set to 0 at shoulder elevation angle of 0. 

2.3.5 Results 

 
2.3.5.1 Elevation Angle Alignment Test Result 

Fig 2.18 and Fig 2.19 show the results of the angle alignment 

measurement. The black solid line of each graph indicate the ideal line when 
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there exists no difference between two angle. The result of demonstrate that 

the SHR mechanism enable the better alignment. Without the SHR 

mechanism the angle difference increase according to the shoulder elevation 

angle. This results indicate that the rotation axis of the DAS keeps on line 

with the human shoulder elevation axis. Thus, it means that it is possible to 

exert desired assistive torque to the arm with the SHR mechanism. 

 Figure 2.18 Angle alignment result with SHR mechanism 

 

 Figure 2.19 Angle alignment result without SHR mechanism 

 

 

2.3.5.2 Residual Force Measurement Result 

Fig 2.20 is the plotted result of interaction force along the elevation angle, 

and along the elevation phase. The result demonstrate that the SHR 

mechanism reduce the interaction force to one-third of the without SHR 
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mechanism condition. The result of the without SHR condition show low 

repeatability. This result caused by slip at contact point due to large 

misalignment. 

 Figure 2.20 Residual force according to exist of SHR compensation 

during the shoulder elevation 

 
2.4 Mount Design to Improve Dynamic Alignment 

One of the key parts of the DAS is a mount part that connect the orthosis 

and ground. During the various activity, the center of the GH joint move 

freely in the horizontal plane. To increase transparency of the DAS, the mount 

part should compensate this movement. At the same time, the mount should 

ensure that the rotation axis of the DAS is positioned right position that align 

the human upper arm and the linkage of DAS parallel. 
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2.4.1 Issues on the mount part 

The desired role of the mount part is placing the axis of the DAS at the 

right position that makes minimal interaction force with the human arm 

during the horizontal abduction. For this purpose, the mount should 

compensate the horizontal movement of the GH joint. Thus the structure of 

the mount requires several DOF. 

Figure 2.21 The conventional mount structure 

 Fig 2.21 is some examples of the mount part of conventional passive 

DAS. The most widely used structure for the mount part of the passive DAS 

is a serial linkage structure that has ground joint vertical axes. Because this 

structure requires no additional energy during movement that enables free 

movement with the only small force of the user.  

 Most conventional DAS use only two revolute joints to simplify the 

structure, although it is not enough to compensate the GH trajectory 

completely including active protraction of the shoulder. However, increase 

of the DOF arise controllability issue for passive device [57]. There can exist 

 

Figure 2.22 The basic structure of the mount part 
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several solutions for the same input force when the system has redundancy 

that make the device difficult to control.  

And there exist other issues on keeping joint alignment. The human arm 

is consisting of soft tissue thus there exist additional passive rotational DOF 

by the tissue deformation. Because of this additional DOF, when the user 

tries to horizontal abduction, the distal revolute joint of the mount rotates 

dominantly causing detachment and misalignment of the orthosis part. It is 

because the distal joint has longer mount arm than proximal joint. This 

problem can be solved by applying additional strap at near the armpit. 

However, there exist only a small available space, and this part is the 

sensitive region of the human that cause high discomfort when the strap is 

applied on this part.  

2.4.2 Design optimization to Maximize Transparency 

To solve the joint alignment issue, a new method that making horizontal 

potential field by applying the torsional spring at distal joint of the mount is 

proposed. This method makes the orthosis to keep contact with the human 

arm keeping good alignment between the human arm and the orthosis 

linkage. However, the horizontal potential field require additional energy 

while moving arm horizontally. Higher potential field makes the orthosis 

always keep contact with the arm properly, at the same time, it induces 

discomfort by increasing joint loading force. Thus optimal stiffness of 

torsion and optimal kinematic design is analyzed. 

The objective of determining the optimum stiffness and position of the 

mount is to minimize the undesired interaction force during the movement 

and ensure the contact between the orthosis and the arm. The objective 
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function for proper potential field is to minimize the amount of energy 

exchange during horizontal ab/adduction because it means energy loss by the 

horizontal potential field, as shown in equation (2.3). 
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Constraints for determining an optimum value are the following: 

1. Torque on the joint 1 should always be higher than those of the 

joint 2. It makes the joint 2 rotate dominantly during horizontal 

ab/adduction. 

2. Fradial should be higher than zero to keep contact with the arm. At 

the same time, it should be lower than 20N not to making 

discomfort by the pressure [58]. 

3. The base of the mount is intended to be mounted to a wheelchair. 

In order to be installed near the pillar of the wheelchair available 

xinit and yinit are limited. 

The constraints are can be expressed as followed equations.  
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Figure 2.23 Model for mount optimization 

Using the objective function and the constraints, optimization process was 

conducted. Fig 2.24 show the change of the objective function according to 

the xinit and the yinit. As a result, the energy exchange is minimized when the 

xinit is minimal value and the yinit is maximum value. 

However, the optimal stiffness of the torsional spring is hard to determine 

by the simulation, because the constraints are not enough. Therefore, the 

optimal stiffness is determined experimentally. Fig 2.25 show the results of 

the stiffness design. When the stiffness is not enough, detachment occur that 

causing Fradial=0. With the 6 rubber band as a torsional spring, Fradial always 

keep positive during shoulder horizontal movement. 
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Figure 2.24 Mount design optimization (a) objective function according 

to xinit variation, (b) objective function according to yinit variation 

 

 

 

Figure 2.25 Experiment result to design a torsional spring with proper 

stiffness 

 

2.4.3 Effectiveness Validation 

To validate the effect of the proposed mechanism, an experiment was 

conducted to measure alignment between the human arm and the DAS 
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linkage. The subject performs horizontal ab/adduction both with or without 

the horizontal potential field. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26 Orthosis alignment during shoulder horizontal 

abduction (a) without torsion, (b) with torsion 

The results are shown in Fig 2.26. It shows that if there exist a proper 

torsional force at distal joint of the mount part, the elevation axis of DAS 

keep contact with the human arm thus no angle difference is occurred during 

horizontal movement. However, without torsional force, the DAS is 

detached from the human arm causing large angle difference during the 

horizontal movement. 

And the quantitative experimental was conducted to validate the effect of 

the optimization. To validate the optimal position of the mount, angle 

differentiation and shoulder loading force was measured with various 

condition of the xinit position. The results are shown in Fig 2.27 and Fig 2.28. 

As a results, the angle variation and the shoulder loading is smallest at the 
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optimal position of the mount axis.  

 

Figure 2.27 Change of the ROM of the distal joint according to xinit 

variation 

 

 

Figure 2.28 Change of the interaction force during horizontal adduction 

according to xinit variation 
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Chapter 3. Actuator design to Improve 

Assisting Performance 

 
3.1 Introduction 

The previous experiment demonstrates that it is impossible to generate 

sufficient assistive effect using the BGC mechanism. The cause of this 

problem was the low transparency due to its mechanical structure. However, 

some problems can also be found in the actuation system of the device.  

• Oversimplified passive actuator model makes big difference between the 

desired torque and the actual torque produced by the DAS. Traditional 

BGC mechanism is designed based on the assumption of the ideal spring. 

The ideal spring mean a spring that has zero initial length characteristic 

and perfect linear length-tension relationship. However, the initial length 

of an actual spring cannot be zero and impossible to have perfect linear 

length-tension relationship due to internal friction of the material [60]. 

Also, the routing point cannot be a complete point that doesn't require any 

volume that makes a difference between the theoretical mechanism model 

and actual actuation system [61]. 

• The desired compensation torque profile also derived from the 

oversimplified human shoulder model and movement characteristic that 

causing an error on simulating the actual required assistive torque for real-

life conditions. Therefore, the target torque profile of the DAS should be 

modified by considering the actual using condition of the DAS.  

In addition, to satisfy the needs of the patients, the volume of the passive 

actuator also should be minimized to make the DAS inconspicuous. The 
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essential role of the passive actuator is to store potential energy of the arm 

during shoulder flexion and extension. Thus the passive actuator should have 

the high energy density to be minimized. Therefore, it is necessary to 

consider the material of the passive actuator to maximize the volumetric 

efficiency.  

 In this chapter, a study about the passive actuator was conducted to 

increase performance and efficiency by selecting material, designing 

realistic tension model, modifying desired torque profile and designing 

tendon routing system. 

3.2 Passive Actuator Design 
 
3.2.1 Material selection to Increase Energy-Storing Capacity 

One of the most important factors in designing DAS for everyday life is 

that it should be as compact as possible. For this purpose, the volume of the 

passive actuator also should be minimized. To minimize the volume of the 

actuator, energy density of the elastic material should be high. Fig 3.1 is a 

graph showing the energy density of the various elastic material. The energy 

density can be calculated by dividing total elastic energy to unit volume, as 

an equation (3.1).  
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   (3.1) 

A steel spring, the most typical elastic component, have an energy density 

of 2.63 MJ/m3. This is not high value compared with other elastic material. 

According to [62], material like polyurethane, latex, CFRP, and Polyimide 

have high energy density. Thus these materials can be considered a suitable 

candidate for making volume effective passive actuator.  
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Figure 3.1 The energy density of elastic materials 

Along with the energy density, maximum allowable strain (maximum 

extension ratio) also should be considered to reduce the volume of the 

passive actuator by reducing the initial length of the actuator. For example, 

steel spring can be stretched only 15~20% of the initial length. If the steel 

spring is implemented to BGC structure, considerably long initial length is 

required to cover the length change of the linkage structure.  

Considering all qualification of the passive actuator, latex is the most 

suitable material that is used as the main passive actuator of the DAS. The 

energy density of the latex is 12.5MJ/m3, and maximum allowable extension 

ratio is about 700% [63]. Therefore it can maximize the energy storage 

capacity and reduce the total size of the actuator. However, latex also has 

some issues to consider. Latex has hysteresis characteristic and nonlinear 

length-tension characteristic. Thus it should be verified whether it can be 

used as an energy storage component. 
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3.2.2 Hysteresis Characteristic Analysis 

The role of the passive actuator of DAS is to store potential energy of the 

arm when lowering the arm, and return the energy back to the arm when 

lifting the arm again. Therefore, ideally, it is best to have no energy loss in 

this process. However, there is no material that has perfect elasticity. Thus 

there is a certain amount of loss between the storage and release. This 

characteristic is called hysteresis [64].  

Especially, the rubber series has a high hysteresis characteristic. The 

elastic hysteresis of rubber, the area in the center of a length-tension loop 

mean the energy dissipated due to internal material friction. The rubber 

series has intrinsic viscoelastic characteristic and does not obey Hooke's law 

perfectly. Because of this viscoelastic friction, more force is needed to 

stretch the rubber band and this excess energy being dissipated as heat during 

unloading. Therefore, to make an efficient passive actuator, it is important to 

identify the factors that affect the hysteresis of the latex to minimize the 

energy loss. 

  

Figure 3.2 The example of the hysteresis characteristic of elastic 

actuator 
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3.2.2.1 Experiment Setup 

The hysteresis test of latex material was performed by measuring the actual 

force through a tensile testing machine. The bottom part of the latex actuator 

is rigidly fixed to the steel bar, and the upper part is connected to the loadcell 

via wire.  

 

Figure 3.3 The experiment setup for measuring 

hysteresis of latex actuator 

In the case of a new latex band, it has relaxation characteristic that the 

tension of the band decrease as it stretched thus it should be saturated by 

repeating the maximum stretching and releasing. To saturate the latex band, 

it is maximally stretched using the tensile test machine and readjust initial 

length before the next extension. The test results showed that after about six 

sessions of the maximum extension, the relaxation effect is almost removed 

(see Fig 3.4). 

3.2.2.2 Latex Hysteresis Analysis 

□ Experiment design  

To analyze the hysteresis characteristic of the latex, it is important to figure 

out which factors can affect to its characteristic. According to previous  
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Studies [65], the hysteresis characteristic of latex is heavily influenced by 

operating frequency and maximum extension ratio.  Therefore, experiments 

to analyze the influence of the operating frequency and maximum extension 

ratio are designed and performed.  

• To evaluate the effect of operating frequency, the experiment was carried 

out by changing the loading and unloading speed by 10mm/min, 

20mm/min, 50mm/min and 100mm/min.  

• To evaluate the effect of maximum extension ratio, the experiment was 

carried out by changing the extension ratio by 100%, 200%, 300% and 

400% of the initial length. 

□ Discussion 

The experiment result about the loading/unloading speed didn't have a 

 Figure 3.4 The relaxation characteristic of the latex 
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significant impact on the hysteresis characteristic. The reason for this result 

is assumed that all experiment conditions are belong to a low frequency 

region. Because patients don’t require a rapid movement. Thus the operating 

frequency is not an important factor for this study. 

Different from the operating frequency, the maximum extension ratio 

greatly influences on the hysteresis characteristic of the latex. The hysteresis 

is quite small for under 200% extension ratio condition. However hysteresis 

is rapidly increased when maximum extension becomes higher than 300%. 

As a result, it is possible to get the design guideline for the efficient 

passive actuator that the maximum extension ratio should be lower than 

200%. 

 Figure 3.5 Hysteresis characteristic according to extension speed 
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 Figure 3.6 Hysteresis characteristic according to maximum extension 

ratio 

 

3.2.3 Actual tension modeling 

One of the biggest problems with using latex as the passive actuator is that 

it has nonlinear length-tension relationship. This is a common characteristic 

of rubber like materials which make a big difference between ideal elastic 

actuator model and actual elastic actuator. To design accurate assist torque, 

reliable length-tension model is needed. Therefore, exact length-tension 

relation is measured, and fine fitting model is developed to simulate the 

passive latex actuator.  

Experiment condition of the latex actuator is determined by maximum 

extension length of 120mm that is needed for the developed DAS. And this 

length should be the 200% length of the initial length, thus initial length is 

designed as 60mm.  
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The initial cross sectional area is calculated by the equation (3.2). 
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The required force was determined by assuming that the maximum 

operating condition of the arm weight (5kg) and applying this condition to 

equation (3.2), accordingly 480N is used for calculation. The value of the 

young's modulus is used as 0.5 N/mm2 (or Mpa) that is obtained during the 

hysteresis experiment. From the equation (3.2), the necessary cross-section 

area was calculated for 499.2 mm2. There is a limitation of available latex 

band product, the cross-section area can be controlled by discrete manner. 

Thus, the nearest value that can be made is 509 mm2. Thus this value is used 

for the tension modeling. 

Fig 3.7 is a tensile test result under the experiment conditions. Actual 

length-tension graph has two line due to the hysteresis characteristic. Among 

this two-line lower line is used as modeling target because is tension make 

actual assistive torque during the arm elevation.  

The actual tension model is made by line fitting method, and the result is 

shown below: 
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 (3.3)  

The resultant fitting equation has a slight error at 150% extension region. 

However this model matches well for an overall range of extension with 

negligible error. 
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Figure 3.7 Actual tension of latex actuator and the fitting model for the 

latex actuator 

 
 
3.3 Tendon routing analysis 
 
3.3.1 Desired Torque Profile Study 

One of the biggest problems shown in the previous experiment using the 

BGC mechanism is that the assistive performance is significantly insufficient 

than expectation. The expected main cause of this result is a simple sine 

shape desired torque profile [66]. Most of the existing DAS including BGC 

were used this simple sine shape desired torque that is derived from the 

oversimplified human model. The conventional model ignored the shoulder 

complex structure and assumed human arm as a simple rigid bar disregarding 

the movement of the forearm. When the forearm is flexed, the moment arm 

from the shoulder GH joint is varied by changing the gravitational torque 

acting on the GH joint. The Fig 3.8 show the required torque region 
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considering the forearm motion. When considering the movement of the 

forearm, the required torque profile become some area, not just a single line. 

Therefore, if the DAS is designed by using the simple sine profile, the 

difference between the required torque and the exerted torque from the DAS 

occur due to the forearm movement that causing instability of the arm, 

difficulty on controlling the device and decrease of the usability. However, 

in the case of the passive DAS, it can only make predetermined solid line 

torque profile along the shoulder elevation angle. Therefore, it is important 

to design a proper desired torque profile that can maximize the usability and 

performance of the DAS. 

To determine the proper torque profile, characteristic of the human motor 

capacity is investigated. Usually, it is known that the power capability of the 

shoulder extensor muscle group is much higher than that of the flexor muscle 

group producing a higher torque on the shoulder joint. It is because that the 

shoulder flexion motion is mostly carried by only muscles that exist around 

the shoulder, while the shoulder extension motion is carried out by both 

shoulder muscles and large muscles that located on the torso. 

In the case of MD patients, this characteristic can be changed due to the 

weakness of the muscle. However, according to the previous studies, the MD 

patients also have 150% higher motor capacity on extensor muscles than 

flexor muscles [67, 68]. To verify this characteristic, the flexion and 

extension force at 0° of the shoulder elevation posture for the 6 MD patients 

was measured by using a hand-held dynamometer. The result demonstrates 

that the extension force is averagely 77% higher than the flexion force. The 

measurement results are shown in Table 3.1. 
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Figure 3.8 Actual required torque considering forearm 

movement  

 

TABLE 3.1 Shoulder Strength of Muscular Dystrophy Patients  

Subject Flexion Extension 

MD 1 10 N 20 N 

MD 2 15 N 20 N 

MD 3 10 N 14 N 

MD 4 12 N 8 N 

MD 5 17 N 25 N 

MD 6 8 N 30 N 

Based on these results, a new desired torque profile is proposed. The new 

desired torque line is set to a lightly lower line of the upper line of the desired 

torque area. This line is intended that the flexor power is are only used to 

compensate the energy loss of the system and the extensor power is used to 

control the shoulder posture. To realize this idea, tendon routing structure 

and torque spring is designed. 
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Figure 3.9 Desired torque profile for SHR orthosis 

 

3.3.2 SHR Orthosis Actuation Design 

In this study, the new SHR mechanism was proposed to enable the natural 

movement of the shoulder. This SHR mechanism not only increases systemic 

freedom but it also increases the total required energy to lift the arm, because 

the SHR movement makes elevation of the arm that requires more potential 

energy. Therefore, the passive actuator should be able to produce additional 

energy for the shoulder elevation. However, this shoulder elevation 

characteristic doesn't affect to the required torque on GH joint, so it should 

be considered separately from the gravitational torque of the arm.  

The conventional energy equation of the BGC is shown in equation (1.1). 

Considering SHR mechanism, new term new term about the shoulder 

elevation is added to equation (3.4), and the result is shown below: 
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From the equation (3.5), it is possible to conclude that the stiffness or the 

extension length should be modified to keep the energy conservation of the 

total system. However, the extension length hard to modified because it is 

highly associated with basic mechanism and moment arm of the actuation 

system. 

 

 Figure 3.10 Required potential energy considering the elevation of 

GH joint axis 
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In order to determine the optimum solution, the required potential energy 

along the elevation angle is calculated. The result is shown in Fig 3.10. The 

top of the Fig 3.10 is the required energy for each term, and the bottom of 

the Fig 3.10 is the ratio of energy required for shoulder elevation in total 

energy. Fortunately, the result indicates that ratio of the required additional 

energy is 18~20% that almost constant in the most important shoulder ROM. 

This means that the energy conservation easily satisfied by modifying the 

stiffness of the actuator. And the stiffness can be easily modified by changing 

the cross-sectional area of the passive actuator. 

 

3.3.3 Tendon Routing Design 

In this part, a study is carried out to design proper tendon routing 

mechanism that converts the tension of the passive actuator to the torque on 

the GH joint. 

Different from basic BGC structure, tendon routing path is an important 

issue for the DAS with SHR mechanism. The extension length of the actuator 

of the basic BGC structure is only determined by elevation angle. However, 

the extension length of the SHR orthosis is affected by tendon routing path 

due to an elevation of the GH joint axis. The variation of the extension length 

is determined by two mount positions of the passive actuator and the routing 

path of the actuating wire. 

Three types of models can be considered as follows: The first and second 

are the structure to keep the both length a and b, and the third model is the 

structure that keeps length b only. 
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Figure 3.11 Various tendon routing model for SHR orthosis 

Following equations are the extension length according to the design 

parameter of each model: 

2 2

2 2

2 2

0 0

2 2

( ) 2 c o s

( ) 2 c o s

( ) ( )

( ) ( ) 2 ( ) c o s

B G C

L o w e r

U p p e r

F ix e d

l a b a b

l r a b a b

l h r c

l a r b a r b

 

  

 

   

   

    

   

      

  (3.6) 

  

Figure 3.12 Extension length of the various tendon routing model 

according to shoulder flexion angle 
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Compared to the basic BGC structure, the variation of the extension length 

is reduced for the lower routing model and the upper routing model and the 

fixed routing design show the change of the extension pattern. Because each 

tendon routing model has different maximum variation of the extension 

length of the actuator, thus the required cross-sectional area is also different. 

Using a simulation, proper desired cross-sectional areas are calculated for 

each system (Fig 3.13). The required cross-sectional area of the modified 

BGC model is 118%, the lower routing model is 160%, the upper routing 

model is 130%, and the fixed routing model is 95% compared with the initial 

BGC model. The upper routing model shows the best result on the energy 

conservation performance, and the fixed routing model require the smallest 

cross-sectional area.  

 

 Figure 3.13 Energy conservation simulation result for each routing 

model 
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After then, the resultant torque generated at GH joint under the determined 

condition is calculated by using the equation (3.6) based on Fig 3.14. The 

result is shown in Fig 3.15.   

  

Figure 3.14 Tension-torque conversion model 
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Another issue can be found form the resultant torque graph. The lower 

routing model and the upper routing model require larger actuator to store 

sufficient potential energy due to the reduction of the maximum change of 

the extension length. And the torque peak points of the two model occur at a 

higher angle than the reference model (the basic BGC model). On the other 

hand, the fixed routing model show almost same maximum torque and the 

peak torque is appeared at a lower angle than the reference model.  

The peak size can be modified by optimizing the moment arms for each 

model, however, the change of the peak point is considered to select a final 

tendon routing system. Considering the desired torque profile of the Chapter 
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3.3.1, the fixed routing model have high potential to cover a wide area of the 

desired torque profile region as shown in Fig 3.16. As a result, the fixed 

routing model is selected as a final tendon routing system.  

 Figure 3.15 Resultant assistive torque simulation result for each routing 

model 

 Figure 3.16 Resultant torque of SHR orthosis compared with the 

desired torque profile 
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3.3.4 Tendon Routing Validation 

 
3.3.4.1 Torque Measurement Experiment Design 

Using the result of the previous part, an actual DAS is produced, and the 

angle-torque relationship is a measure to verify the design. The elevation 

angle is measure using IMU sensor. IMU sensor is attached at the upper arm 

linkage part of the DAS. Two IMU sensors are used to measure the elevation 

angle to calibrate the error. A loadcell is used to measure to a torque of the 

DAS. Because the direct torque is hard to measure due to the DAS structure, 

the torque is estimated by measuring the vertical force exerted at the cuff 

axis. 

The experiment is performed for the ROM range 30° to 140°. The lowest 

angle is selected to 30°, because the developed DAS mounted on a chair and 

used at sited posture. In this case, the elevation angle lower than 30° is not 

needed for most of the case. During the experiment, the mount is firmly fixed 

to prevent another source of noise.  

3.3.4.2 Actual Torque Measurement 

The measurement result shows that the overall trend of the actual torque 

is almost identical to the theoretical value. However, the peak torque occurs 

at a lower angle than the design value, and the torque of the high elevation 

angle region is lower than the expected value. 

The three issues are assumed as causes of the error between the expected 

value and experiment result. 
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Figure 3.17 Actual torque measurement result of the SHR orthosis with 

fixed routing structure 

Figure 3.18 Detail tendon routing model of the SHR orthosis with 

fixed routing structure 

The first reason is the use of the bearing component and the position of 

the bearing. Different from ideal model, the center of the bearing is offset 

from the ideal center line of the upper arm linkage to accommodate all 

components in a limited space. In addition, ideal routing point should be 

ideal point component that has zero radii, however, it is impossible at the 

actual case and bearing with 5mm radius is used for make routing point. The 

total vertical offset is 12mm and horizontal distance from the rotation axis to 
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routing point are 145mm. As a result 4.73° error occur because of the wire 

routing design. The second cause of the error is assumed that the tube shape 

latex band. When the tube shape latex band is stretched, shrinkage in the 

width direction is occurring that make a difference between the extension 

model and the actual extension length. The final reason is the structure 

distortion due to the high tension. The tension of the passive actuator is 

considerably high at the lower elevation angle region that causes high stress 

to the structure and makes it distorted. This distortion increases the friction 

that causes increase of the torque at low elevation angle region and lowering 

peak torque point.  

 
3.4 Torsional spring for lower elevation angle support 
 
3.4.1 Torsional spring using carbon fiber rod 

From the desired torque profile (Fig 3.16), it is possible to verify that a 

relatively high torque is required at low elevation angle. However, the DAS 

mechanism, which is based on the BGC mechanism, has the inherent 

characteristics that produced torque converged to zero when the elevation 

angle converged to zero degrees. Therefore, it is impossible to produce 

enough torque at a low angle. The difference between the maximum required 

torque and the designed assistive torque is gradually increased as the 

elevation angle decreased. 

To solve this problem, a new approach that is applying direct torque on 

the GH joint is proposed. This method is possible to produce almost identical 

torque path to the target torque profile as shown in Fig 3.19. 
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Figure 3.19 Desired torque profile with secondary torsional spring 

 

There are many methods to make direct torque on the GH joint, however, 

a conventional torque spring require large space to be implemented. 

To minimize the volume of the torque spring, a leaf spring structure made 

by using carbon rod is proposed. Although maximum allowable strain is 

small, it has high energy density and low hysteresis, so it is a suitable 

material to be used as a spring. Basically, it has high Young's modulus (134 

Gpa), it is possible to produce sufficient torque with compact size. 

3.4.2 Leaf spring design using Pseudo-Rigid-Body-Model 

To design a leaf spring using carbon rod require analysis of cantilever 

beam under large deflection. However, conventional cantilever beams 

analysis model based on Euler-Bernoulli theory only valid for a static beam 

with infinitesimal strain and small rotation [68]. This model causes large 
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error when it is used to analyze large deflection of the beam. 
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To solve this limitation of the conventional Euler-Bernoulli theory, the 

large rotation Euler-Bernoulli theory is developed [69]. The large rotation 

Euler-Bernoulli theory adopts von Kaman strain theory to overcome the 

limitation. The governing equation of large rotation Euler-Bernoulli theory 

is shown below: 
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This model can predict bending trajectory and produced a torque of the 

beam under large deflection condition. However, this model is hard to be 

used to customized design purpose because it requires a large amount of 

calculation. For this reason, PRBM method has been developed to provides 

a simplified but accurate method of analyzing the deflection of flexible 

beams and provides the designer a means of visualizing the deflection [70]. 

The PRBM convert a compliant beam into simple equivalent 1-dof linkage 

system reducing the amount of calculation significantly. 

3.4.3 Experiment Setup 

Fig 3.21 show the testbed to validate the PRBM. The testbed is designed 

as 1-DoF planar linkage structure mimicking the PRBM model. The testbed 

is consisting of a base-mount part and an end-tip-mount part.  
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 Figure 3.20 Pseudo-Rigid-Body-Model 

At the joint of the testbed, a hall sensor is embedded to measure to PRBM 

angle. The base-mount part is fixed to the ground, and the carbon rod is 

mounted to this part. The attachment point of the carbon rod can be adjusted 

along the base-mount part to match the axis of the testbed to the 

characteristic pivot of the PRBM. A loadcell is mounted on the end-tip-

mount part to measure reaction force of the carbon rod, and the position of 

the loadcell can be adjusted along the end-tip-mount part to control the 

characteristic radius. The contact point between the loadcell and the carbon 

rod is designed by using a bearing to minimize the resistance force. 

 Figure 3.21 PRBM experiment setup 

 

3.4.4 Design and Experiment 

The experiment is primarily aimed at verifying the reliability of PRBM 

simulator, and then the simulator is used to design the proper leaf spring that 
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has sufficient ROM and torsional stiffness. For this purpose, the experiment 

was conducted to measure the stiffness and maximum ROM of the carbon 

rod leaf spring and the results are compared with the simulation result for 

each specimen. 

 Case 1.  3phi circular rod 

 Figure 3.22 PRBM simulation result (left) and experiment result (right) 

of 3phi circular carbon rod 

Left of the Fig 3.22 is the simulation result for the 3phi circular carbon 

rod, and right of the Fig 3.22 is an actual experiment result for the same 

condition. From the simulation, the rod is predicted to break at 30° and the 

actual experiment shows almost similar result with the simulation. There 

exists non-linear region at the start of the experiment graph; it is assumed 

that caused by the production error. Considering the effect of the production 

error, actual breakage occurs at a slightly lower angle than 30° and stiffness 

of the rod is almost same with the simulation. 

Although the simulation and the experiment showed a great match, 3phi 

circular rod is not suitable to be used because of the small ROM and too high 

stiffness. 
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 Case 2.   2mm x 2mm square rod 

Using the simulation, 2mm square rod is expected to have proper stiffness 

for our purpose. Left of the Fig 3.23 is the simulation result for the 2mm 

square carbon rod, and right of the Fig 3.23 is an actual experiment result for 

the same condition. This result also showed a good match with simulation 

and the experiment.  

 Figure 3.23 PRBM simulation result (left) and experiment result (right) 

of 2mm square carbon rod 

The design objective of the leaf spring is 60° ROM and 2.1 Nm at 60° that 

mean the desired torsional stiffness of about 2 Nm/rad. The result of the 2mm 

square rod indicates that it has the desired torsional stiffness 2 Nm/rad. 

However, the ROM of the rod is much smaller than our objective. 

 Case 3.   4mm x 1mm flat carbon rod 4 layer 

Based on the previous test result, it seems that it is hard to achieve a proper 

result that satisfying both ROM and stiffness by using the single rod of the 

commercially available carbon rod. To solve these problems, we tried to use 

several layers of flat carbon rod.  

The experiment is conducted by using 4 layers of the 4mm x 1mm flat 
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carbon rod, simulating 4mm square rod. In order to equalize the curvature of 

each rod, 4 clip parts are mounted along the carbon rod (as shown in Fig 

3.24). Right of the Fig 3.24 is the simulation result of this condition and left 

of the Fig 3.24 is an actual experiment result for the same condition. The 

simulation result indicates that this condition can realize both the design 

objective. The expected stress at 60° is 1.4Gpa that is the 74% of the flexural 

stress of the carbon. Thus it has sufficient safety. And the actual experiment 

result shows similar results with the simulation. The actual torque value is 

slightly less than modeling, which is expected to occur due to friction 

between each layer. 

 Figure 3.24 PRBM simulation result (right) and experiment result (left) 

of 4 layers stacked rod of 4mm x 1mm flat carbon rod  

 

3.4.5 Fabrication and Validation 

After the individual test of the leaf spring, it is applied to the DAS and 

assessed resultant torque according to the elevation angle. The experiment 

method is the same as the experiment at section 3.3.3. 

The torsion spring is applied in two different ways. One is designed to 

work between 30° and 90°, and the other is designed to work between 0° and 

60°. Outside of the predetermined operating ROM, the upper arm linkage, 
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and the carbon rod is designed to fall apart. 

The experiment results showed that the torsion spring produced a torque 

offset at the designed operating ROM. This result demonstrates that the 

proposed torsion spring can modify the torque profile properly. And it makes 

the DAS produce sufficient assistive torque at the low elevation angle region. 

 Figure 3.25 SHR orthosis with the secondary torsional 

spring 

 

 Figure 3.26 Actual torque measurement result of the SHR orthosis with 

or without the secondary torsional spring of two configurations 
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Chapter 4. Fabrication using the Entry-level 

3D Printer 

 
4.1 Introduction 

One of the important factors that actual patients concern is the 

inconspicuous design of the DAS. To meet this requirement, structure of the 

DAS should be compact as possible. At the same time, a wearable assistive 

device should have sufficient strength to prevent breakage and minimize the 

risk of injury. Therefore, optimal strength design is needed to make sufficient 

strength while minimizing the volume of the device.  

The mechanical property of the 3D printed part can be varied according to 

the printing build parameter [71, 72, 73]. For optimal design, it is important 

to know the relationship between the mechanical property and the build 

parameter. However, it is difficult to perform optimal design due to the lack 

of information about the influence of the build parameter. Therefore, the 

influence of representative build parameters on tensile strength and bending 

strength are examined, and the design guideline for making the part using 

the entry-level 3D printer are proposed. 

The other issue is that the available materials for the entry-level 3D printer 

are limited, so the strength limitation exists. If the part is designed to have 

sufficient strength for high load, the size of the part become huge and hard 

to be used for an everyday life device. Additionally, current 3D printer has 

limited surface accuracy. Thus it is hard to be used to make the moving part. 

Therefore, a component embedding method is proposed to overcome this 

limitation of the current 3D printer. 
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4.2 Mechanical Property Test of 3D Printed Product 
 
4.2.1 Considerations on 3D Printing Build Parameter 

The most common materials used for the entry-level 3D printer are the 

ABS and PLA. Among them, the PLA is known as most safe materials for 

human body and have fewer issues on the fabrication than the ABS; the PLA 

is selected as the suitable material for designing an open source product.  

The entry-level 3D printer use fused-filament fabrication(FFF) method 

and there are many printing build parameters on FFF method that can affect 

the mechanical property of the printed part. The four printing build 

parameters that expected to have a strong impact on mechanical property is 

selected based on the previous experience and results of the previous study 

[71, 72]. The selected parameters are listed below: 

ᆞ Infill density: Parts produced with 3D printing can be made with a set 

density without having to have a solid internal structure.  

ᆞ It is expected that the strength of the part is changed if the infill density 

changed. Thus it is possible to make the parts that have optimal 

mechanical strength and weight. For optimal design, the influence of the 

infill density on the maximum strength is assessed.  

ᆞ Layer height: If the layer height of the part is reduced, surface accuracy 

of the part is increased while the fabrication time is also increased 

proportionally to the height. Therefore, the layer height is set to the 

highest value that can minimize the fabrication time under required 

precision. However, the layer height can also affect the strength of the 

part. Thus the influence of the layer height on the maximum strength is 

assessed.  
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ᆞ A number of shell: The FFF printing process print the closed loop outline 

(called shell) first and fill the interior using predetermined raster angle. 

The influence of the shell ratio on tensile strength and bending stress is 

examined. 

ᆞ Overlap ratio:  For the FFF printing method, the air gap can be made 

between adjoining filaments because the filament has circular cross-

sectional shape. In order to remove the air gap, the new line can be printed 

slightly overlapped with previous line and the overlap ratio can be 

controlled. Positive overlap ratio can increase density and strength of the 

part; however excessive overlap ratio can increase fabrication time and 

internal stress that cause a curling problem. Therefore, the influence of 

the overlap ratio is assessed to determined optimum ratio. 

To identify the influence of these build parameters, tensile test and 

bending test was carried out to measure the maximum strength for both tests 

by changing each build parameter separately. 

 

4.2.2 Tensile test 

 
4.2.2.1 Tensile Test Theory 

The tensile test was performed to measure the ultimate tensile strength 

(UTS) of the 3D printed part. The resultant stress generated from the tensile 

test is following the equation (4.1):  

n

ten s ile

s

F

A
   (4.1) 

The UTS is the maximum stress that the part can withstand, equivalent to 
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dividing the force exerted at the moment of breaking into a cross section area 

of the specimen. 

4.2.2.2 Experimental Design 

Before the tensile test, the design of the specimen should be carried out. 

Generally, the tensile test specimen is designed as a cylindrical shape with a 

slender middle section or dogbone like shape is used as a flat specimen.  

However, the cylindrical specimen is not suitable for fabricated by using 

3D printer because of low surface accuracy. And the dogbone shape is also 

not suitable because of the stress concentration [41]. Therefore, the shape of 

the specimen was determined as a simple rectangular shape. The dimension 

of the specimen was determined by applying ideal UTS value to the equation 

(4.1). The ideal UTS value was determined as 50Mpa based on [74, 75]. The 

dimension of the specimen was designed to 2mm thickness and 10mm width. 

The length of the specimen designed as 150mm to mount to the tensile test 

machine.  

The experiment conditions are designed by changing 4 printing build 

parameters (infill density, layer height, the number of shell and overlap ratio). 

The basic conditions of the tensile test were determined by 100% infill 

density, 0.2mm layer height, 4 shell layer and 15% overlap ratio. Based on 

the basic experimental condition, three values were fixed by the control 

variable and one value was adjusted as a test variable and measured with the 

variation of the UTS. For infill density and layer height, the test carried out 

on all possible combination with build parameter condition to assess the 

correlation between the two parameters.  
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 Detailed experiment conditions are shown in Table IV.1. For each 

condition, three specimens have been fabricated and tested to measure the 

average and the normal distribution of the UTS. 

 

Figure 4.1 Tensile test experiment setup 

 

TABLE 4.1 Experiment Conditions for Mechanical Property Test 

LayerHeight 

Infill Density 
0.1mm 0.2mm 0.3mm 

70% 70% * 0.1mm 70% * 0.2mm 70% * 0.3mm 

80% 80% * 0.1mm 80% * 0.2mm 80% * 0.3mm 

90% 90% * 0.1mm 90% * 0.2mm 90% * 0.3mm 

100% 100% * 0.1mm 100% * 0.2mm 100% * 0.3mm 

  

Shell ratio 1 4 8 

Overlap ratio 0% 15% 30% 

 

 

4.2.2.3 Tensile Test Result 

The tensile test results for each condition are shown in Fig 4.2. 
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Figure 4.2 Tensile test results 

 

4.2.3 Bending Test 

 
4.2.3.1 Bending Test Theory 

Bending test (or flexural test) is designed to measure the maximum 

flexural strength of the 3D printed part. In general, the bending test used two 

methods; 3-point bending test and 4-point bending test. The 3-point bending 

method is relatively easy to use. However, accuracy is comparatively lower 

than the 4-point bending method. Therefore, the 4-point bending method was 

used to measure the flexural property of the specimen. 

The dominant equation of the 4-point flexural test can be derived from the 

Euler-Bernoulli beam bending theory, and detail equation are shown below: 
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  (4.2) 
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The specifications of the 4-point flexural test bed are L=60mm and 

Li=20mm. 

4.2.3.2 Experimental Design 

The specimen for the bending test also designed as a rectangular shape 

like the tensile test. Since the maximum value of the flexural strength is 

different with the tensile strength, the dimension of the specimen has been 

redesigned. The ideal flexural strength of the PLA material is 80Mpa [Ref], 

and the detail dimension of the specimen was determined by applying the 

ideal flexural strength to the equation (4.2). The determined dimension of 

the specimen is 4mm x 15mm x 150mm (thickness, width, and length for 

each value). 

The combination of the 3D printing build parameter, determined as 

experimental conditions, are same with the tensile test case.  

 

Figure 4.3 Bending test experiment setup 

 

4.2.3.3 Bending Test Result 

The flexural test results are shown in Fig 4.4. 
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Figure 4.4 Bending test results 

 

4.2.4 Design Guideline for 3D Printing Fabrication 

 
4.2.4.1 Discussion of the Property Test Results 

The results showed that the increase of the infill density increase both 

tensile and flexural strength and the tendency is almost linear with a change 

of the build parameter. This is considered because the effective cross-

sectional area increases when the infill density increases that make the 

reduction of the maximum stress of the specimen. 

For the layer height case, the increase of the layer height induces the 

increase of the tensile strength and decrease of the bending strength. The 

increase of the layer height requires a larger diameter of the fiber, and it 

increases the air gap between the fiber. As a result, effective cross-section 

area is reduced and cause the decreasing of the tensile strength. During the 
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bending test, the maximum flexural stress is occurred at the top layer of the 

specimen, and the breakage occurs when the fiber of the top layer is snapped. 

As the layer height increases, the diameter of the fiber increases, increasing 

the strength of the fiber itself. Due to these causes, the flexural strength is 

expected to increase. 

In the case of the number of the shell, both tensile and bending strength is 

increased as the number of shells increased. The reason for this results is 

assumed that not because of the reduction of the maximum stress but the 

reduction of the effective strain. The increase in the number of shells 

increases the ratio of fiber that aligned to the parallel direction of the load 

that minimized the effective strain of the fiber. Thus, the same effect occurs 

as the strength has increased. 

In the case of the overlap ratio, tensile strength is increased if the overlap 

ratio has positive value compared with 0% overlap ratio case. And the tensile 

strength didn't increase even further although the overlap ratio is increased. 

The reasons for this result is assumed that the positive overlap ratio increases 

specimen density by removing the air gap between the filament. And 15% 

overlap is sufficient to remove all air gap. Thus a further increase of the 

overlap ratio doesn't make further increase of the tensile strength. Unlike to 

the tensile test, the overlap ratio doesn't affect the bending strength because 

it doesn't change the fiber size. 

4.2.4.2 Design Guideline 

Through the previous experiment, the impact of the printing build 

parameter on the part strength is assessed. However, the important things in 

manufacturing using the 3D printing is not only the strength of the part. 
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Fabrication time and surface accuracy for appearance are also critical issues, 

and it is also important to reduce problems such as curling or separating, 

which can easily occur in actual printing processes. This research aims to 

develop the open source product, a design guideline for easy design and 

fabrication is also derived from the experiment result.  

1. The mechanical property of the 3D printed part is anisotropic; it is 

strong against the force acting in the direction of the x and y axis 

(parallel direction to the printing plane), but weak for the force acting 

in the direction of the z axis (layer direction). On the z axis of the part, 

there exist no rigid fiber, and each layer is combined by only adhesion 

force between the filaments. Thus, the strength and durability of the 

part are significantly different depending on the stacking direction. 

Therefore, the orientation of printing should be established by 

considering the direction of the forces that will be exerted on the part. 

2. The most important consideration for the design process is filament 

fiber axis should be aligned to the parallel direction to the tensile load 

exerted to the part. For the 3D printing parts fabricated by FFF process, 

the strength of the fiber is much stronger than the adhesive force 

between the fibers. Therefore, it breaks easily when the force is applied 

in the layer direction. 

3. 3D printed parts are more durable for the compression force rather than 

tensile force. Generally, the breakage of the part occurs when the 

adhesion between the layers or fibers breaks and this occurred mainly 

when the part subjected to tensile stress. Therefore, the overall 

structure should be designed to produce compressive forces rather than 

the tension between components. 
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4. The increase of the layer height increases the tensile strength but 

decrease the bending strength. And the layer height also has a 

significant impact on printing time and surface accuracy. Therefore, 

the layer height should be selected by considering the type of the load 

and required surface accuracy. 

It is recommended that the overlap ratio always set to about 15%. A 

positive value of the overlap ratio increases the strength of the part by 

removing air gap between the fibers, but if the value is too high, it causes the 

increase of the internal stress that occur other problem like curling. 15% 

overlap ratio is enough to remove the air gap completely while preventing 

another side effect. 

4.3 Structure Strength Analysis 

The current design of the DAS only considers the functional mechanism 

of the system.  If a part is designed by considering only its mechanism, 

large distortion can be caused making the inter-locking problem or efficiency 

reduction due to the increase of the friction when the external load is applied. 

This problem is even worse for devices that use an elastic actuator like the 

DAS that may contain high internal stress due to elastic tension.  

 To increase the system efficiency and the safety of the system, stress, and 

deflection of the part should be evaluated under loading condition. For this 

purpose, internal stress and deflection of heavily loaded parts are evaluated 

by FEA analysis using the tensile and bending test result of section 4.2. 

4.3.1 Stress and Deflection Analysis 

The simulation was performed using an FEA(Finite Element Analysis) 

tool of SolidWorks. This tool can be executed by setting various mounting 
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conditions (fixed mount, moving mount, fixed with a bearing or etc.) and 

load conditions (direct force, pressure or etc.) and is possible to customize 

the material property. 

The simulations were performed for five parts that directly connected to 

the actuator part which was expected to receive the high load. Each part was 

assumed to be made of PLA material, and the mechanical property of the 

PLA is set to the value measured in the previous tensile and bending 

experiments. The analysis conditions are designed to evaluate safety under 

the harshest condition. Free-body diagrams under the highest load condition 

were made for each part, and the analysis was performed using these models. 

Modeling for the stress analysis and simulation results are shown in Fig 4.5 

to Fig 4.9. 

Figure 4.5 Stress and deflection analysis of the main body part (a) 

free body diagram, (b) stress analysis and (c) deflection analysis 
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Figure 4.6 Stress and deflection analysis of the moving pulley part 

(a) free body diagram, (b) stress analysis and (c) deflection analysis 

  

Figure 4.7 Stress and deflection analysis of the latex mount part (a) 

free body diagram, (b) stress analysis and (c) deflection analysis 
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 Figure 4.8 Stress and deflection analysis of the pinion part (a) 

free body diagram, (b) stress analysis and (c) deflection analysis 

 

 Figure 4.9 Stress and deflection analysis of the upper arm linkage 

part (a) free body diagram, (b) stress analysis and (c) deflection 

analysis 
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4.3.2 Discussion 

From the simulation results, the internal stress of all parts is much less 

than the yield strength of the PLA material. Thus there was no dangerousness 

of breakage. However, sufficient safety factor should be considered for the 

actual product and the deflection of the part also should be considered. High 

deflection of the part can cause friction between parts that causing the 

reduction of system efficiency.  

For the safety of the system, the design criteria were established. The 

standard for the internal stress is set to 40% of the UTS, and the maximum 

allowable deflection is set to 1% of the part dimension. Based on these 

standards, two parts (the latex mount part, Fig 4.7 and upper arm linkage part, 

Fig 4.9) are considered as the risk parts beyond the design criteria. Some 

possible solution can exist to solve this problem like changing the dimension 

of the part. However, this method makes a big loss on size factor of the 

device and seems to be hard to solve until it uses only PLA material. 

 
4.4 Component Embedding to Overcome Limitation 
 
4.4.1 Concept of Component Embedding 

There exists a limitation on the available material that can be used for the 

entry-level 3D printer. This problem causes the strength limitation of the 

fabricated part and reduces volumetric efficiency. Furthermore, current 3D 

printer has limited surface accuracy. Thus it is hard to be used to make the 

moving part. Therefore, a component embedding method is proposed to 

overcome this limitation of the current 3D printer. 

In general, another issue arises when combined with multiple components. 
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For the conventional mechanical manufacturing method, the additional 

structure should be made for fastening each component and structure also 

modified by considering assembly process. This requires a number of design 

changes and consequently limits the ideal design of the product. However, 

using 3D printing methods enables combinations that were impossible in 

traditional production methods. When using 3D printing, it is possible to 

completely embed other components into the main part in the middle of the 

printing process.  

Fig 4.10 is a schematic diagram of the component embedding process. The 

whole process is quite simple. First, make a cavity for the component and 

insert the component into the cavity. After that, the embedded components 

are cover with 3D printed material. As a result, the components are 

completely embedded inside of the main part without additional structure.  

 Figure 4.10 Schematic diagram of the component embedding method 

This method increases design freedom and efficiency that enable the most 

compact design of the product compared with simple 3D printing. Also, in 

addition to mechanical components, it is possible to embed electronic 

components and wires. The common issue of the robotic device is the error 

caused by the exposed wire. The component embedding method allows an 

increase in the reliability and durability by solving these issues. 
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4.4.2 Fabrication Result 

Fig 4.11 show example parts constructed by the component embedding 

method.  

 Figure 4.11 Example parts of the component embedding method  

One of the limitations of parts made by 3D printing is that it is difficult to 

fasten each part using screws because binding force between each layer is 

relatively low and easy to be teared. To solve this issue, general nut 

components can be embedded like Fig 4.11 (a) that makes it free to assemble 

various components. Also, the embedding of electronic components is 

possible as well like Fig 4.11 (b). Using this approach, it is possible to 

produce parts that have various sensors of another electric component in a 

compact size. Thus it enables to fabricate the intelligent product. 

 For the DAS fabrication, some parts are made by using this method. 

From the result of strength analysis in chapter 4.3, the latex mount base part 

has a problem of low flexural strength. To solve this problem, carbon rods 

are embedded during the fabrication to increase the flexural strength. As a 

result, it is possible to reduce the deflection of the part to an allowable level. 

The detail process is shown in Fig 4.12 (top). And bearings are inserted into 
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all the joints of the DAS as shown in Fig 4.12 (bottom) to minimize friction 

and increase efficiency. 

 Figure 4.12 Modified part by using component embedding method 

(top) Flexural strength reinforcement, (bottom) Friction removing part 

  



９２ 

 

Chapter 5. Effectiveness Validation 

 
5.1 Introduction 

The objective of this research is to increase comfortability and assistive 

performance which is the most important factor of the DAS. The structure 

transparency and the actual assistive torque versus elevation angle were 

verified by the experiment of the previous chapters. In this chapter, the 

assisting performance of the DAS during actual ADL task is evaluated.  

A primary experiment is designed to measure the assisting performance 

quantitatively by measuring actual activity of the muscles.  The quantitative 

measurement was conducted with non-impaired subject to control the 

experimental conditions accurately and compared the average muscle 

activation level before and after wearing the DAS. 

After the quantitative measurement, a qualitative clinical trial for the 

actual MD patient was carried out to verify the effect of the DAS on the 

exercise ability and workspace. To evaluate the change of the exercise ability 

and workspace of the patients, an assessment tool was developed based on 

conventional assessment indexes. Additionally, a survey about 

comfortability of the DAS during the experiment is conducted to evaluated 

the usability that the actual patient felt. 

 
5.2 Assisting Performance Validation using EMG 
 
5.2.1 Experiment Design 

An experimental assessment was designed to quantitatively measure the 

assisting performance of the developed DAS. The most direct method for 
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verifying the assisting performance measures the activation change of the 

shoulder muscles. Electromyography(EMG) device was used to measure the 

actual muscle activation during the assessment task. The experiment was 

carried out with non-impaired subjects in advance of the actual clinical trial 

for the MD patients to control the experiment conditions more quantitatively. 

5.2.1.1 Experiment Setup 

In this experiment, the subjects pick up an object that located on the table 

about 25cm below the shoulder height and moves the object to the target 

position that located 20cm above and 50cm right from the initial position (see 

Fig 5.1). This task is designed to simulate reaching and pick up motion that 

is the essential motion of the basic ADL task. 

 The object was chosen as a 500ml bottle filled with water and 2kg weight. 

Water bottle(500g) is an object that represents the weight that can be easily 

used in everyday life and 2kg weight is the maximum criterion for ADL task 

object. Experiment were conducted for all combination of with or without 

DAS condition and with or without the weight. To evaluate the effect of the 

DAS on the shoulder joint, the motion of the elbow was minimized and tried 

to perform the task while keeping elbow joint straight. The experiment was 

performed slowly to minimize voluntary contraction of the muscle and the 

performing time was controlled as same as possible for each task by using a 

metronome. 

5.2.1.2 Experiment Procedure 

The experiment for EMG measurements is conducted through the following 

procedure:  

i. Wait 20 seconds with a relaxed state of the muscle. (This is the stage 
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to measure the default tone of the EMG signal for each selected 

muscles) 

ii. Measure the maximum voluntary isometric contraction(MVIC) EMG 

signal at elevation angle 0° and 90°  

iii. Take a 1-minute break after measuring MVIC to remove the fatigue.  

iv. 4 times of pick and move task was performed for each experimental 

condition (total 16 task was performed). The pick and move task is 

performed following order; after holding the target object, flex the 

shoulder to 90° of shoulder elevation angle. Then move horizontally 

and vertically descend to the target position. 

v. Each task is performed very slowly over 15 seconds to minimize the 

influence of active contraction of the muscle. And the 3-minute resting 

session was conducted to remove the effects of the muscle fatigue. 

 

5.2.1.3 Target Muscle Selection 

In order to evaluate the assistive effects of the DAS on shoulder elevation 

motion, 3 shoulder flexor muscles, and 4 shoulder extensor muscles are 

selected, and EMG signal of the muscles was acquired during the experiment. 

The selected muscles to evaluate the effectiveness are shown below:  

 

Figure 5. 1 The experiment setup for muscle activation measurement 
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ᆞ Flexor muscle: Biceps brachii, Anterior Deltoid (A.Deltoid), 

Subscapularis 

ᆞ Extensor muscle: Triceps brachii, Posterior Deltoid (P.Deltoid), 

Latissimus Dorsi (L.Dorsi), Pectoralis major (P.major) 

Each muscle has been chosen for the following reasons:  

ᆞ Flexor muscle: Biceps brachii is not the major muscle in the shoulder 

flexor however long head of the biceps assist other shoulder flexor muscle 

during flexion motion. Also, it was selected to ensure that the subject uses 

the force of the shoulder when lifting the object. A.Deltoid was selected 

because it is the most important muscle on shoulder flexion motion. It 

generates most of the required power to perform shoulder flexion.  

Subscapularis was selected as the major muscle that rotates the head of 

the humerus during shoulder flexion. 

ᆞ Extensor muscle: Triceps brachii and P.Deltoid were selected as the 

principal muscle that generates the shoulder extension torque of the GH 

joint. L.Dorsi is generated high shoulder extension fore when the shoulder 

is externally rotated and P.major act as a strong shoulder extensor when 

the shoulder is internally rotated. The experiment task requires a wide 

range of horizontal movement therefore both L.Dorsi and P.major were 

selected to measure extension force of the shoulder. 

Figure 5. 2 Selected muscles for muscle activation measurement 
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5.2.1.4 EMG signal Acquisition and Processing 

During the experiment, the activation level of the selected muscle was 

acquired by using 8 channel surface EMG. The sampling rate was 2000Hz. A 

surface EMG has the advantage of easy to use. However, it has an important 

issue that the acquired signal is very noisy. Thus, the raw EMG data was hard 

to be used to evaluated the experiment. Therefore, a proper signal processing 

press is required.  

Basically, noise filtering is needed to extract the muscle activation signal. 

After the noise filtering, the normalized amplitude of each muscle was 

calculated to measure activation level of the muscle. Detail signal processing 

is performed as follow order:  

1. Raw EMG data was filtered with 3dB notch filter and 100~400Hz 

bandpass filter. Because the frequency of the muscle EMG signal 

occurs between 100Hz to 400Hz [76]. 

2. Amplify the signal 1000 times because the default unit of EMG 

signal is very small. 

3. The amplitude of the signal is extracted using the root mean square 

to use only the magnitude of the EMG signal. 

4. To eliminate the noise of the EMG signal additionally, moving 

average was performed using ±200 data (±0.1 sec data). 

5. Remove EMG signal offset by subtracting the EMG activation 

value during the resting state, and normalize the signal by using 

MVIC of each muscle. 

 

5.2.2 Experiment Results 

Total experiment results of the EMG activation are shown in below, and 

average activation is summarized in the Table 5.1. At first, evaluate the effect 

of the DAS on the muscle activation through analyzing the principal muscle 

of each shoulder flexion and extension, and the other muscle was analyzed. 
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TABLE 5.1 Average Muscle Activation 

Muscle 
Doff + 

None 

Don + 

None 

Doff + 

Weight 

Don + 

Weight 

Biceps.brachii 1.5 1.5 7 4.5 

A.Deltoid 37 15 65 40 

Subscapularis 18 12 45 22 

Tricpes brachii 1.5 2.1 5.3 5.5 

P.Deltoid 8 1.5 35 18 

L.Dorsi 9 6 30 20 

Pect.major 6 8 12 10 

□ Shoulder Flexor Activation 

Fig 5.3 show the average activation of the A.Deltoid which the principal 

muscle of shoulder flexion motion. For the without the DAS (Doff case of 

the Fig 5.3) case, 37% of the MVIC muscle activation is required to lift arm 

(bare hand case) and 65% activation when lifting the 2kg weight. On the 

other hand, with the DAS case (Don case of the Fig 5.4) only require 15% 

muscle activation for bare hand case and 40% for 2kg weight. The results 

showed that the activation of the A.Deltoid is reduced to more than half for 

the bare hand case and about 40% reduction for 2kg weight case. This result 

means that it is possible to lift the 2kg weight with the DAS by exerting only 

as same effort as lifting bare hand without DAS. This result proves that the 

DAS is capable of supporting shoulder flexor muscle during flexion 

movement.  

Overall, shoulder flexor muscle showed a significant reduction in the 

amount of muscle activation level when the DAS is applied. The average 

activation of the subscapularis is reduced about half and small reduction of 

muscle activation is observed for the biceps case. The activation level of  
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Figure 5. 3 Average amplitude of anterior deltoid 

 

 

 

 

 

 

 

 

 

 

Figure 5. 4 Shoulder flexor activation (top) Biceps brachii activation, 

(bottom) Subscapularis activation  
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 biceps were very small during the whole task because it is not the major 

muscle for shoulder flexion. These results demonstrate that the developed 

DAS provide sufficient support for the user's shoulder flexion function. 

□ Shoulder Extensor Activation 

Fig 5.6 show the average activation of the P.Deltoid which the principal 

muscle of shoulder extension motion.  

 

Figure 5.5 Average amplitude of posterior deltoid 

For the without the DAS (Doff case of the Fig 5.5) case, 8% of the MVIC 

muscle activation is required to lift arm (bare hand case) and 35% activation 

when lifting the 2kg weight. On the other hand, with the DAS case (Don case 

of the Fig 5.5) only require 1.5% muscle activation for bare hand case that 

means almost no activation of the muscle and required 18% muscle 

activation for 2kg weight.  

Before the experiments, the activation of the extensor muscle was 
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expected to increase to resist the torque of the DAS to keep to elevation angle. 

However, the results showed that much smaller muscle activation is needed 

for both bare hand and 2kg cases. This result is assumed that high extensor 

muscle force is needed to increase joint stiffness to stabilize the shoulder 

joint when the DAS is not used, however, with the DAS, user relies on the 

supporting force of the orthosis to stabilize the joint.   

 The other muscles, unlike to P.Deltoid, didn't show any noticeable 

activation level change. The Even small increase in activity can be observed 

during the resting state. However, none of these muscles showed a 

significant increase. 

  

Figure 5.6 Shoulder flexor activation (a) Triceps brachii activation, (b) 

Latissimus Dorsi activation and (c) Pectoralis major activation  
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5.3 Clinical Validation 
 
5.3.1 Assessment Tool 
 

5.3.1.1 Conventional Assessment Tool Review 

Various indexes have been developed to assess the performance of 

patients' abilities. These indexes are designed to evaluate various category 

of patients' exercise ability; simple strength assessment or functional ability 

assessment. These assessment tools are validated its effectiveness by 

previous studies. Therefore, customized assessment tool to evaluated the 

developed DAS is design based on the verified conventional assessment 

tools. For this purpose, the conventional assessment tool is reviewed to 

evaluate its pros and cons. 

□ Muscular Strength assessment tool 

There are quantitative methods and qualitative measures to measure the 

strength of muscle [77]. 

 The representative quantitative methods are hand-held dynamometer 

(HHD) and isokinetic measurement. The HHD method is the convenient, 

inexpensive, and portable method among the Quantitative methods.  

However, there are some problems with the reliability of measurement. The 

isokinetic method requires specialized robotic device to perform. Thus it is 

an inconvenient, non-portable and expensive method. However, it is the best 

method to assess muscle strength of the patient.  

 For the qualitative method, two indexes are a representative method. 

First, Manual Muscle Testing (MMT) grade is the most often used system, 

with the procedures detecting the magnitude of strength by grading muscle 

strength from 0 to 5 [78]. The Brooke scale is a simplified indicator that 



１０２ 

 

specialized to assess upper extremity function. This index is a suitable 

indicator of the progress of muscle disease by evaluating the joint function 

of the upper extremity respectively. 

□ Motor ability assessment tool 

Muscular Dystrophy Functional Rating scale (MDFRS) is a scale that 

specifically designed to evaluated functional ability of the MD patient [77]. 

Different from simple brooke scale test, MDFRS has a high correlation with 

a range of functional ability. It contains 7 items to measure the ability that 

designed to be more functional as needed for daily routine activities. 

5.3.1.2 Effectiveness Assessment Index 

This assessment is designed to evaluate the direct impact of the DAS on 

exercise ability. The assessment consists of two items that can evaluate the 

change of the exercise ability between don and doff case. 

i. ROM measurement 

 Measure and evaluate the possible ROM of the patient by video analysis. 

The assessment is design to measure shoulder elevation ROM at 3 different 

elevation plane; shoulder flexion angle, shoulder abduction angel, and scapula 

plane elevation. Additionally, shoulder external rotation angle is measured. The 

shoulder external rotation ROM is important for performing various the ADL 

task. Thus the effect of the DAS on shoulder external rotation is measured.  

ii. Endurance test 

 Measure the time that the subject can keep the posture while holing some 

weight or bare hand case. The endurance time is the more important ability to 

performing actual ADL task than simple lifting function. Therefore, the 
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endurance time is assessed for both bare hand and holding weight cases.  

 The evaluation is performed for each case at 90° shoulder elevation posture 

that the gravitational torque is maximum. If the subject is impossible to reach 

90°, the maximum value that can be possible for both cases is used as a standard 

value for the test. The maximum time is limited to 120 seconds. 

5.3.1.3 Functional Assessment Index 

A customized functional assessment index is designed to evaluate how the 

developed device is helpful to ADL actions. Total 5 testing functions are 

selected that require a various range of shoulder elevation ROM based on 

MDFRS and other previous studies [79]. The selected functions are shown 

in Table 5.2. 

TABLE 5.2 Customized Functional Assessment Index 

 

Required shoulder elevation ability is increased from the left task to right 

task. The typing task only requires horizontal movement, and the reaching 

task can be done with only horizontal movement however it requires small 

shoulder elevation ability to get a high score. The feeding task requires a 

moderate level of shoulder elevation and need some motor ability of elbow 

joint. The touching face task requires about 60° of shoulder elevation, and 

the touching head task requires 90° to 100° of elevation which is the highest 

level of motor ability needed to perform the all ADL task. 
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 The motor ability of the patient is assessed by scoring 1 to 5 point per 

each function. Point 1 mean 'impossible perform the task at all', point 2 mean 

'can perform with additional assistance', point 3 mean 'possible to perform 

the part of the task but impossible complete the task', point 4 mean 'can 

complete the task but it takes a long time' and point 5 mean 'almost free to 

perform the task.  

5.3.2 Target Patient Selection 

For the device that is using passive actuator like the DAS, its mechanical 

efficiency cannot be 100%. In fact, there is a certain amount of energy loss 

that requires a certain level of exercise to be used to use this 

equipment. Since it is impossible to benefit all MD patient, a pre-evaluation 

criterion is considered to sort out the subject with a potential probability of 

being benefit by the DAS [80].  

First, the minimum standard of motor ability can be derived based on the 

previous EMG measurement test. In the case of the passive device, the total 

energy of the system is reduced by friction or hysteresis characteristic of the 

passive actuator. Thus the user should replenish the energy to keep the device 

functional. Based on the previous test result, the subject can lift his arm with 

only 40% strength when he wears the DAS. Therefore, it is expected that the 

patient who can exert a force about 30~40% of their arm weight have the 

best possibility of using the DAS. However, measuring EMG require a lot of 

preparation and long experiment time. Thus this method is hard to be used 

to sort out the candidate. Therefore, conventional clinical tools in patient 

diagnosis are reviewed to select a useful index to use.  

There exist many assessment indexes to evaluate the motor ability of the 
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patient; not all indexes are suitable for our purpose; some indexes are hard 

to use, and others are not intuitive. Among the conventional assessment 

indexes, the Brooke scale and the MMT grade seem to be useful for our 

purpose. The Brooke scale is very simple and intuitive. However the 

shoulder function is only divided by grade 5 or grade 6, it is not enough to 

sort out the patient.  

The MMT grade classifies the motor ability of the patient more precisely 

compared to the Brook scale. A previous study exists about the user criteria 

for the non-actuation type DAS using MMT grade [Ref]. The result of the 

study is that the MMT grade should be higher than 2- to use the DAS. 

According to this result, patients with shoulder MMT grade near 2 is set to 

the main target for the clinical trial. To validate the boundary of the user 

criteria, one patient with shoulder MMT 1 and 3 also recruited each for each 

condition. 

In addition, if there is a limit to the passive ROM of the joints, such as the 

construction of the joints, or the pain on the shoulder is excluded from the 

clinical target. 

5.3.3 Effectiveness Assessment Results 

Basically, the developed DAS is designed for MD patients. Therefore, 

clinical trial with five MD patients was performed to evaluate the 

effectiveness of the DAS. Additionally, patients with other diseases that 

cause shoulder muscle weakness may benefit from the DAS. An additional 

clinical trial with ISCI patient was performed to identify the effectiveness 

for other diseases. 
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5.3.3.1 Clinical Trial for MD Patients 

Total 5 MD patients were involved in the clinical trial. The kinematic data 

and shoulder strength data (shoulder MMT grade) are shown in Table 5.3. 

To validate the effectiveness in various stage of MD patients, patients with 

shoulder MMT grade 1 to 3 was selected for the experiment. The result of 

the assessment is shown in Table 5.5.  

TABLE 5.3 List of Subject Patients 

Subject 

Number 

Shoulder 

MMT 

Upper arm 

Length (cm) 
Weight (N) 

MD 1 1 ~ 2- 25 40 

MD 2 2+ 23 25 

MD 3 1 22 35 

MD 4 2+ ~ 3 20 15 

MD 5 2+ 23 30 

 
 

□ ROM measurement  

According to experiment results of ROM, the patient with shoulder MMT 

grade 1 cannot benefit from the device and the patient with shoulder MMT 

grade 3 was possible to make full ROM even without the DAS for the bare 

hand condition. On the other hand, the patient between the MMT grade 2- to 

2+ show a great increase of the ROM for both bare hand condition and 

holding weight condition. Their shoulder ROM is originally limited due to 

low shoulder strength; however, they can make full ROM with wearing the 

DAS. 
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Figure 5.7 Shoulder flexion ROM measurement results (a) without orthosis 

condition, (b) with orthosis condition 

Figure 5.8 ROM of MD 1 (a) maximum extension angle 

without orthosis, (b) maximum flexion angle 

without orthosis, (c) maximum extension with 

orthosis, (d) maximum flexion with orthosis 
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 Figure 5.9 ROM of MD 2 (a) maximum extension angle 

without orthosis, (b) maximum flexion angle 

without orthosis, (c) maximum extension with 

orthosis, (d) maximum flexion with orthosis 

 

 

 

Figure 5.10 ROM of MD 3 (a) maximum extension angle 

without orthosis, (b) maximum flexion angle 

without orthosis, (c) maximum extension with 

orthosis, (d) maximum flexion with orthosis 
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Figure 5.11 ROM of MD 4 (a) maximum extension angle without 

orthosis, (b) maximum flexion angle without orthosis, 

(c) maximum extension with orthosis, (d) maximum 

flexion with orthosis 

  

Figure 5.12 ROM of MD 5 (a) maximum extension angle 

without orthosis, (b) maximum flexion angle 

without orthosis, (c) maximum extension with 

orthosis, (d) maximum flexion with orthosis 
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□ Endurance measurement  

The result of the endurance measurement also showed great improvement 

in motor ability. MD 1 and MD 3 is excluded for this test because they cannot 

keep their arm posture. For the other 3 patients, with the DAS, all of them 

were possible to keep their arm at 90° elevated posture more than 2 minutes 

without the weight and possible to maintain much longer time while holding 

500g weight. They cannot perform any meaningful task before wearing the 

DAS due to the short duration of shoulder elevation, while they can perform 

some ADL task after wearing the DAS. 

 

Figure 5.13 Shoulder endurance result (a) bare hand condition, (b) with 

500g weight condition 
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Figure 5.14 Maximum flexion angle with 500g weight of MD 2 (a) 

without orthosis case, (b) with orthosis case 

 

Figure 5.15 Maximum flexion angle with 500g weight of MD 4 (a) 

without orthosis case, (b) with orthosis case 

 

Figure 5.16 Maximum flexion angle with 500g weight of MD 5 (a) 

without orthosis case, (b) with orthosis case 

 

5.3.3.2 Clinical Trial for ISCI Patients 

The clinical trial for one ISCI patient was performed. The ISCI patient has 

basically high level exercise capacity than MD patients, however similar 

problem was found in the exercise endurance. 
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The results of the experiment are shown on the Table 5.6.  

The results show that the DAS increase the ROM of the ISCI patient. In 

particular, the subject impossible to make functional posture while holding 

external mass before using the DAS, but it was possible to make sufficient 

angle after using the DAS. Also, the DAS show a great effect on strength 

endurance of the ISCI patient. Before using the DAS, it was difficult to 

complete the ADL task by himself due to the short duration of the shoulder 

elevation. However, with the DAS, the elevation duration is increased 4 to 

10 times that is sufficient to complete the task. 

 

Figure 5.16 Maximum flexion angle of ISCI patient (a) without orthosis 

case, (b) with orthosis case 

 

Figure 5.17 Maximum flexion angle with 2kg weight of ISCI patient (a) 

without orthosis case, (b) with orthosis case 

 

 



１１３ 

 

5.3.4 Functional Assessment Results 

Functional assessment using the customized functional assessment index 

was performed with 4 MD patients. The result of the assessment is shown in 

Table 5.4. 

TABLE 5.4 Functional Ability Score of MD Patients 

Subject Condition Typing Reaching Feeding 
Touching 

Face 

Touching 

Head 

MD 4 
Doff device 5 4 4 4 3 

Don device 5 5 4 4 5 

MD 5 
Doff device 5 1 1 1 1 

Don device 3 5 5 3 5 

From the experiment result, the developed DAS show a positive effect on 

the motor ability of the patients. Especially, the DAS is more effective fort 

the task that requires high shoulder elevation angle. However, it shows a 

negative effect for typing task for MD 5, the reason of this result is assumed 

that the DAS needs more extension torque to keep low shoulder elevation 

angle and it makes the subject's arm too floaty. 

 

5.4 Discussion 

In this chapter, the qualitative and the qualitative verification was 

performed to demonstrate the practical effectiveness of the developed DAS. 

The quantitative EMG measurements test showed that the DAS have a 

positive effect on flexor muscles. Although the results show that the DAS 

didn't have a positive effect on extensor muscle, different from an initial 

guess, it doesn't interfere the extensor movement.  
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The qualitative experiment was conducted with a patient with various 

shoulder muscles strength. According to the results, not all patient can 

receive assistance effect from the DAS. Same as initial expectation, patients 

with shoulder MMT grade 2 or more was possible to receive a significant 

assistance effect. Patients with MMT grade 2 state that the DAS will help 

their daily life. The most satisfactory patient group was the shoulder MMT 

grade 2+. In the case of this patient, they start to loss their arm function 

gradually. Thus they feel high satisfaction on regaining their function. 

Patients with MMT grade 2- can benefit from the DAS to increase their 

motor ability. However, they cannot use the device for a long time due to 

fatigue of the shoulder muscle. The reason for this problem is expected that 

the patients are not familiar with the device and it can be solved if they use 

the device for a long-term period. 

Functional assessment result demonstrates that the developed DAS 

increase their functional ability. The most meaningful result is that, different 

from the initial clinical trial using BGC mechanism, all patient didn't feel 

any inconvenience while performing various ADL movement and feel high 

satisfaction on the device. These results prove that the developed DAS has 

improved assisting performance and comfortability compared to 

conventional DAS. 

Additionally, there was a lot of feedback from doctors and therapists. The 

mechanism of the DAS has many potentials to be used as a training device 

for other shoulder dysfunction or equipment to correct posture. 
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TABLE 5.5 Motor Ability Change of MD Patients 

Subject 

Number 

Without Orthosis With Orthosis 

ROM 

(Bare hand) 

ROM 

(Weight) 

Endurance 

(Bare hand) 

Endurance 

(Weight) 

ROM 

(Bare hand) 

ROM 

(Weight) 

Endurance 

(Bare hand) 

Endurance 

(Weight) 

MD 1 -15°~15° - - - 10°~80° - - - 

MD 2 -10°~55° 45° 8 sec < 1 sec 25°~160° 135° > 120 sec 10 sec 

MD 3 0°~5° - - - 55°~78° - - - 

MD 4 -5°~150° 40° 10 sec 3 sec 25°~150° 90° > 120 sec 14 sec 

MD 5 0°~75° 30° 4 sec 2 sec 20°~150° 75° > 120 sec 40 sec 

- : mean Unable to perform the task or unable to make target posture 

 

TABLE 5.6 Motor Ability Change of ISCI Patients 

Subject 

Number 

Without Orthosis With Orthosis 

ROM 

(Bare hand) 

ROM 

(Weight) 

Endurance 

(Bare hand) 

Endurance 

(Weight) 

ROM 

(Bare hand) 

ROM 

(Weight) 

Endurance 

(Bare hand) 

Endurance 

(Weight) 

ISCI 1 0°~85° 0°~25° 12 sec 5 sec 0°~115° 0°~85° > 120 sec 20 sec 
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Chapter 6. Conclusion 
 
6.1 Conclusion 

The purpose of this research is to develop a passive upper extremity DAS 

with a higher level of interaction with the human body and enhanced 

assistive performance with simple structure modification to increase 

usability of the DAS. 

There exist mainly four issues on this research. Firstly, design the DAS 

that compensate complex human shoulder movement with minimal structure. 

Secondly, derive proper desired assistive torque profile considering actual 

human kinematic characteristic and usage condition during ADL tasks and 

design the actuation system to realize the torque profile. Thirdly, figure out 

usage condition of the passive elastic actuator to maximize the efficiency 

during potential energy exchange during arm movement. Finally, assess the 

relationship between build parameter and the resultant strength of the low-

cost 3D printer to enable optimize strength design of the 3D printed part. 

To solve these issues, the SHR orthosis was developed by using human's 

own characteristic to enable the natural human movement with simple 

structure and validated the efficacy of the device by comparing it with the 

conventional DAS model. And simple technique to increase the 

controllability of the redundant passive device by using small potential level 

is proposed. The modified desired torque profile was designed based on 

actual motor ability of the MD patient and realize it by modifying tendon 

routing structure of the DAS. Moreover, quantitative experiment was 

conducted to propose a design guideline for optimal design and fabrication 

using the entry-level 3D printer. 
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The proposed mechanism in this study is expected to be used not only to 

the assistive orthosis but also to many other robotic device fields. For 

example, it can be applied to robotic exoskeleton for rehabilitation, that it 

can be utilized as a structure for improving the ergonomic of the equipment, 

reducing the load of the actuator through passive weight compensation and 

improving the bandwidth. Also, by utilizing the characteristics of the high 

transparency of the device, it can also be used for input device or haptic 

device for VR suit. 

 

6.2 Future Works 

• Long-term clinical trial 

In this research, to verify the effects of the developed DAS, ROM, 

endurance time, change in motor ability and ADL performance of the 

actual patients depending on the presence of the DAS or SHR 

compensating mechanism were measured. However, these experiments 

evaluate only the short-term performance and effect of the developed 

device.  

 In the case of an assistive device that is used for a long time in 

everyday life, it is necessary to evaluate the substantial effect of the long-

term usability, to verify the effectives, pros and cons of the device. The 

residual joint load induced by the assistive device cause only discomfort 

in short term usage, however in the long-time usage, it could induce joint 

damage or joint abnormality. Therefore, the long-term usability 

assessment for about a year will be conducted. 
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• Improve productivity 

The ultimate purpose of this study is to developing do-it-yourself 

assistive device for patients and make them to fabricate their own device 

to fit their own bodies. Generally, the fabrication using 3D printing is 

much simple as compared with the conventional fabrication methods. 

However, unlike an ideal concept, considerable know-how is required for 

accurate fabrication of the part and the difficulty level of post-processing 

changes greatly according to the model. Therefore, to enable the 

nonprofessional user like the patient to make their own device, the model 

of the developed DAS should be modified to be more standardized and 

easier to manufacture to be robust to fabrication conditions.  
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국문 초록 

상지 근력 장애인을 위한 인체 동작 

특성을 활용한 상지 중력 보상기 

 

근육병과 같은 질환을 가진 환자들은 팔 기능 저하로 인해 

일상생활에서 어려움을 겪는다. 이러한 환자들의 일상생활 

자립을 위한 도구로 Dynamic Arm Support(DAS)가 개발 되었다. 

하지만 기존 DAS는 기능성과 사용성이 낮아 널리 사용되지 

못하였다. 본 연구의 주된 목적은 인체의 동작 특성을 

활용하여 기존 DAS의 기능성을 향상 시키고 저가형 3D 

프린터를 활용하여 맞춤 제작이 용이한 사용성이 향상된 

DAS를 개발하는 것이다. 하지만 이런 특성을 가지기 위해서는 

여러 문제점이 해결되어야 한다.  

첫번째로, 사람의 어깨는 인체의 가장 복잡한 관절로 팔의 

움직임에 따라 보조기의 회전축과 어깨의 회전축이 쉽게 

어긋나게 된다. 둘째로, 일반 탄성체의 거동은 이상적인 

스프링의 특성과 달라 이론적인 설계와 실제의 거동 사이에 

차이가 발생한다. 세번째로, 저가형 3D 프린터의 경우에는 

제작 변수와 제작품 사이의 관계에 대한 정보가 부족하여 

최적의 맞춤 설계 및 제작이 어렵다는 문제점이 있다. 

본 논문의 주요 연구 내용은 다음과 같다. 우선, 인간이 

가진 자연스러운 움직임 특성을 연구하고 이를 활용하여 

단순한 구조만으로 어깨 회전축의 움직임을 잘 추종할 수 있는 

인체 공학적 메커니즘을 제안하였다. 그리고 탄성 중합체의 
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실질적 탄성 모델과 에너지 저장 효율성을 높일 수 있는 

사용조건에 대한 연구를 통하여 DAS의 성능과 효율성을 향상 

시켰다. 마지막으로 저가형 3D프린터의 제작 조건에 따른 

결과물의 강성을 측정하여 최적 설계를 위한 설계 

가이드라인을 구축하였다.  

위의 연구 성과들을 이용하여 단순한 구조로 사람의 

자연스러운 움직임을 추종하며 중력보상이 가능한 SHR 

보조기가 개발되었고 이를 정량적, 정성적 임상 실험을 통하여 

평가를 수행하였다. 정량적 실험 결과를 통하여 SHR 보조기가 

사용자의 근육 활성도를 감소시킬 수 있다는 것을 증명하였고 

실제 근육병 환자를 대상으로 한 정성적 임상 실험에서는 

환자들의 운동능력을 향상시켜 일상생활의 자립을 도울 수 

있다는 것을 입증하였다.  

본 연구에서 제안된 SHR 구조는 간단한 구조 변형을 

통하여 기존의 외골격 구조에 쉽게 적용이 가능하여 다양한 

목적의 상지 외골격 구조에 활용되어 편의성 및 기능성을 향상 

시킬 수 있을 것으로 예상된다. 

 

주요어: 상지 보조기, 중력 보상기, 어깨 복합체, 견갑상완 리듬, 

임상 검증, 3D 프린팅 

학번: 2010-20691 
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