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ABSTRACT 

Assistive technologies such as robotic and exoskeleton devices are utilized to aid in 

Activities of Daily Living (ADLs) and in rehabilitation tasks to alleviate and restore some of  the 

lost degrees-of-freedoms (DOFs). However, most of the existing exoskeletons have alignment 

issues and limited functionality. The fitting and alignment of an exoskeleton with  human 

anatomical joints and limbs are challenging, as the later has joints with a moving axis that generates 

complex motions. For instance, the shoulder joint does not have a fixed axis of rotation and has 

more than 3 DOFs, however most of the existing exoskeleton designs simplify  the  design  by 

modeling the shoulder joint using ball and socket joint or three intersecting hinge joints. Such axes 

mismatches could cause severe pain and unconfort on the user. And this shows that a new design 

approach or a modification is needed to address such issues.  

This thesis is aimed at designing and testing new exoskeleton for upper arm rehabilitation. 

The designed exoskeleton is equipped with 5-DOF active joints; with four of them  associated with 

the complex shoulder joint movements. The design  is assessed for structural stability, 

functionality, ergonomics for fitting and alignments.  The structural analysis was performed in 

CAD environment with finite element analysis and through prototype model. The effects of fitting 

and alignment were assessed through a three-stage ergonomic evaluation for the upper limb 

exoskeleton. The exoskeleton  had an overall Rapid Upper Limb Assessment (RULA) score of 3. 

The effect of fitting and alignment has been assesed through musculoskeletal modeling in 

OpenSim and actual prototype testing, in both tests, upper arm muscles responded with a similar 

profile as the one without wearing exoskeleton, indicating that the exoskeleton did not cause any 

misalignment or out of plane pressure on the muscles.   
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation and Problem Description  

According to the U.S Bureau of Labor Statistics report, there are 650,000 work related 

musculoskeletal disorders (MSD) resulting in over 20 billion dollars of worker compensation and 

medical expense[1].In addition, there is a growing agedaged population with limitations in 

Activities-of-daily livings (ADLs); in 2014, the percentage of adults aged 18 years and above with 

limitations in ADLs are increased. People in their 75 years and above with limitations will require 

the help of another person when performing ADLs[2].Limitations in ADLs can range from 

physical or sensory impairments to cognitive and intellectual limitations. Physical impairments are 

categorized into upper and lower limb, which can be caused due to trauma, muscular dystrophy, 

orthopedic, stroke, and impairments in the central nervous system. Neuro-muscular impairments 

due to stroke affect a significant portion of the U.S. population[3]. 80% of all stroke survivors 

experience upper limb paresis, and only 18% of them gain full motor recovery within a year[4]. 

Loss of upper limb motor functionality can significantly alter someone’s quality of life and create 

emotional and physical burdens. However, some of these impairments could be recovered or 

improved by following proper therapy procedures. 

Traditional therapeutic techniques could be automated through robotic and exoskeleton 

systems to expedite the intervention and hence the recovery time. Also, robotic assisted 

rehabilitation systems can be easily customized to adapt individual needs.The consistency and 

repeatability can be achieved when robotic systems are employed for rehabilitation [5]. However, 

finding an exoskeleton design that fits and aligns properly with the human anatomical  joints is 

very challenging. Misalignment can cause large stresses on attached systems and underlaying 
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human anatomy. The misalignment and fitting challenges could result from the simplification of 

complex autonomy of human limb and joints into mechanically design exoskeleton joints. For 

instance, most of the existing exoskeleton designs model the shoulder joint to be a ball and socket 

joints or three intersecting hinge joints [6]. However, the shoulder joint does not have a fixed axis 

of rotation and has more than 3 DOFs [7]. These axes mismatches and constriants  could cause 

severe pain on the user. This shows that  a better design and assessment technique is needed to 

address such issues. Overall, understanding the correlation between parameters involved in joint 

movement mechanics as well as force interactions can provide insight in establishing an 

appropriate exoskeleton design. 

This thesis is aimed at developing and testing a new exoskeleton for upper arm rehabilitation. 

The  exoskeleton is equipped with 5DOF active joints; with four of them are designed to address 

the complex shoulder joint movement. The exoskeleton design is tested for its structure, 

functionality, and ergonomic fitting and alignment; the ergonomic and structural analysis was 

performed with Finite Element Analysis and through prototype modeling. The effects of fitting 

and alignments were assessed though a motion capture system and musculoskeletal modeling and 

simulations. 

1.2 Research Objective  

The objective of the research is to develop and test a new adaptive exoskeleton for upper 

arm rehabilitation. Exoskeletons and robots have been used as a common practice to assist and 

automate rehabilitation exercises. However, a challenge arises when it comes to aligning these 

robotic devices with the anatomical structure of the human limbs and joints. Adequate alignment 

of these devices is necessary for an effective recovery and to avoid discomfort and further injury 

development.  This research objective includes the following specific goals: 
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• Study human joint movement parameters while performing task-based 

rehabilitation exercises and ADL. 

• Analyze, model, and simulate the motion capture data using a musculoskeletal 

software application. 

• Develop a joint-based exoskleton to align and closly mimic the anatomical joint 

movements. 

•  Develop  and assess prototype and quantify fitting and alignment. 

The research contributes to setting a comprehensive exoskeleton design and assessment strategy 

that accounts for its functionality, fitting, and alignment 
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1.3 Methodology 

This product-based research starts with the need assessment to find out current demand and 

necessity of the research goal and proceeds through design and series of validation experiments. 

This includes motion capture phase, Product design phase and product validation phase. The 

overall procedure is shown in the Figure 1. 

 

Figure 1 Methodology Flow chart 

Healthy subjects were used to collect motion data using the Cortex motion capture system. The 

motion capture data was then modeled and simulated using a musculoskeletal modeling software 

called OpenSim[8]. The OpenSim model and simulation were then used as a base to identify the 

geometrical components of human joints using the built-in Inverse Kinematic tool. 



  

5 

 

 

The geometrical data and anatomical  studies from literatures were used as a base  to create a 

Computer Aided Design (CAD) model of the exoskleton. The model was then simulated in the 

CAD software to get trajectories of the sensor locations. The joint trajectories and position data 

was then imported to OpenSim to validate the CAD model with motion capture data. Finally the 

design was fabricated and tested. 

1.4 Organization of  the Thesis 

This thesis is structured in the following order: 

Chapter 2: Literature Review 

Presents the summary of literatures in related to the design and assesment of exoskeletons. 

Chapter 3: Development of 5DOF upper limb exoskeleton 

Presents the detail design and descriptions of  the proposed exoskeleton.  

Chapter 4: Kinematic analysis of an upper limb exoskeleton model 

Presents the feasibility, application, advantages, limitations, and the exoskeleton kinematic  

parameters.  

Chapter 5: Experimentation and result 

Presents the exipermental settings, the exiperments and the results and discustions. 

Chapter 6: Discussion and Future Works 

Presents the project conclusion, thesis contributions, and recommondations for future work. 
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CHAPTER 2 

LITERATURE REVIEW 

Exoskeletons have been studied for the purpose of industrial and medical applications. 

General Electric developed the first exoskeleton in the 1960s, which was named the Hardiman [9]. 

This exoskeleton was a hydraulic and electrical powered body suit, and it was too heavy and bulky. 

With recent advances in technology in areas of materials, actuators, sensors, control methods, and 

knowledge of human anatomy, development of  exoskeleton technology has shown a fast phase of 

expansion. As a result, many upper limb and lower limb exoskeletons systems have been 

developed. 

This chapter presents the biomechanics of the human upper limb towards upper limb exoskeleton 

design and briefly reviews the state-of- the-art upper limb exoskeleton designs. 

2.1 Biomechanics of Upper-Limb - Towards the Design of an Exoskeleton Robot 

The human upper limb consists of bones, muscles, tendons, ligaments, nerves, and skin. In 

addition, the human arm is considered to be the part with the largest range of mobility supported 

by the mechanisms of the shoulder and elbow [7][10]. It is composed of a multiple degrees of 

freedom (DOF) system, linking to the shoulder complex, elbow complex, wrist joint and hand, 

which consists of fingers with several joints. In general, the human upper limb consists of  more 

than 7 DOF,  excluding the hand: the shoulder assembly has  more than 3 DOF[11] , elbow has 2 

DOF, and the wrist has 3 DOF[12]. The skeletal structure of the human upper limb consists of the 

Clavicle, Acromioclavicular joint, Humerus, Ulna, Radius, Carpal bones, Metacarpal bones, and 

Phalanges, as shown in Figure 2. The human upper limb is capable of conducting several motions, 

including Shoulder Flexion/Extension, Shoulder Adduction/Adduction, Shoulder 
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Internal/External Rotation; Elbow Flexion/Extension, Elbow Forearm Supination/Pronation; 

Wrist Flexion/Extension, Wrist Rotation, and Wrist radial/ulnar deviation.[11] 

 

Figure 2 Human Upper Limb[13] 
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Figure 3 Shoulder Motion[14] 

 

 

 

Figure 4 Elbow Movements and Pronation and Supination[14] 
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2.1.1 Bones and Joints 

Bones are supportive structures for muscles. Kinematically, bones are approximated as 

straight line distances between endpoints, which form links, and joints are the meeting surfaces of 

these bones. Physiologically, no fixed axis or rotation can be recognized. Relative motion between 

bones is a combination of rolling and griding for most joints on contact areas. 

2.1.2 Shoulder Complex 

The shoulder complex refers to the most challenging musculoskeletal structure of the 

human body. As shown in Figure 5, it is a combination of shoulder joint (the glenohumeral joint) 

and the shoulder girdle, which includes clavicle , scapula, and their articulations. The shoulder 

complex is composed of four joints: the Glenohumeral joint, Sternoclavicular joint, 

Scapulothoracic joint, and Acromioclavicular joint [15]. 

 

Figure 5 Shoulder Complex 

The thorax act as a base to the shoulder assembly. The Glenohumeral joint is commonly 

referred to as the shoulder joint and commonly simplified as a ball and socket joint, where the 

humerus articulates with the glenoid cavity of the scapula. The Sternoclavicular joint connects the 

shoulder complex to the sternum, where sternum articulates with respect to the manubrium of 

sternum. This joint act as a support to the shoulder and it is the only joint that connects the arm to 

the body. The Acromioclavicular joint is the junction between acromion process and clavicle and 
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it forms the highest point of the shoulder complex and supports the two articulations of the clavicle. 

Lastly, the Scapulothoracic joint is formed by convex surface of posterior thoracic cage and the 

concave surface of the anterior scapula it rotates on the thorax.  Some researchers do not consider 

the Scapulothoracic as a joint as it is a bone-muscle -bone articulation[15]. However it is 

considered as a joint because it allows increased shoulder elevation with glenohumeral elevation 

and its definition adds value when describing movements of scapula over the thorax [15, 16]. 

The shoulder complex is usually modeled as a ball and socket joint[17]. However, the position of 

the center of rotation of the shoulder joint is not fixed, it changes with upper arm motions[18]. The 

main shoulder motions like flexion/extension, abduction/adduction, and internal/external rotations 

are supported by the Glenohumeral joint. 

The average ranges of shoulder are listed in  

                                                                 Table 1 and the 

movements are illustrated in Figure 3. 

                                                                 Table 1 Average Ranges 

of Shoulder Motion[19] 

 

 

 

 

 

 

 

 

Motion Range of motion (deg) 

Flexion 180 

Extension 60 

Abduction 180 

Adduction 75 

Internal rotation 100 - 110 

External rotation 80 - 90 

Motion Range of motion (deg) 

Flexion 180 

Extension 60 

Abduction 180 

Adduction 75 

Internal rotation 100 - 110 

External rotation 80 - 90 
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2.1.3 Elbow Complex 

The elbow complex is composed of the elbow joint and the radio-ulnar joints. The elbow 

joint consists of two joints: the Humeroulnar joint and the Humeroradial joint [20]. The 

Humeroulnar joint is between the Trochlea notch, while the Trochlea and Humeroradial joint is 

between Capitulum and Head of radial bone.  

The Humeroradial joint can also be identified as a ball and socket joint. However, the 

motion of Humeroradial joints is restricted to 2 DOF by the Humeroulnar joint and the radio-ulnar 

joint [20]. Therefore the elbow complex has a total of 2 DOF freedom, although the center of 

rotation is found to change with motion [21]. The motions of the elbow complex can be identified 

as flexion/extension and supination/pronation, as shown in Figure 4. 

Furthermore, the Elbow joint is a non weight bearing synovial joint with articulations 

between distal humerus, the proximal radius, and the proximal ulna [22]. There are three 

articulations in the elbow, including the ulnohumeral joint, the radiocapiteller joint, and the 

proximal radioulnar joint [23]. The ulnohumeral joint is a hinge joint that  allows flexion and 

extension movements to be conducted. The radiocapitellar and radioulnar joints are trochoid joints, 

which allow axial rotation or pivoting [23]. 

The elbow joint is held together by trochlea of humerus articulating with ulnar olecranon, allowing 

flexion and extension of the joint as in Figure 6. Furthermore, the crossover of multiple muscles 

over the joint allows pronation and supination of the forearm. The main muscles include Triceps 

Long, Triceps Lateral, Triceps Medial, Biceps Long, Biceps Short, Brachialis and Brachioradialis, 

as shown in Figure 7. 
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Figure 6 Bony structures of the elbow complex[24]. 

                         

Figure 7 Biceps & Triceps Brachii[24]. 
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2.2 Human Joint functional kinematic models and Requirements 

Human joint kinematic models are helpful in estimating joint trajectories during human 

movement and in analyzing joint impairment levels [25]. This is because they can be used to 

calculate geometrical parameters of joints and joint angles of the human arm. 

2.2.2 Upper Arm Kinematic models 

 Kinematic models are developed based on set of assumptions involving functional 

and anatomical features. For instance, shoulder joint is attributed to two kinematics: 

Scapulothoracic kinematics [13][26] and Humerothoracic kinematics [14][27]. Where the shoulder 

can be described in 6 DOFs, Scapulothoracic kinematics describes the motion of the Scapula, the 

motion is composed of three independent angles: protraction-retraction (PR-RE), mediolateral 

rotation(ME-LA) and anterior-posterior(AN-PO) tilting. Humerothoracic kinematics is composed 

of three independent angles described as flection-extension(shFL-EX), abduction- adduction(AB-

AD) and internal-external rotation (IN-EX) [28].  

 

Figure 8 Representaion of scapulothoracic and humerothoracic 3D angles[28] 
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However, in most models, shoulder joint is simplified to a 3 DOF joint, where only 

humerothoracic kinematics are considered [27]. Generally, modeling human limbs consists of 

integrating rigid links connected by joints, which are further used to visualize kinematic models. 

The arm is simplified into rigid body links segment model with joints that have fixed centre of 

rotation [15][29]. These models can be used to compute positions of end effectors. A single 

revolute joint with 1 DOF can be used to represent one joint and more complex joints with multiple 

degrees of freedom can be modeled using collection of multiple joints. Typically, more complex 

joints with multiple degrees of freedom such as shoulder and hip joints are modelled using a higher 

order DOF joints or multiple simple and single DOF joints. 

Creating an accurate model is very important for the design of an exoskeleton that can 

avoid misalignment and fits well with the underlaying human anatomy. In order to create a 

biologically accurate subject-specific kinematic model, the kinematic and dynamic model must 

represent the biological behaviour of the human limb and joint.  Modals may require scaling to  

create subject specific biomechanical models. Furthermore, robust control and simulation 

algorithms can be utilized to match experimental data compensating for measurement errors. 

Today, researchers have also developed standard procedures to create kinematic models. 

For instance, the International Society for Biomechanics attempted to publish recommendations 

for coordinated frame definitions of the human body [16, 17][30, 31]. Special attention must also 

be given to further customize kinematic models created from motion capture for individual 

subjects by scaling limb lengths or by using scaling factors based on height or direct measurements 

[18][32]. Furthermore, a motion capture system can be used to identify and study human 

kinematics.  
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2.2.3 Motion Capture 

Currently, most researchers use a non-invasive motion capture system based on optoelectronic and 

electromagnetic measurement systems as their primary mode of motion capture [29, 33, 34]. In 

these systems, errors can occur in joint estimation due to inaccuracies of the kinetic model, marker 

positions, noise,  and soft tissue artifacts. However, these can be partly reduced by smoothing 

operations [35]. 

In order to capture motion data, sensors (in magnetic systems) or markers (in optical systems) are 

to be placed accurately on the limb. For instance, in optical systems, a minimum of three non-

colinear markers are used  to determine the pose of a rigid body. Two markers must be visible in 

at least two cameras at all times. Additonally, the markers should be well-spaced and attached to 

places with minimal skin movement. However, electromagnetic systems only require one sensor 

per segment.  

The choice of marker placement  affects the accuracy and visibility. Marker location is the most 

difficult and critical issue in motion capture and analysis. Therefore, special attention is required 

to avoid excessive skin movement under the markers that could result unwanted motions.  

According to literature, forearm rotation is typically recorded by placing markers on the wrist, 

elbow, and on  an extension from the forearm, which is usually at the wrist as this is the area where 

greatest movement occurs[36]. Additionally, the elbow is marked at the lateral epicondyle andnd 

Humeral rotation can be recorded by placing or using markers on the shoulder, elbow and  elbow 

extension (medial condyle or the wrist). In recording data of the shoulder, proximal humerus can 

be identified by one or two markers near the glenohumeral joint and the deltoid insertion [36]. The 

clavicle can be marked by two markers: one marker at the acromioclavicular joint and another 
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marker at the sternoclavicular joint or the incisura jugularis. Scapula can be tracked by multiple 

markers at the acromioclavicular joint, the trigonum spinae, and anulus inferior [36].  Thorax is 

also usually marked at different places and used as a stationary point. For standardization, marker 

locations set by Meskers et al can be used  [36]. 

Definition of the coordinate system also plays an important role in motion capture data collection 

and processing. Standardization of the coordinate system also facilitates the communication 

between researchers. However, standardization can be difficult in joints with a large range of 

motion such as the shoulder joint. Standardization has  been discussed by the International 

Shoulder Group and the International Society of Biomechanics [31]. Currently, most researchers 

use the Z- axis vertically upward on anatomical landmarks since it is consistent with the three- 

dimensional motion analysis and the Denavit Hatenberg method. Table 2 shows a detailed 

standardized coordinate system for the  upper limb. 

Table 2 (from the paper:[33]) abbreviations. The ‘From’ column defines the origin of the coordinate system, the ‘To’ column the 

longitudinal axis and the ‘In the plane of ’ column the cross-product for the second axis; the third axis is the cross-product of the 

first and second axes, to form a right-hand coordinate system. 

Coordinate system From To In the plane of 

Thorax  Mid point between PX 

and T8 

Mid-point between IJ and C7 C7 

Clavicle SC AC Thorax vertical axis 

Scapula AA TS AI (i.e. scapular plane) 

    

Humerus Centre of humeral head ‘Centre of trochlea’ or ‘midway 

between medial and lateral 

epicondyles’ which are 

effectively the same 

‘Plane of trochlear axis’ or ‘plane 

of condyles’ which are effectively 

the same 

Ulna Centre of trochlea (i.e. 

midway between 

condyles) 

Centre of ulnar head Plane of trochlear axis (i.e 

condyles) 

Radius Centre of radial head Centre of scaphoid contact 

surface 

Radio-ulnar hinge axis 

Forearm (Pro/Supn) Centre of radial head Centre of ulnar head Ulna and radius 
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There can be many possible sources of error with the use of a motion capture system, which 

include: 

• Variability in marker placement 

• Skin movement due to relative displacement between marker and bone. 

• Differences in bone geometry from individual to individual. 

• Accuracy of tracking systems 

• Distortion of tracking system due to optical or electromagnetic disturbances 

• Calibration errors 

• Errors due to gimbal lock at certain positions. 

• Insufficient or incorrect filtering of data[29]. 

• Lack of synchronization between cameras in optical systems 

• Accidental displacement of markers. 

• Simplification of arm into simple joints. 

• Definition of joint centers 

• Subjects not performing natural tasks because they are in laboratory setting. 

2.2.4 Kinematic Representations 

Kinematic representations are used in  order to parameterize movements. Generally, 

relative kinematics is used to describe kinematics mathematically where the distal segment is 

always described relative to the proximal segment as shown in Figure 9.                                                                                   

For instance, in order to parameterize shoulder movement, as shown in Equation 1, kinematics 

between body B and A can be represented by a homogeneous transformation matrix. R and t 

represent the Rotation and translation of frame B withrespect to A. Realistically, frames are defined 

on bony anatomical landmarks[30]. Furthermore, extreme attention is necessary when  identifying 
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and using these landmarks because the interpretation of kinematic data is sensitive to the choice 

of these frames of reference. 

[

𝑥𝐴
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] = [
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Figure 9 Generalised Relative Kinematics[37] 

 

 

2.2.4a Euler Representation 

Euler angles are very popular in shoulder kinematics representations. In euler angles , the 

rotation matrix R is defined as the product of three rotational transformations sequentially. Ri ,RJ 

and Rk about axes i , j and k. 

𝑅(𝑖,𝑗,𝑘) = 𝑅1(𝜃1)𝑅𝐽(𝜃2)𝑅𝑘(𝜃3) 

Even though euler angles are intuitive, they have limitations due to numerical instabilities, 

temporal nature, and interaction issues[38].  
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2.2.4b Joint Coordinate System Representation 

Bones are supportive structures for muscles. Kinematically, bones are approximated as 

straight line distances between endpoints,, which form links. Joints are meeting surfaces of bones. 

Physiologically, no fixed axis or rotation can be recognized. Relative motion between bones is a 

combination of rolling and griding for most joints on contact areas. Figure 10 shows the relative 

kinematics problem in terms of Joint Coordinate System (JCS) definition. 

 

Figure 10 JCS and 3D motion[37] 

2.2.4c Danavit - Hartenberg parameters 

The Danavit-Hartenberg parameters is a commonly used relative kinematics problem in 

robotics. In the DH convention, homogenous transformations are represented by a set of four 

parameters. For ith joint the parameters are link length (ai) , link twist(αi) link offset (di) and joint 

angle(θi). These parameters define the geometry of link i with respect to link i-1 about joint i. j 

points can be either revolute or prismatic as shown in Figure 11. The homogenous transformation 

is given by  
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𝑇 = [

cos (𝜃𝑖) − sin(𝜃𝑖) cos (𝛼𝑖) sin (𝜃𝑖)sin (𝛼𝑖) 𝑎𝑖cos (𝜃𝑖)

sin (𝜃𝑖) cos(𝜃𝑖) cos (𝛼𝑖) −cos(𝜃𝑖) sin (𝛼𝑖) 𝑎𝑖sin(𝜃𝑖)

0 sin (𝛼𝑖) cos (𝛼𝑖) 𝑑𝑖

0 0 0 1

] 

For instance, In the shoulder joint the GH joint is simplified to  a spherical joint. Therefore, 

it is represented as three revolute joints intersecting at a common point. Furthermore, DH 

Parameters are equivalent to Euler angles and JCS. 

 

Figure 11 Denavit-Hartenberg parameters for joint i connecting link i and link i − 1[37] 

2.2.5 Shoulder Joint Kinematics 

The shoulder joint is an important functional joint that has the largest range of motion 

(ROM);this creates several mathematical and practical challenges [37]. The shoulder joint is 

formed by the articulation of joints. These joints are capable of individual motions and these 

motions are not entirely sequential. These well-coordinated and simultaneous joints have been 

observed to have a rhythm [39]. Furthermore, studies have shown that there are translating motions 

in the humeral during shoulder movement [40]. 
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Although the shoulder joint is usually assumed as a ball and socket joint. This assumption 

neglects the role of joint structures such as ligaments, translations, joint asymmetries and role of 

girdle [41]. Therefore, the assumption of a ball and socket joint is only applicable for a small ROM; 

thus,this assumption deviates significantly from a large ROM [37]. Therefore, this assumption can 

be argued to be invalid for the representation of the shoulder mechanism. Several simulations to 

capture the GH joint and the whole girdle workspace have also shown significant kinematic 

differences [42].Also even small contributions from joints other than the GH have shown to 

contribute significantly to the end goal [43].  

2.2.6 Elbow Joint Kinematics 

Kinematics of the elbow joint have been studied experimentally by many investigators. It 

is often agreed that the elbow joint is a 2 DOF hinge joint that allows flexion/extension movements 

and pronation/supination of the forearm [33]. According to a study, the center of rotation of the 

elbow is described to have  a locus of points near the center of trochlea [44, 45].. 

The elbow can be modeled as a two-hinge joint with intersecting axes [46].Therefore, elbow 

kinematics can be described by two independent angles flexion extension (elFL-EX) and prono-

supination (PR-SU).The carrying angle is the angle formed during flexion-extension; this is 

defined as the angle formed between the long axis of the humerus (x1) and the long axis of the 

ulna(x2) [47]. When the arm is at the position  shown in Figure 1, theangle is typically 5° to 15° 

for men and 10° to 25°for women [33].During flexion, the path taken by the forearm can be  at 

least 90° from the fully extended position [33]. 
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Figure 12 Coordinate System defined for study of elbow joint carrying angle[47] 

Axis of rotation or Pronation/Supination pass from the capitulum on the humerus though 

the radial head to the distal end of the ulna. This results in rotation of radius about ulna [45].The 

pronation/supination axis is 4-5deg off perpendicular to flexion/extension axis. The radial head is 

not midway between the epicondyles, However, there is a translation between the humeral axis 

and the forearm axis [33]. 

Generally, elbow extension/flexion can be represented by the link segment model between 

humerus and ulna accurately, but pronation/supination must be treated separately since a link 

segment model with single joint cannot represent pronation/supination accurately accommodating 

both ulna and radius.  

2.3 Kinematic Analysis 

Generally kinematic analysis involves analysis of position, velocity, and acceleration of 

the body segments.  In order to create highly reliable kinematic solutions, three requirements must 

be addressed. First,numerical singularities in kinematic representations must be avoided at all cost. 

Therefore, i is important to design models to avoid numerical singularities. Secondly, variability 
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of movement can be used to understand neural coordinationtherefore, computational reliability is 

very important. Any compromise can lead to false conclusions of the study[37]. Lastly, 

mathematical representation must follow physiological kinematics; any mismatch can lead to 

mismatch in representation [48, 49]. 

Furthermore, Some of the challenges in investigating human join kinematics are due to 

complexity in human movement, Inconsistent clinical description on how joint angles and motions 

are described in the cardinal planes , measurement limitations due challenges in capturing and 

quantifying effects due to soft tissue artifacts(STAs), Over constrained system where individual 

bones move due to coupling and containing different movements, these movements can also vary 

due to plane of movement and elevation, joint anatomy and loading conditions and lastly movement 

variability where it has been found to be challenging to standardize the upper arm kinematics, this 

is mainly caused due to representational mismatch, non standard protocols, different data 

processing methods and actual variability in movement[37].  

2.4 Challenges of Upper-Limb Exoskeleton Designs 

As upper limb  disability cases are increasing robot aided  therapies has a potential to be 

an effective solution. Robot aided therapy has advantages over conventional manual therapy. 

Robotic aided therapy is capable of providing therapy for longer period of time  with a precise 

training method and data can be collected to give quantitative feedback. 

There are two kinds of robot aided rehabilitation devices one based on mapping device 

joint onto human anatomical joints or Exoskeleton type and the other devices are end effector 

based which provide exercise to individual joint movement.  
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The exoskeleton based devices have advantages over end effector type devices as they have better 

control over patients individual joint and applied torques, and they have larger range of motion. 

Year Name  Importance Remarks 

2007 CADEN-7 DOF: 7 Motion: Shoulder (Ab/Ad, 

F/E, IR/ER), elbow (F/E), forearm 

(P/S), wrist (R/U,F/E)                

Actuation: Brushed motors with 

cable-driven reduction pulleys 

Control: (Method: PD, CTC, 

impedance control; input: position, 

wrist force; output: torque) 

Pros: Can easily reach more 

positions without singularity; full 

ROM  

 Cons: Cable could stretch or slip, 

which might affect bearings, and can 

cause transmission backlash and 

cable derailment 

l ARMIN DOF: 6 Motion: Shoulder (Ab/Ad, 

F/E, IR/ER), elbow (F/E), forearm 

(P/S), wrist (F/E)                        

Actuation: DC motors with strain 

wave gear reduction.                 Control: 

(Method: PD, CTC, impedance 

control; input: position, wrist force; 

output: torque) 

Pros: COR based mechanism for 

shoulder 

Cons: Lower ROM than natural 

motion in the shoulder 

2009 SUFUL-7 DOF: 7 Motion: Moving center of 

Rotation of shoulder joint Shoulder 

(Ab/Ad, F/E, IR/ER), elbow (F/E), 

forearm (P/S), wrist (R/U,F/E)     

Actuation: DC motors with strain 

wave gear reduction               Control: 

EMG based neuro Fuzzy Control 

(Method: impedance control based on 

EMG; input: EMG signals, wrist 

force; output: torque) Moving center 

of Rotation of shoulder, axes 

deviation wrist, shoulder vertical and 

horizontal flexion/extension, elbow 

flexion/extension. Shoulder 

internal/External Rotation, Forearm 

Supination/pronation, wrist 

Flexion/Extension and Wrist 

Radial/Ulnar deviation. 

Pros: COR based mechanism for 

shoulder  

Cons: No means for maintaining 

cable tension; gear could have 

backlash; controller adaption is 

required before each experiment 
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2009 ARMin-III DOF: 6  Motion: Shoulder (Ab/Ad, 

F/E, IR/ER), elbow (F/E), forearm 

(P/S), wrist (R/U,F/E)        Actuation: 

DC motors with strain wave gear 

reduction              Control: (Method: 

PD, CTC, impedance control; input: 

position, wrist force; output: torque)          

Successor of ARMin and ARMin-II, 

and predecessor of commercial 

exoskeleton Armeopower 

Pros: Five adjustable links,Shoulder 

axis of rotation is not fixed, 

passiveelevation/depression and 

protraction /retraction of GH joint 

Cons: Lower ROM than natural 

motion in the shoulder 

2014 MARSE-7 DOF: 7 Motion: Shoulder (vertical 

and horizontal F/E, IR/ER), elbow 

(F/E), forearm (P/S), wrist (R/U, F/E)                              

Actuation: Brushless motors with 

strain wave gear reduction    Control: 

(Method: CTC, SMC, PID; input: 

EMG, wrist force; output: torque) 

Pros: Full ROM, robust control                         

Cons: Absence of COR mechanism 

for shoulder 

2015 6-REXOS DOFs: 4  Motion: Elbow (F/E), 

forearm (P/S), wrist (R/U, F/E) 

Actuation: DC motors with spur and 

bevel gears reduction 

Pros: Passive DOF to allow motion 

of COR of elbow and wrist joint   

Cons: No bearing at semicircular 

surfaces, which might produce 

backlash 

2016 RehabArm DOFs: 7 Motion: Shoulder (F/E, 

Ab/Ad, IR/ER), elbow (F/E), forearm 

(P/S), wrist (R/U, F/E)       Actuation: 

Cylindrical shaped micromotor with 

reduction bevel gears, belt, and 

pulleys          Control: (Method: fuzzy-

PID; input: joint position; output: 

torque and velocity) 

Pros: Lightweight; six motors to 

actuate seven DOFs                          

 Cons: Constant velocity; unable to 

provide simultaneous movement of 

forearm and wrist 

2017 CAREX-7 DOFs: 7  Cable driven           Motion: 

Shoulder (Ab/Ad, F/E, IR/ER), elbow 

(F/E), forearm (P/S), wrist (R/U, F/E) 

Actuation: DC motors with spur gear, 

bevel gears, and cable-driven pulley         

Control: (Method: CTC; input: 

Pros: Cable-driven parallel 

mechanism allows little to no 

kinematic mismatch between 

exoskeleton and its wearer; robust 

control     

Cons: Cable could stretch and slip 
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position, velocity, and wrist force;  

output: torque) 

2017 CABexo DOFs: 6  Motion: Shoulder (Ab/Ad, 

F/E, IR/ER), elbow (F/E), forearm 

(P/S), wrist (R/U, F/E)       Actuation: 

DC motors with cable-driven 

epicyclic gear train reduction 

Pros: Lightweight; stiff kinematic 

structure      

Cons: Gear transmission could have 

backlash 

2020 u-Rob DOF: 7  Motion: Shoulder (Ab/Ad, 

F/E, IR/ER), elbow (F/E), forearm 

(P/S), wrist (R/U, F/E)        Actuation: 

Brushless motors with strain wave 

gear reduction      Control: (Method: 

FSMC input: position, velocity; 

output: torque) 

Pros: Ergonomic COR mechanism 

Cons: Lower ROM than natural 

motion in the shoulder 

 

Complexity in the design of a rehabilitation exoskeleton can be described as the interaction 

of mechatronic structures and human body  both at physical and at control level. Some of the 

design features include exoskeleton must be able to respond to any movement by patient even 

pathological movement. And device must be based on fine control of mechanical interaction with 

patient’s limb so that the final goal is to help the patient recover his/her sensorimotor capability. 

Lastly there is a challenge to integrate wide range of motion with large velocities and accelerations 

while achieving workspace dynamics, minimal power and weight requirements. And special 

attention must also be given to eliminate uncontrollable forces that create deformations of skin and 

tissues[50]. 

In order to achieve this goal a smaller lighter actuator with gearbox that could generate 

sufficient forces can be used. And also in designing exoskeletons adjustable lengths segments of 

redundant DOF can be used to create adaptable exoskeletons[51]. 
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Existing controllers for exoskeletons are mostly assistive, this involves replicating therapist 

behavior to assist the impaired subject to accomplish a certain task. Different controller techniques 

are used in order to accomplish this. 

2.5 Performance Evaluation of Upper-limb Exoskeleton Robots 

Bones are supportive structures for muscles. kinematically, bones are approximated as 

straight line distances between endpoints which  forms links. And joints are meeting surfaces of 

bones. Physiologically no fixed axis or rotation can be recognized. Relative motion between bones 

is a combination of rolling and griding for most joints on contact areas. 

2.6 Actuation and sensors 

Actuation power transmission and sensors should be selected carefully in order to create a 

efficient robot. This section presents actuation power transmission, sensor technologies and their 

advantages and disadvantages for upper limb exoskeleton robots. 

2.6.1 Current Actuation Technologies 

There are several actuations technologies available for actuating systems. Traditionally, 

energy is provided to most commonly used actuators in the form of electric current, hydraulic fluid 

or pneumatic pressure. The type of energy source  used determines the type of actuators used in 

the system. For most actuation systems, the energy provided in the form of electric current, 

hydraulic fluid or pneumatic pressure. And there are also instances where different actuator 

systems are combined selectively to satisfy design goals. 

Design goals include challenges to integrate wide range of motions, velocities and 

accelerations required, power constraints, workspace requirements, portability and cost. Some 

popular types of actuators range from soft pneumatic actuators, hydraulic actuators, and AC/DC 
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motors. These actuators can also be combined to form designs with multiple actuator systems in 

order to satisfy design goals.  

In selecting actuators few selection criteria were considered generated torques, size of 

motor , motor velocities and accelerations, power consumption, portability, weight and the encoder 

type. Most commonly used actuator systems are electric, hydraulic and pneumatic, there are pros 

and cons of each actuator type. And recently there have been research interest into soft robotics 

actuators these range from pneumatics, electrical actuation to chemical actuation systems[52-55]. 

Currently soft robotic actuation remains a novel approach in exoskeleton design with inherited 

design limitations such as difficulty to control, non-linearity in control and slow response to given 

input. Although, researchers have used hydraulic actuation in exoskeletons as it can generate high 

torques [56, 57] these actuators are  heavy, noisy and have a tendency to leak fluids. Pneumatic 

actuation is a relatively light weight option although the high power to weight ratio of pneumatic 

actuators is obtained by neglecting the weight of the power source for instance the compressor can 

be installed in the persons wheel chair [58].Due to electric motors  high power bandwidth, linearity 

and ease of control they are used in most exoskeletons. Generally, brushed DC motors are preferred 

due to less complicated control. On the other hand brushless motors can provide better power to 

weight ratio. In most exoskeletons these motors are placed at the joint. These motors must be able 

to generate enough torque to start, accelerate and support the therapy at the desired speeds. When 

an exoskeleton attempts to lift the arm against gravity it is subjected to varying degree of torque. 

On the other hand stepper motors can provide high torque at low speeds and can be controlled by 

position inputs, stepper motors are also low cost and are much accurate in position control. 
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2.6.2 Current Sensor technologies 

Complexity of the interaction between mechatronic structures and the human body are 

coordinated by the use of data from the sensors. In the design phase complex approaches are based 

on tuning the behavior of the exoskeleton to the patients movements based on data from different 

motion capture and muscle activity capture systems such asoptical motion capture systems, IMU 

sensors and EMG sensors for muscle activity[59].  

EMG sensors, EEG sensors,encoders, force sensors and strain gauges are common types 

of sensors that are built into Exoskeletons to collect real time data for control purposes. For 

instance measured data is used by control algorithms to measure patient movement intensions. 

And therefore by using adaptive control techniques position and required motor torque commands 

are generated based on patients efforts and sensory data. And also advance controllers can adjust 

the required motor torque based on patients improvements. 

2.7 Exoskeleton Safety 

Safety is paramount in upper limb exoskeleton design as the robot directly interact with the 

human user. Rehabilitation devices are part of medical equipment, therefore they must meet 

specific and high standards from design to fabrication[60]. Safety features are implemented in 

three levels mechanical, electrical and software[61]. In the mechanical design physical stoppers 

can be integrated to each joint to restrict unintended motion and also prevent excessive excursions 

that could hyperextend or hyperflex individual joints. Also electrically emergency stop switches 

can be integrated to the design in easily accessible places for the user. Furthermore, the maximum 

torque and velocity of the exoskeleton can be limited by the control program to prevent unexpected 

sudden motion. 
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2.8  Electromyography (EMG) 

EMG is used to evaluate health of muscle and nerve cells that control them both invasivly 

as well as non invasivly to capture muscle activity.Although non-invasive is popular due to low 

cost, flexibility and less impact on the user compared to invasive sensors. These have a range of 

application form design of Human Robot Interfaces(HRIs) to design of EMG based control for 

robotic assistive devices[62, 63], and also devices like wearable arm bands for hand gesture 

recognition[64]  and are also used to study on the effects of muscle activity during certain activity. 

In this project EMG signals are used to estimate the reduction of muscle load by observing the 

difference in muscle activity when exoskeleton is used. In this experiment Delsys EMG capture 

system was due its high accuracy and reliability[65]. 
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CHAPTER 3 

DEVELOPMENT OF 5-DOF UPPER LIMB EXOSKELTON 

This task involves collecting human motion data and identifying joints that are capable of 

producing the desired motions. The joints and the associated motions are further analyzed to 

develop a 5-degree-of-freedom (DOF) upper limb exoskeleton. 

 

Figure 13 Exoskeleton Development Process 

Using geometry data and kinematic modeling information, the exoskeleton is modeled in 

a CAD environment.  The design is further evaluated and continuously improved through 

simulations as shown in Figure 13. 

3.1 Motion Capture & Kinematic Modeling 

 Human anatomical features are studied and extracted through motion capture system. 

With the motion capture data, a musculoskeletal model is developed . 
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3.1.1 Motion Capture 

An optical motion capture system was utilized for motion data collection. The basic 

workflow for the cortex motion capture system is given in Figure 15. Markers were placed based 

on  literature associated to the target joints [36]. The marker placement is shown in Figure 16.  

 

Figure 15 Work flow Cortex motion capture system 

 

Figure 16 Marker Placement 

The Cortex motion capture system was first calibrated and then used to collect data and 

identify joint kinematics. 

3.1.2 Musculoskeletal modeling in OpenSim 4.2  

OpenSim was used to do preliminary simulations and experimental testing to obtain 

suitable range of motion for the design and to identify design goals including which supports 

natural range of motion. OpenSim is a open-source software created by Stanford University, 

Figure 14 Motion capture & Kinematic Modelling 

Workflow 
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Stanford, CA, USA for computational approaches that can simulate and evaluate the role of 

muscles during movement, and that can investigate the effects of changes to musculoskeletal 

system or neural control associated with age, gender and diseases [66]. Reliable estimates of 

muscle moment are necessary to calculate the forces and moments generated by muscles accurately 

[67]. Optimization methods are used to calculate muscle forces based on experimental 

measurements of joint moments and equilibrium equations of muscle moments developed [67]. 

Several body models are available with the software and models are also shared freely among the 

OpenSim user community to provide researchers access to tried and tested models with a 

framework to integrate anatomical and physiological data, enabling a wide range of studies in 

neuromuscular control. 

 

Figure 17 Musculoskeletal Model of Upper limb OpenSim Model[66] 

In this project we use a 15 degrees-of-freedom upper extremity model representing 

shoulder as shown in Figure 17, elbow, forearm, wrist, thumb, and index finger and 50 muscle 

compartments crossing these joints. This model was developed by Katherine R. Saul [68]. The 

model is integrated with inverse kinematic and computed muscle control compatibility. The model 
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estimates muscle tendon lengths and moment arms, thereby muscle forces and joint moments for 

each of the muscles over a wide range of postures given the pattern of muscle activation [69]. 

 

The first step in the analysis of experimental data in OpenSim is scaling. The model is 

scaled to match each subject as closely as possible using the scale tool and static data from motion 

capture. As the second step inverse kinematic tool is used to derive joint angles of the upper limb 

model. 

The upper limb shoulder model is composed of the following joint limits as shown in  

Table 3. 

Table 3 OpenSim model joint 

limits[70] 

 

 

 

 

 

The geometric data from the scaled model with identified joint axis information is then 

exported to CATIA for exoskeleton modeling. 

 From To 

Shoulder Abduction -95 130 

Shoulder Elevation 0 180 

Shoulder Rotation 14.9 120 

Elbow Flexion 0 130 

 From To 

Shoulder Abduction -95 130 

Shoulder Elevation 0 180 

Shoulder Rotation 14.9 120 

Elbow Flexion 0 130 
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3.2 Product Design 

Figure 18 describes the product design process. Geometric data related to joint axis 

information and limb lengths  are exported to CATIA from OpenSim. The geometric data  shown 

in Figure 19 provide  the base for the exoskelton design.   

 

Figure 18 Product Design Workflow 

 

Figure 19 Showing marker locations with Geometry Data Exported to CATIA 

Using this data, a model was created and iteratively improved through use of simulation and 

analysis. Figure 20 shows the 5 DOF upper limb exoskeleton with its unique features. 

Sensor Location Acronym Symbol

Spine Spine S1

Clavicle Trunk Trunk S2

Rrght Scapula Lower RScapL S3

- S4

Right Shoulder Posterior RSP S5

Right Scapula RScap S6

Shoulder Center Shoulder S7

Right Shourdel Anterior RSA S8

Rigth Clavicle RClav S9

- S10

Right Elbow Medium REM S11

Elbow center Elbow S12

Right Elbow Lateral REL S13

- S14

Right Wrist Medium RWM S15

Wrist center Wrist S16

Right Wrist Lateral RWL S17

Right Hand RH S18
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Figure 20 5DOF UpperLimb Exoskeleton 
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3.3 Exoskeleton Design 

The design for the exoskeleton optimized through an extensive literature review , motion 

capture and geometrical analysis. Using this, the exoskeleton was modeled in CATIA 3D 

Experience Design Software. During the design, several factors were considered such as 

adaptability, alignment with human body, and cost. Therefore, design requirements were 

formulated for the exoskeleton prior to design phase, which include: (1) Minimum mass: Special 

attention was given to reduce mass of the exoskeleton so that a less torque is required to drive it 

and the  the upper limb; (2) Workspace: The workspace of the exoskeleton must be able to 

accommodate the natural motion of a human hand; (3) Flexible design: The design must be able 

adjustable in size to accommodate 95% of the general population. 

This chapter presents a 5 DOF upper limb exoskeleton robot to assist individuals that have 

impairments of partial or full motor control of their upper limb. The exoskeleton is designed to be 

worn on the right upper limb, as shown in Figure 20. Futhermore, the exoskeleton is designed in 

such a way that it can accommodate a person who can do rehabilitation exercises while standing 

or  sitting. The exoskeleton can also be mounted to a wheel chair.The design is lightweight,  and 

can accommodate upper limb motions such as shoulder flexion/extension, shoulder 

adduction/adduction, shoulder elevation/ depression, and elbow flexion/extension. 

  The exoskeleton is composed of an adjustable stand and five links as shown in Figure 21. 

The exoskeleton was designed in a way that it can be adjusted to accommodate subjects with 

different anatomy. 
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The base motor is attached to the stand and it provides stability and support to the 

mechanism. The base is composed of a NEMA 23 motor and is connected to Link 1 using a flange. 

The NEMA 23 for base provides rotational motion to the connected Link 1. Link 1 is composed 

of an adjustable slider mechanism as it can accomodate different subjects. In the prototyping stage, 

most of the links were 3D printed and they were later designed using Aluminum accounting for 

defomation effects. Additionally, all the adjustable links were made using commercial Aluminum 

Extrusions. The total weight of the exoskelton was 9.08kg, which makes it lighter than 

commercially available devices.  

3.4 System design 

The exoskeleton was kinematically designed to overlap with 95% of healthy human arm 

workspace. This mechanism is composed of a total of 5 DOF. Furthermore, each link is adjustable 

in length in order to accommodate a wide range of anthropometric arm dimensions . Each joint is 

equipped with mechanical limits to prevent motion beyond anatomical range of motions. 

The entire exoskeleton assembly is securely mounted to a frame  allowing to change height 

from ground to shoulder to accommodate patients with different heights and to design 

experimental setups for standing and sitting positions. 

 

 

 

 

 
 

Figure 21 Main Components of 5DOF Exoskeleton 

Base & Stand Link 1 Link 2 Link 3 Link 4 Link 5 
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The shoulder assembly of the exoskeleton consists of  a total of four motors. The shoulder 

complex can be modeled as a ball and socket joint, which is kinematically equivalent to three 

revolute joints linked serially whose axes intersect at a single point.  The intersection point 

correlates with the center of rotation of the glenohumeral joint during shoulder girdle movements. 

These three revolute joints can be substituted by three motors. In order to accommodate shoulder 

elevation and depression, an additional motor was used. 

The shoulder assembly also integrates a slider lock mechanism to adjust the exoskeleton  

in order to accommodate people of different body sizes. This avoids harmful effects caused by 

position difference between COR of robot shoulder and the human shoulder [19]. This mechanism 

is shown in Figure 22. 

 

Figure 22 Slider Lock Shoulder Mechanism 

The end of the adjustable shoulder- elbow link is attached to the elbow assembly. The 

elbow assembly facilitates a 1 DOF elbow motion on an adjustable link connecting the elbow and 

wrist. These adjustable link lengths allows to provide better ergonomic fitting to the patients who 

wears the exoskeleton.  

All the motors are equipped with encoders to get the joint position data and FSR sensors 

are carefully positioned in the arm, forearm, and the wrist contact surfaces to measure forces 

generated. In this design, aluminum and 3D printed parts are primarily used in the mechanical 
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structure to account for mechanical resistance and reduced weight. Lastly, form pads are used in 

the design to minimize pressure against the skin and prevent damage. 

The unique advantages of the mechanism will be demonstrated in the next chapter, with 

simulation results demonstrating the effectiveness of the exoskelton. 

3.5 System Architecture 

The exoskelton is composed of two major components: (1) Hardware – robotic mechanism, 

actuation, sensing and electronics; (2) Software – Control architecture and virtual reality 

environment. Contact forces are measured by force sensors mounted on the arm support surfaces 

on the upper arm, lower arm, and the wrist. Lastly,  joint angles are measured by encoders in the 

motors.  
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3.6 Torque and workspace capabilities of the human arm 

Understanding the torque and workspace capabilities of the human arm is very important 

in the design of exoskeletons.. Torque capabilities of human limbs are listed below. 

Joint ROM(deg) Torque(Nm) 

Shoulder Vertical Flexion/Extension 150 125 

Shoulder Horizontal Flexion/Extension 125 110 

Upper arm Internal/External Rotation 120 - 

Elbow Flexion/Extension 110 72.5 

Forearm Pronation/ Supination 150 9.1 

Wrist Flexion/Extension 120 19.8 

Wrist Radial/Ulnar Deviation 20 20.8 

Table 3.1.Torque and workspace capabilities of human arm[71] 

Workspace capabilities and torque requiremnets were determined considering the 

workspace capabilities of human arm as the primary goal of the 5 DOF exoskeleton is to restore 

the function of upper arm. 

Joint ROM(deg) Torque(Nm) 

Shoulder Vertical Flexion/Extension 150 14 

Shoulder Horizontal Flexion/Extension 125 12 

Upper arm Internal/External Rotation 120 12 

Elbow Flexion/Extension 110 3.5 

 

The torque values were evaluated using a motion analysis package in Soildworks. 
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3.7 Actuation 

The system uses DC stepper motors that are directly connected to the five joints of the 

exoskeleton. Two NEMA 23 geared motors drive Joint 1 and 2 and smaller NEMA 17 geared 

stepper motors drive Joint 2, 3 and 4. The actuators that were selected has the largest torque to 

weight ratio for the cost in the time the exoskeleton was developed. Low mass and torque 

requirements are considered in the selection of actuation method. Actuators contribute to most of 

the weight of the exoskeleton than any other part. And electric motors are generally preferred 

because they have advantages in terms of high power, commercial availability. In this design 

geared stepper motors are used as actuators in the exoskeleton. The actuators were selected based 

on the torque requirements, size of motor, weight and encoder type. Basically the exoskeleton uses 

two types of motors. For shoulder elevation/depression and shoulder vertical flexion/extension two  

NEMA 23HS22-2804D-PG47-E1000 motors are used and all other movements are done by  

NEMA 17HS19-1684D-PG100-E1000 motors. These motors are equipped with integrated 

encoders for position feedback. Stepper motors can provide full torque at standstill while windings 

are energized holding a load against an external force when the motor is not rotating. 

                                    

Figure 23 (a)NEMA 23HS22-2804D-PG47-E1000 (b) NEMA 17HS19-1684D-PG100-E1000 

 

 

(a) (b) 
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3.8 Sensing 

Two types of sensors were used in the exoskeleton: (1) Position sensors; (2) Force sensors. 

The encoders were mounted to the back of the motors by the manufacturer for measuring the 

absolute joint angle. As the human is physically attached to the exoskeleton. Forces sensors were 

embedded and positioned at the contact surfaces at arm supports and the wrist. 

3.9 Safety 

In this design of upper limb exoskeleton the safety is considered paramount. Safety 

measures are included in the mechanical , electronic and the control design. Placing physical 

mechanical stoppers in the joints prevents joint motion beyond natural motion of the limbs. In 

order to limit the speed of operation of motors current and voltages are limited electronically. And 

also in the controller design saturation values are set for torque, force, velocity and position in 

order to ensure safety. 

3.10 Fitting and Alignment 

During a rehabilitation session a patient wears a exoskeleton for  an hour or two hours. 

Therefore we need to ensure the patients comfort. The main cause of discomfort are reactive forces 

and torques between exoskeleton joints and human joints.As solutions to these exoskeltons must 

be designed light weight and with flexible contact surfaces. 

In this design we have also adapted a open structure with flexible straps for the exoskeleton so that 

the wearer can wear and take off the exoskeleton easily. 

3.11 Ergonomic Analysis  

The Ergonomic analysis was conducted in two stages first the exoskeleton was assessed 

following RULA assessment method then the exoskeleton was further assessed by performing a  



  

44 

 

 

Electromyographic assessment on volunteers performing predefined tasks wearing the upper limb 

exoskeleton prototype. 

3.11.1 RULA Assessment 

Ergonomic analysis was conducted following RULA(Rapid Upper Limb Assessment) 

survey method developed for use in ergonomics investigation of upper limb to provide quick 

assessments of the postures of the neck, trunk, and upper limbs along with muscle function and 

external loads experienced by the body[72, 73]. This method uses diagrams of body postures and 

three scoring tables to provide evaluation of ergonomics. The risk factors under investigation 

include number of  movements, static muscle work, force, work postures and time without a break. 

RULA provides a simplified and conservative rating system to be used as a guide to indicate wether 

there are risk factors. 

Static RULA analysis was applied to extreme arm positions, fully extended abduction, 

shoulder flexion, elbow flexion, and arm horizontal extended to the right arm. In the analysis a 

load of 0kg was defined in the analysis of the exoskeleton as the exoskeleton support structure 

transfers the weight of the arm completely to the ground though the mounted stand.A load of less 

than 2kg has a RULA score of 1). As the tasks are repeated less than 4 times a minute it is not 

considered a repetitive task in this analysis[72]. 

The height adjustability of the setup and adjustable link lengths gave a RULA score of 

1.Finally the  joint limits were set in the simulation software according to the ergonomic analysis. 

And the  analysis gave a overall score of 3 for each task during the RULA assessment using the 

3D Experience Ergonomic Evaluation Application. The score shows that the postures were 

acceptable but further investigations may be required to see the eefect on respective muscles.  
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3.11.2 EMG Ergonomic Evaluation 

According to literature, evaluating exoskeletons for ergonomic and fitting using EMG data 

is a popular option. Majority of these studies focus on the impact on muscle groups which are 

supported by exoskeletons[74]. EMG  can be used to evaluate the effect of the exoskeleton on the 

muscle activity [75]. 

3.12 Structural Validation 

 A finite Element analysis to validate the structure was conducted on 3D Experience 

Platform. Link 2 and Link 3 was identified as weak links during the initial analysis and prototyping 

stage and need to be assesed and replaced with a more stronger material. Maximum force applied 

to the  exoskeleton was estimated using the actual weight of the exoskeleton and also from human 

body segment parameter data obtained from literature as shown in Figure 24.  

Body Segment Mass (% mass) 

 Female Male 

Upper Arm 2.55 2.71 

Forearm 1.38 1.62 

Hand 0.56 0.61 

Figure 24 Average Mass of Body Segments[76] 
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Average mass of a male human(MH) [77] : 

178lb(80kg) 

𝐴𝑣𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑈𝑝𝑝𝑒𝑟 𝐿𝑖𝑚𝑏

=
2.71

100
∗  𝑀𝐻 +

1.62

100
∗ 𝑀𝐻

+
0.56

100
∗ 𝑀𝐻 

                                                                             

= 8.70lb(3.95kg) 

Mass of Exoskeleton from Link 2 to 

Endeffector : 10.24lb(4.645kg) 

Total weight = 18.94lb(8.595kg) 

Average mass of a male human(MH) Upper 

limit : 200lb(90kg) 

𝐴𝑣𝑔 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑈𝑝𝑝𝑒𝑟 𝐿𝑖𝑚𝑏

=
2.71

100
∗  𝑀𝐻 +

1.62

100
∗ 𝑀𝐻

+
0.56

100
∗ 𝑀𝐻 

                                                                                 

= 9.78lb(4.44kg) 

Mass of Exoskeleton from Link 2 to 

Endeffector : 10.24lb(4.645kg) 

Total weight = 20.02lb(9.08kg) 

Estimated Maximum force Lower Bound : 

84.55N 

Estimated Maximum force Upper Bound : 

89.44N 

 

Boundary conditions were applied as shown in Figure 25.  

 

Figure 25 Boundry Conditions 

Application of 

Load 

Fixed Displacement 

at x y z Mesh Type : Tetrahedron Mesh 

Size : 5.354mm 

Sag : 1.071mm 

Order of Mesh : Quadratic 
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Link 2 Finite Element Analysis 

Link 2 connecting bracket was identified as a weak structure in the exoskeleton. 

Link 2: Von Mises Stress Lower Bound & Displacement Lower Bound 84.55N 

             

Link 2: Von Mises Stress Upper Bound & Displacement Upper Bound 89.44N 

 

Part Von Mises 

Stress Lower 

Bound 

Load : 

84.55N 

Displacement 

Lower Bound 

Von Mises 

Stress Upper 

Bound 

Load : 89.44N 

Displacement 

Upper Bound 

Properties 

Link 

2 

1.45e+7 

N_m2 

0.516mm 1.53e+7 N_m2 0.546mm Mass :0.111kg 

Material : PLA 

Link 

2 

New 

4.39e+7  

N_m2 

0.139mm 4.64e+7  N_m2 0.147mm Mass: 0.217kg  

Material: 6061-

T651 Aluminum 
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Link 2 NEW: Von Mises Stress Lower Bound & Displacement Lower Bound 84.55N 

 

Link 2 NEW: Von Mises Stress Upper Bound & Displacement Upper Bound 89.44N 

 

 

The new design had a maximum displacement of 0.147mm which is a 57.6% reduction in 

dispalcement under upper bound loading conditions and a Factor of saftey of 6 which makes the 

design acceptable without any permanent deformation while supporting upperbound loading 

conditions. 
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Link 3 Finite Element Analysis 

Link 3, connecting bracket was also another identified sensitive area/part in the exoskeleton. 

 

Link 3: Von Mises Stress Lower Bound & Displacement Lower Bound 84.55N 

             

Link 3: Von Mises Stress Upper Bound & Displacement Upper Bound 89.44N 

 

Part Von Mises 

Stress Lower 

Bound 

Load : 

84.55N 

Displacement 

Lower Bound 

Von Mises 

Stress Upper 

Bound 

Load : 89.44N 

Displacement 

Upper Bound 

Properties 

Link 

3 

6.67e+6  

N_m2 

0.383mm 7.05e+6  N_m2 0.405mm Mass :0.144kg  

Material : PLA 

Link 

3 

New 

3.38e+7  

N_m2 

0.0622mm 3.57e+7  N_m2 0.0658mm Mass: 0.217kg  

Material: 6061-

T651 Aluminum 
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Link 3 NEW: Von Mises Stress Lower Bound & Displacement Lower Bound 84.55N 

 

Link 3 NEW: Von Mises Stress Upper Bound & Displacement Upper Bound 89.44N 

 

 

The new design of link 3  had a displacement of 0.0658mm which is a 72% reduction in 

displacement with a factor of safety of 7 which shows that the design is acceptable without any 

permanent deformation.Furthermore this shows that the part can support upperbound loading 

conditions. 
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CHAPTER 4 

KINEMATIC ANALYIS OF AN UPPER LIMB EXOSKELTON MODEL  

4.1 Introduction  

 An exoskeleton can be active or passive, an active exoskeleton can support the motion of 

body segments using actively actuated joints of the exoskeleton. Whereas passive exoskeletons 

give structural or mechanical advantage to human limbs at a certain configuration with no actively 

actuated joints to provide support and increase the performance of the limbs. Kinematic design is 

the key aspect of developing an exoskeleton to match biological motion geometries. Specifically 

in designing an upper limb exoskeleton, matching the motion of the shoulder complex is a 

challenging task. This involves alignment between anatomical and exoskeleton joints overcoming 

kinematic singularities of mechanical models.  However, little attention is given for overcoming 

kinematic singularities in exoskletons used in rehablitation  as these exoskeletons often do not 

require large ranges of motion as  most training motions are confined to certain patterns. 
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4.2 Shoulder Mechanism 

           The shoulder complex is mechanically modelled using three serially connected revolute 

joints J2, J3 J4 arranged in oblique angles to each other as shown in Figure 26.  

 

Figure 26 Four DOF Shoulder Joint 

The ball and socket joint connects to the shoulder elevation-depression mechanism which 

consists of one revolute joint J1. The distance between J1 and the ball and socket joint can be 

adjusted to match the shoulder size of the subject. This concept of 5DOF exoskeleton with 4DOF  

at the shoulder  proposes a unique solution with better manipulability than conventional shoulder 

models. The unique advantages will be demonstrated later in the chapter. With simulation results 

demonstrating the effectiveness and it will also discuss the unique advantage of singularity 

avoidance using motor J1.  

The 4R mechanism for the shoulder has four revolute joints and therefore can be 

considered as a 4DOF shoulder mechanism. In which axis of three revolute joints intersect at a 
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point forming a spherical joint. The fourth joint or the joint at the base helps in shoulder 

elevation. Hence the 4R mechanism can be described as a 4DOF redundant robot with 3DOF for 

spherical motion. This kinematic redundancy with the joint at the base is also used to avoid 

singularity configurations of the mechanism and to prevent mechanical interference with the 

user. 

The 4R mechanism consists of  a rotational base with a adjustable link length (L1) to 

joint 2 to adjust according to the user. And the three joints that interest at the common point has 

fixed link lengths (L2, L3), 

Finally the  elbow is represented as a single revolute joint with 1 DOF. This bring the 

total number of Degrees of Freedom of exoskelton to 5 DOF. 
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4.3 Kinematic Design and alignment 

In this section the range of motion of the exoskeleton is discussed with a human model. 

The 3DOF ball and socket joint is made with an oblique arrangement of Joints to provide a 

clearance with the head during abduction. 

  

 
 

 

 

Figure 27 The 4 DOF shoulder mechanism and elbow Joint (a) Abduction with clearance to head (b)Shoulder Extension (c) 

Shoulder Flexion (d) Elbow Flexion – Extension (e) Arm Internal rotation (f) Arm External rotation. 
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4.4 Two stage Shoulder mechanism 

The design of a two stage shoulder mechanism offers multiple advantages.  

1.) It offers a better approach in designing for shoulder abduction - adduction motion. 

2.) Extra joint assist in avoiding singularities in the robot.  

3.) It is also possible to use this two stage shoulder mechanism to compensate for the 

variation of shoulder center of rotation during the natural movement of the shoulder joint. 

  The movement of the shoulder girdle which is as a result of a complex agreement of three 

articulated elements the humerus, scapula and the clavicle, with arm abduction adduction the arm 

is moved as a two step movement as shown in Figure 28[78].This motion can be simplified by 

using two revolute joints with one joint at the humerus and the other in the center of the sternum.  

                               

Figure 28(a) Two step shoulder Abduction Adduction[78] (b)Two step shoulder Abduction Adduction Mechanism 

 

  

 

 

(a) (b) 
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4.5 Range of motion 

 Range of motion (ROM) is the available amount of movement, linear or angular 

distance around a specific joint. Based on the joint limits of the exoskeleton, a workspace plot 

was created. Workspace plot allows us to identify the reach of the exoskeleton. Figure 29 shows 

the range of a human subject and the range of motion of a human wearing the right arm 

exoskeleton.  

 

 

Figure 29 Range of Motion of Human Right Arm and the Range of motion of Human wearing the right Arm Exoskeleton 

The range of motion of exoskeleton is less than of the human.The shoulder joint also 

accommodate pronation and supination .  
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4.6 Kinematic Model 

Danavit Hatenburg convention can be used to define the frames of reference of the exoskeleton 

thereby defining the kinematic model of the exoskeleton mechanism. Let θ € ℝ5 be the joint 

variable, the DH parameters of the proposed exoskeleton model are shown in Table 4 and frame 

definitions are shown in Figure 30. The home position of the robot can be defined as θ = [0, 0, 0, 

0, 0]. 

                                                                                                                                                                                                                                                                                                                                                                            

                                                            

  

 

 

 

 

 

  

    

  

 

 

 

 

 

 

 

   

 

Table 4 DH Parameters 

a  α d θ 

a1 0 e1+c1 Θ1 

0 60 0 Θ2 + 

90.362 

0 60 0 Θ3 + 

67.894 

20.200 0 e2 Θ4 

3.875 0 0 Θ5 

Symbol Angle 

Angle z2,z3 60 deg 

Angle z3,z4 60 deg 

Angle z4,z2 72 deg 

Angle x2,z1 90.362 deg 

Angle x3,z2 67.894 deg 

Symbol Length 

a1 119.476mm 

e1 33.263mm 

c1 163.983mm 

c2 149.487mm 

c3 138.497mm 

a4 246.855mm 

e2 71.704mm 

a5 343.141mm 

 

 

Figure 30 Frame Definitions 
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Forward Kinematics    

Forward kinematics defines the position and orientation of the robot endeffector or the wrist 

(Frame 5) referenced to the robots base frame (Frame 0). The position vector p0 and the orientation 

(Rx Ry Rz) can be obtained by calculating the coordinate transformation matrix T0
5(θ). 

𝑇5
0(𝜃) = 𝐴1

0𝐴2
1𝐴3

2𝐴4
3𝐴5

4 = [
𝑅𝑥 𝑅𝑦
0 0

 
𝑅𝑧
0

  𝑝
0

1
] 

Where 𝜃 = [𝜃1 𝜃2 𝜃3 𝜃4 𝜃5]
𝑇 denotes the joint space angles, and 𝐴𝑖

𝑖−1 is the transformation matrix 

from Frame i to Frame i-1. 
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CHAPTER 5 

EXPERIMENTATION AND RESULT 

               The experimentation is done in two stages: in the first stage, the exoskeleton is validated 

using a computer aided simulation environment, and in the second stage, the exoskeleton is tested 

for its kinematic fit and alignment through human subject testing. 

5.1 Experiment 1: Biomechanical Validation of the Exoskelton in a Computer Simulation 

Environment 

The integration of human body structure and functional human exoskeleton is an 

engineering challenge. Some researcheres integrate the designing of exoskeletons with co-

simulation through muscular modeling software’s like OpenSim to evaluate exoskeleton 

designs[79]. Since the variation of forces within the muscle could provide insight into effects of 

misalignment and other impairments. 

In this research the exoskeleton was built and simulated in Computer Aided Design 

Software CATIA 3D Experience and SOLIDWORKS. During data collection, several reference 

nodes were placed in the exoskeleton. Figure 31 shows the exoskelton model and the OpenSim 

model.  

 

Figure 31 (A) Exoskeleton Model and Sensor Locations (B) OpenSim Model 

A B 



  

60 

 

 

This experimental section gives a insight of the validation process of the exoskeleton in 

OpenSim. And results and the relevance of the exoskeleton is discussed according to the design  

objectives 

5.1.1 Methodology  

The study was conducted following the outline shown in Figure 32, OpenSim 4.1 and the MoBL-

ARMS Upper Extremity Model, which has 7 degrees of freedom consisting of 50 muscles, was 

used in the simulation[66, 70]. In this two scaled models were simulated from motion data from 

motion capture and data from CAD simulation.  

 Analyzing motion parameters Using Musculoskeltal Software Opensim 

Motion data for elbow flexion extension motion was imported to OpenSim to calculate the 

kinematics of the motion. The Inverse Kinematics (IK) tool was used to calculate the joint angle 

data that follow the captured marker trajectories recorded during the experiment data collection. 

The IK tool goes through each time step of motion and computes generalized coordinate values 

using a weighted least square problem which best matches the experimental markers in the scaled 

model and coordinate values from trajectory data. The derived angles are used to calculate joint 

moments and reaction forces from measured kinematics using Inverse Dynamics. Then Static 

Optimization (SO) tool in OpenSim was used to calculate the muscle forces associated with 

motions. The SO tool resolves the net joint moments and forces into individual muscle forces 

overall joint moments into forces generated by each muscle at any time frame. 
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Figure 32 Shows the work flow of the development process of the system and evaluation 

Figure 32 shows the work flow of the development process of the system and evaluation. 

During data collection, the subjects motion data was captured using a optical motion capture 

system. Initially, the subject was placed on a sitting position while their arm was in a relaxed 

position on a table as shown in Figure 33.  
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                  Figure 33 Elbow Flexion Extension Expr Setup 

The shoulder was oriented at 30° of flexion and 0°  of abduction and neutral rotation. The 

forearm was placed in a supinated position, while the wrist was placed in a neutral position with 

the hand being completely relaxed. During data collection, the subject was asked to slowly flex 

their elbow to 130degrees in the sagittal plane, which served as the fully flexed elbow position. 

          Then, the subject was asked to extend their elbow back to its neural position, with the hand 

still remaining in the supinated position. extend back to neutral position and the hand remained 

supinated. The subject repeated the motion three times.  After data was collected, the data from 

the motion capture system was processed and transferred to the OpenSim software. Within the 

OpenSim software, the upper limb skeletal model was scaled using the data collected from the 

subject. When the model scaling is complete, the OpenSim inverse kinematic solver was used to 

Elbow 

Flexed 



  

63 

 

 

derive the joint angles, which were then exported back to OpenSim in order to simulate the scaled 

OpenSim upper limb model.  

The elbow joint of the exoskelton model was also simulated: the trajectory data was 

collected from the simulation and then exported back to OpenSim in order to simulate the scaled 

OpenSim upper limb model. Where Joint angles for respective motions were  used to derive muscle 

forces using a forward simulation based muscle force estimation method called Computed Muscle 

Control to track the joint angular accelerations[80].Finally the muscle data calculated from the 

motion capture data and muscle data calculated from exoskeleton simulation were compared and 

analyzed to evaluate the exoskeleton’s performance. The evaluation was based on three criteria’s 

which includes muscle force, metabolic power, and muscle activity/excitation.  

 

Figure 34 Model with Trajectories at Marker Locations 
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Figure 35 OpenSim Model with Markers                                                             

5.1.2 Experiment Objectives  

To ensure that the assistive robot performs without misalignments and impairment issues, 

the elbow motion was investigated. In addition the exoskelton was customized for the subject 

(Male, 26 year-old, 5,7”, and 96kg), which included appropriate alignment and muscle properties. 

Figure 33 Elbow Flexion Extension Expr Setup demonstrate the motion and angular movements 

of the elbow angles throughout the experiment. 

5.1.3 Experiment  

Data for the experiment was collected within the Human Biomechanics Laboratory at 

Wichita State University. Throughout data collection, the objective was to obtain position data 

from selected marker locations and joints, as well as capture the trajectory of motion of the elbow 

during the flexion and extension exercises using motion capture system. 

Before data was collected, the cortex motion capture system was calibrated. And the the 

desired motions for the experiment were demonstrated to the subjects and the position and 
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orientation data was collected. Figure 36 shows the Marker placement for the experiment and 

Figure 33 shows the experimental setup. 

  

Figure 36 Placement of EMG electrodes Front and Back 

 

5.1.4 Data Collection and Processing 

The recorded data was analyzed and processed and exported to OpenSim. 

5.1.5 Results and Discussion 

In validating the exoskeleton using OpenSim, the trajectories from the simulation and 

motion capture were used to simulate the OpenSim musculoskeletal model to calculate muscle 

forces. Figure 37 shows a side by side motion comparison of the OpenSim and simulation. The 

Opensim simulation uses motion data collected by motion capture from predefined marker 

locations on the human subject and the Simulation shows the motion data captured from 
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predefined marker locations on the Exoskeleton in a CAD environment. And a plot of Elbow 

flexion extension angle during the experiment is shown in Figure 38.Muscle interaction forces 

created on individual muscles were then plotted  and analyzed for error. In order to further 

validate the investigation muscle excitation plots and muscle actuation power plots of individual 

muscles are also used. 

 

 

Figure 37 Elbow movement Simulation Opensim / CAD 

 

Figure 38 Elbow joint angle while performing Elbow Flexion and Extension Exercises 

 

 

• Muscle Excitations During Elbow Flexion/Extension Exercises 
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Figure 39 Plot of muscle excitation produced at the muscles motion capture data and data from exoskeleton simulation. 

While the elbow flexion and extension exercises were performed, the muscles BIClong, BRA, 

and BRD appear to be excited, as shown in Figure 39. On the other hand, the plots for muscles 

BICshort,TRIlat, TRIlong, and TRImed did not show any muscle excitation during the elbow 
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flexion and extension exercises. This further validates the use of required muscles for the motion 

and shows the consistency of muscle activation. Although  BRD shows a higher level of excitations 

initially. 
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• Muscle Forces during Elbow Flexion/Extension Exercises 

 
 

  

  

 

 

Figure 40 Shows a plot of Muscle Forces produced at the muscles with motion capture data and motion data from Exoskeleton 

simulation. 
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Figure 40 Line graphs describes the muscle force plots over time. The muscle force plots 

show similar trend of force values at respective times. During flexion there is a slight increase in 

muscle force in BIClong, BRA and BRD as the elbow is flexed towards the sagittal plane. But as 

the elbow is flexed beyond sagittal plane and there is a steep decrease in BICshort and BRA muscle 

force with a slight Increase in BRD muscle force relatively. And triceps muscles TRIlat, Trimed 

and TRIlong shows a increase in muscle force. 

And as the elbow is extended the Bicep and Tricep muscles relax showing a trend of decreasing 

muscle force. Overall the consistency of the plots shows similarity between muscle force with 

motion data from human and with simulation data from the exoskeleton. 
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• Muscle Actuation Power during Elbow Flexion/Extension Exercises 

  

  

  

 

 

Figure 41 Shows a plot of Muscle Power at the muscles from motion capture data and Exoskeleton simulation data. 

Figure 41 shows a plot of muscle power at the muscles motion capture data and exoskeleton 

simulation data. As the elbow is flexed, the power level of BIClong, BICshort, BRA and BRD 

increases until the elbow is flexed completely. On the other hand the muscle power of TRIlat, 
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TRIlong and TRImed decreases steeply as the elbow is flexed. And during elbow extension the 

power of TRIlat,TRIlong and TRImed increases while the muscle power of BIClong, BICshort, 

BRA and BRD decreases until the elbow is extended to the initial position.  

Discussion 

 The result shows a similar patern of  muscle estimations  while evaluated by the 

musculoskeletal model using motion capture data from the subject trajectory while performing the 

given tasks within the experiment and the CAD model imported to opensim of the tasks being 

performed . According to Figure 39, we can validate that they  produced similar muscle excitations 

in the OpenSim simulation environment. 

 Moreover, Figure 40 shows that the muscle force estimation from the subjects motion capture 

data and the exoskeleton simulation had good match with the muscle force estimation from 

exoskeleton simulation motion data. 

 Lastly, muscle power estimations were compared in Figure 41. The estimations show that 

they produced overlapping and matching estimation. Further confirming that the exoskeleton 

performed with a higher efficiency without interacting negatively with the natural human motions. 

 These evaluation method and results have us an insight of the human-exoskeleton interactions 

and effective method to evaluate exoskeletons. 

 A limitation within the study includes the musculoskeletal model used being scaled based on 

marker data from the motion capture system. For more accurate model, MRI data can be used to 

construct a subject specific OpenSim model. Additionally, another limitation involves the choice 

of muscles since they should be investigated based on the subject since there can be pathologies 
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inherited to the subject .Nevertheless, the study and results still show that this process is effective 

in validating exoskeletons. 
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5.2 Experiment 2 : Upper limb Exoskelton Prototype testing 

The purpose of this study is to perform an EMG based ergonomic assessment for the 

exoskeleton to evaluate the ergonomics and performance of the exoskeleton. In this 

experiment,intensity of muscle activations in different subjects when they perform two tasks in a 

repetitive way assisted by the upper limb exoskeleton is presented. To do this surface 

electromyography (EMG) signals were monitored with and without the exoskeleton for 5 subjects. 

The tasks involves elbow flexion extension and shoulder abduction adduction with and without 

exoskeleton. The main objective of the experimentation is to validate and verify the fit and 

alignment of the exoskeleton prototype and also to observe the reduction in muscular activity when 

the user executes the task with the help of the robotic device, with which it is possible to come to 

a conclusion that the proposed system performed the task without adding additional strain on the 

subjects muscles. 

5.2.1 Experimental setup 

Five subjects with no upper arm disability participated in the study. The group consists of 

four men and one female all right handed, with ages between 21 and 30 years, with heights ranging 

from 1.524m and 1.84m, and weight between 140lb to 190lb. 

The subjects sat on a chair wearing the arm exoskeleton in their right arm. The exoskeleton 

was adjusted before the start of the experiment and link lengths and height of shoulder were 

adjusted according to the subject. The experimental setup in its initail configuration is shown in 

Figure 42. 
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Figure 42 Exoskeleton Setup Initial Configuration 

5.2.2 Acquired Data 

In this experiment four EMG sensors from the DELSYS Trigno EMG data capture system 

were employed. Each sensor to monitor four muscle groups deltoid, pectoralis, biceps brachii, and 

triceps brachii. And IMU data from a IMU sensor placed at the wrist of the subject was used to 

capture the trajectory of the hand and the exoskeleton. Figure 43 shows the configuration of EMG 

sensors used. The red circle correspond to the EMG sensor placed to capture muscle signals in 

deltoid, green circle represent sensor for pectoralis, blue circle represent sensor placement for 

biceps brachii and yellow circle represent sensor placement for triceps brachii. 

 

Figure 43 EMG Sensor Placement 

IMU 

sensor 
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The output is measured in millivolts of electromyography(EMG) muscle response, the 

electrical activity corresponds to nerves stimulation of muscles. The muscles were sampled at a 

sampling rate of  1926Hz. Then the signals were filtered and rectified and the root mean square of 

the data was calculated and plotted against time. Figure 44 shows a prototype of the upper limb 

exoskeleton while two subjects participate in a experiment while wearing and without wearing the 

exoskeleton. 

 

Figure 44 (a) Task with Exoskeleton (b) Task without Exoskeleton 

5.2.3 Study Protocol 

 

Figure 45  Study Protocol 

First the subject is explained what the experiment consists of and also given a trail run of 

the exoskeleton to familiarize with device. The electrodes were placed for the capture of the EMG 
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signals, as described in the previous section.  Once communication between devices has been 

verified correctly. The experiment is initiated. The two tasks were  conducted in a random way 

task involved elbow flexion extension motion as shown in Figure 46(a) with and without 

exoskeleton. And shoulder abduction adduction motion as shown in Figure 46(b) with and without 

exoskeleton.This Experimental protocol is summerised in Figure 45. 

                   

Figure 46 (a) Elbow Flexion Extension (b) Shoulder Adduction Abduction 

There was 3 repetions of each condition first wearing the exoskelton and second without 

wearing. The subjects were give a rest period of 2 minutes between experiments.And subjects were 

given a visual and a voice command to start the experiment. 

All subjects perfomed the experiment in a sitting position and the stucture and the weight 

of the exoskeleton was supported by a stucture of height adjustable aluminim fittings fitted to a 

steady stucture as shown in Figure 47. 
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Figure 47 Experimental setup (a) Exoskeleton (b) Motion and EMG data capture system 
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5.2.4 EMG Data Plots and motion 

Trajectory Plots  

  

Figure 48 Trajectory Plots of  Scenario 1(Elbow ExtFlex)  and Scenerio 2 (Shoulder Adduction Abduction) 

In this experiment two predefined motions were preprogramed to the exoskeleton. One for 

elbow elexion and extension motion of the elbow joint, which were performed 3 times and One 

motion that involves robot performing an elbow flexion motion to bring the robot to position and 

then performing a shoulder abduction adduction motion three times. 

Recorded trajectories  in Figure 48 shows the movement of the hand with and without the 

exoskeleton. Orange color plot represent the trajectory of the arm wearing the exoskeleton and 

blue color represent the trajectory of the arm without the exoskeleton. The overlap of trajectories 

show that the movement of the arm with and without exoskeleton has a similar trajectory. The 

trajectory data collect act as a way to verify the quality of the data. 

5.2.5 Statistical Analysis and EMG plots 

The root mean square plots of the acquired EMG signals shows the muscle activity with 

and without wearing the exoskeleton. Two scenarios are presented separately. Scenario 1 describe 

the elbow flexion extension motion and scenario 2 describe the shoulder abduction – adduction 
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motion. Due to low number of participants a simple paired t-Test were used for comparison , with 

p<0.05 considered statistically significant. The t test was conducted on hypothesis that wearing 

the upper limb exoskeleton do not cause additional stress to muscle activity and that it only provide 

support to the motion. The statistical tests were performed using SPSS statistical analysis software. 

Finally, differences in EMG amplitudes with and without exoskeleton were compared visually.The 

Statistical Analysis and data processing is summerised in Figure 49. 

 

Figure 49 Statistical Analysis Workflow 

Furthermore, paired sample t-Test uses mean of RMS muscle activity of each muscle for 

individual subjects with and without wearing the exoskeleton to test the null. 
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Scenario 1 :Muscle activity plots for Elbow Flexion Extension of Subjects 

In the elbow flexion extension scenario a  significant activation of biceps brachii can be 

observed relative to other muscle groups. The muscle activation levels with the exoskeleton is 

relatively low relative to muscle activation levels without the exoskeleton.  

Right Deltoid Muscle 
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A pattern of low activation of muscles can be observed when the subject wear the 

exoskeleton. Although t-Test on right deltoid muscle shows a p value of 0.532 which indicates that 

there is no significant difference in muscle activity between with and without exoskeleton. 

Although less noisy and stable EMG activity can be observed when the subject wear the 

exoskeleton.During flexion extension there is mean reduction in muscle activity of 9.42% for 

deltoid muscle. 

Right Biceps Brachii Muscle 
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A pattern of low activation of muscles can be observed when the subject wear the 

exoskeleton. And t-Test on right biceps brachii muscle shows a p value of 0.764 which indicates 

that there is no significant difference in muscle activity between with and without exoskelton. 

Although less noisy and stable EMG activity can be observed when the subject wear the 

exoskeleton. Three peaks in the plots can be observed that indicated bicep muscle activity in elbow 

flexion extension.There is a mean reduction of muscle activity of 3.84% for bicep brachii muscles. 
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Right Triceps Brachii Muscle 
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A pattern of low activation of muscles can be observed when the subject wear the 

exoskeleton. Although t-Test on right triceps brachii muscle shows a p value of 0.328 which 

indicates that there is no significant difference in muscle activity between with and without 

exoskeleton. Although less noisy and stable EMG activity can be observed when the subject wear 

the exoskeleton. There is a mean reduction in muscle activity of 21.43%. 

Right Pectoralis Muscle 
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p value of 0.638 indicates that there is no significant difference in muscle activity 

between with and without the exoskeleton.And there is a mean reduction in muscle activity of 

2.27% for muscle pectoralis. 
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Scenario 2: Shoulder Flection Extension Subject 03, 04 and 05 

In the shoulder motion higher activity of deltoid muscles can be observed relative to scenario 1. 

Right Deltoid Muscle
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A pattern of low activation of muscles can be observed when the subject wear the 

exoskeleton. Although t-Test on right deltoid muscle shows a p value of 0.245 which indicates that 

there is no significant difference in muscle activity between with and without exoskelton. Although 

less noisy and calm EMG activity can be observed when the subject wear the exoskeleton. And 

there is a mean reduction in muscle activity of 5.16% for deltoid muscle. 

Right Biceps Brachii Muscle 
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A pattern of low activation of muscles can be observed when the subject wear the 

exoskeleton. Although t-Test on right biceps brachii muscle shows a p value of 0.286 which 

indicates that there is no significant difference in muscle activity between with and without 

exoskelton, less noisy EMG activity can be observed when the subject wear the exoskeleton. And 

there is a mean reduction in muscle activity of 6.79% for biceps brachii muscle. 
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Right Triceps Brachii Muscle

 

 

 

 

 



  

91 

 

 

A pattern of low activation of muscles can be observed on Sub03 and Sub 04 while wearing 

the exoskeleton. EMG plot from Sub 05 seemed to have been effected by a sensor placement error 

during the experiment. Although t-Test on right triceps brachii muscle shows a p value of 0.975 

which indicates that there is no significant difference in muscle activity between with and without 

exoskeleton. Although less noisy and calm EMG activity can be observed when the subject wear 

the exoskeleton. And there is a mean reduction in muscle activity of 9.822% for triceps brachii 

muscle. 

Right Pectoralis Muscle
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The t-Test on right pectoralis muscle shows a p value of 0.729 which indicates that there 

is no significant difference in muscle activity between with and without exoskeleton. The muscle 

activity pattern with exoskeleton seemed to be skewed along a straight line. And there is a mean 

reduction in muscle activity of 1.75% for pectoralis muscle. 
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5.3 Discussion 

The results show that wearing the proposed upper limb exoskeleton does not create 

unintended muscle activation due to misalignment and fit errors. This is observed by the t-test 

having no significant difference between muscle activation with and without the exoskeleton.    

Overall a reduction in muscle activity in subjects wearing the exoskeleton during tasks can 

be observed.  

Table 5 Summary of t-Test form SPSS 

 Muscle group with Exoskelton 

(EXO_Muscle)  -  without 

Exoskeleton 

P- value 

 

 

Scenerio 1 

EXO_DELTOID  – DELTOID 0.532 

EXO_BICEPS - BICEPS 0.762 

EXO_TRICEPS - TRICEPS 0.328 

EXO_PECTORALIS - PECTORALIS 0.638 

 

 

Scenerio 2 

EXO_DELTOID  – DELTOID 0.245 

EXO_BICEPS - BICEPS 0.286 

EXO_TRICEPS - TRICEPS 0.975 

EXO_ PECTORALIS - PECTORALIS 0.729 
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CHAPTER 6 

DISCUSSION AND FUTURE WORKS 

The thesis addressed the design of a upper limb rehabilitation exoskeleton to assist upper limb 

motions for robot based rehabilitation. This was motivated by increasing need of assistive robotic 

rehabilitation devices and design challanges. Thus, the focus of  this research is  to design 

anatomically aligned exoskeleton for the upper limb rehabilitation. Prototype has been developed 

and tested for fit and alignment using computer aided simulations and human subject testing. 

The main contributions of this thesis are: 

1) Study of the human limb movement and geometry using state-of- the- art motion capture and 

musculoskeletal modeling and simulation 

2)  Developing a methdology to design an exoskeletons and assessment methods to quantify the 

human limb motions and interactions with the exoskeleton in related to fitting, alignment and 

functionality. 

6.1 Conclusion 

 Upper arm motions (kinematics) and associated muscle responses reflected through surface 

electromyography (sEMG) has been collected from five human subjects. Based on the motion 

capture data, a musculoskeletal model has been created and used to generate simulations of the 

defined movements for comparisons with and without an exoskeleton. The assesment hypothesis 

is that if the exoskeleton has a good alignment, then the muscle force profile will follow a similar 

pattern with data obtained without exoskeletons.  During the musculoskeletal modeling and 

simulation, the muscle force estimations were performed and compaired for two scenarios: 1) 

using motion capture data from a human subject , and 2) motion captured from the exoskeleton in 
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simulation environment. The final results have shown a similar muscle force estimation. This 

iterative process to align the force estimation were able to help in optimizing the design. 

Similarly, an exipermantal validation was performed using a prototype to asses the variation of 

muscle force activites. Electromyography assessment on five human subjects showed that the 

upper limb exoskeleton does not create unintended muscle activations due to misalignment and fit 

errors. This is confirmed by statistical analysis  using a t-test  showing no significant difference 

between muscle activation with and without exoskeleton. Furthermore, as expected, an overall 

reduction of muscle activity were noticed while subjects wear the exoskeleton indicating the 

support provided by the exoskeleton in liffting the limb. For elbow flextion extension motion 

overall reduction in muscle activity of 9.24% was observed and for Shoulder abduction – aduction  

overall reduction of 5.55% was observed.Overall, the preliminary study have shown a promising 

result with low alignment and fitting issues during exoskeleton-human interaction, however, 

additional testing and validation with much larger and diverse sample size  with different age and 

sex is needed. 

6.2 Future work 

This research work could be expanded to include the  force interaction between the exoskeleton 

and human  in the analysis and use it to predict the impact on the muscle activities  and provide 

targeted interventions. 

Also conducting a EMG based fatigue analysis to evaluate the exoskeleton for ergonomic 

evaluation willprovide additional assesment metrices[75]. 
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