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ABSTRACT 

 

This research is aimed at the development and application of an immersive virtual reality 

environment (IVE) for performing assembly and maintenance simulations using the Jack® 

software package. The Flock of Birds™ motion tracking system is used to capture body postures 

of an immersed human and reproduce it in real-time in the virtual environment. The 

Cyberglove™ is used to capture finger movements in real-time for realistic grasp interaction. A 

comprehensive set of voice commands has been developed to provide significant functionality to 

allow one person to control the virtual environment while immersed in the environment, thereby 

improving ease of use and productivity. One of the most important applications is a method by 

which the immersed human can walk and fly through the virtual environment, thereby greatly 

expanding the envelope of the virtual environment navigable under the constraints imposed by 

the limited tracking volume. These capabilities have been used to investigate assembly 

simulation of the windshield deicer of a Cessna aircraft. 

 After accomplishing successful improvement in fine tuning of the capabilities developed 

for VR, we aimed at employing the applicability of VR in field of ergonomics. Improvements 

include improving the ease of use of the capabilities developed so far as well as implementing 

new types of grasping, etc. One topic of research is the fidelity of the virtual environment in 

capturing and mapping immersed user postures on to digital humanoids. Different sensor 

configurations were being analyzed and multiple operators were used to arrive at the general 

conclusions and recommendations to maximize the accuracy of the postures. We are also 

implementing certain developments to enable an immersed user to experience the reach, 

visibility and ergonomics that are experienced by operators of different sizes for any given 
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design of tooling and operations. The motions performed by the immersed operator were mapped 

to humanoids representing standard operators such as 5th, 50th or 95th percentile males and the 

postures adopted are subjected to ergonomic analysis.  
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CHAPTER 1 

 

INTRODUCTION 

 
This chapter provides an introduction to Virtual Reality (VR) and its applications. 

Section 1.1 provides a brief description of VR and the different types of VR. Section 1.2 

describes the hardware and software architectures typically employed to implement the seamless 

human machine interface required for immersive VR. Section 1.3 surveys various applications of 

Immersive Virtual Reality (IVR) to manufacturing and ergonomic analysis. Section 1.4 describes 

the motivation for this research and outlines the key objectives.  

 

1.1 Virtual Reality 

 Virtual Reality (VR) is an artificial environment digitally simulated with the use of 

computer hardware and software components to facilitate human-computer interaction and 

presented to the user in such a manner that it is perceived as a real environment.  

 Computational technology has become more advanced in recent years with the invention 

of powerful computers and storage capacity. Newer multimodal devices are constantly being 

integrated with the standard devices to enable more realistic exploration and interaction, 

especially in computer games.  

 The environment in which the user interacts with the virtual world can be classified into 

three categories.  

1) Non-immersive VR,  

2) Semi immersive VR, and  

3) Fully immersive VR.  
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 Non immersive VR mostly includes mouse-controlled navigation through a virtual 

environment displayed on a graphics monitor. This category also includes stereo viewing of 

objects and environments on monitors via shutter glasses. These systems are applicable where 

the analysis doesn’t require a high level of realism. These systems “provide almost no sense of 

immersion and are limited to a certain extent by current 2D interaction devices. Additionally, 

these systems are of little use where the perception of scale is an important factor” [Costello, 

1997].  

Semi immersive VR systems typically constitute a large screen monitor, large screen 

projector, and multiple projection system similar to that in many I-MAX theaters [Costello, 

1997]. “Semi-immersive systems therefore provide a greater sense of presence than non-

immersive systems and also provide a greater appreciation of scale. In addition, images can be 

provided that are of a far greater resolution than HMDs and this implementation provides the 

ability to share the virtual experience” [Costello, 1997].  

In fully immersive VR the user is fully immersed in the artificial three dimensional world 

generated by the VR system. This is commonly known as Immersive Virtual Reality (IVR) and 

the environment is called Immersive Virtual Environment (IVE). Immersion is achieved by the 

use of standard devices coupled with multimodal devices such as special gloves to sense finger 

movements and/or provide tactile feedback, earphones to hear commands, headphones to provide 

auditory immersion and feedback, sensors to track the body part movements or change in 

postures, including change in view direction, head mounted displays to display the virtual world 

for the perspective of the user immersed in the virtual world, etc. The immersed user navigates 

the virtual world through such sophisticated hardware components. Sometimes the actions of the 

immersed human are mapped to digital humanoids in the virtual world. Typical characteristics of 
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IVE include 1) Realistic perception and enhanced viewing of elements in the virtual world, 2) 

Control and manipulation of the virtual world along with the more precise perception of sense 

and natural interaction etc.   

 

1.2 Hardware and Software Architecture of VR 

 VR system architecture is made up of hardware and software components to create the 

virtual environment. Integrating these enhanced hardware and software components will 

persuade the user to experience the virtual images as realistic images.  

1.2.1 Hardware Requirements  

 To represent the actual world elements as realistic objects into VR environment, the 

information to the sensory systems (eyes, ears, touch and speech) of the human being have to be 

imaged or delivered convincingly real. For example, if the user’s actions have to be imitated by 

the humanoid in the virtual environment, then the display images of the humanoid should exhibit 

very high frame rates and continuous update of these frame rates to generate its inherently 

interactive nature similar to the user in real time. Thus, multimodal human-machine interaction is 

must to perform the task. This can be possible only through the better hardware configurations 

and interfaces. Hence, in general, hardware requirements for virtual environment include 1) 

computers:  with large physical memories, better graphics resolution and which can also enable 

stereo image display, 2) Head Mount Display (HMD): to immerse the user into synthetically 

created virtual environment which will facilitate the navigation through the three dimensional 

virtual world, 3) Motion capture devices: to capture and map the postures related to the functions 

and tasks performed by the immersed user and as well to deliver this to the digital humanoid, 4) 

Gloves: to sense finger postures and/or provide tactile feedback (may also contain switchers for 
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input), 5) Head phones: to receive auditory feed back or commands to perform the given task, 6) 

Speech recognition and speech processing units: to deliver specific command to perform desired 

functions etc.  

1.2.2 Software Requirements  

 The functions or tasks of the immersed user need to be captured and conveyed to the 

humanoid in the virtual world for the humanoid to imitate the actions of the user. In such 

instances, the immersive virtual reality environment not only should be capable of interfacing 

with the VR multimodal devices but also needs the tool or software that generates the humanoid 

simulation. To generate the convincing illusion of the real world elements in the virtual world, 

many geometric objects have to be rendered and simulated instantaneously by these software 

devices to continuously imitate the immersed user’s postures as these devices generate output of 

the immersed user actions which are imitated by the humanoid in the virtual world. Jack® and 

IGRIP® are the common motion analysis software which possesses such capabilities. These 

software packages are capable of generating digital humanoids and provide multimodal 

interaction devices and run on multiple platforms. These software packages also enable the 

resizing of the humanoid to real world human sizes and percentiles.  

1.2.3 Integration of Hardware and Software Devices 

The actions performed by the immersed user are captured by the hardware devices and 

these actions are mapped to the digital humanoid through the interfaces. To perform any 

ergonomic or motion analysis of the digital humanoid, continuous capture of the postures/actions 

performed by the immersed user in any position and orientation is necessary to map the motion 

on to the digital humanoid in the virtual world. Effective integration of these hardware and 
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software components not only makes this happen but can also facilitate further analysis of these 

postures to comprehend real world limitations.  

 

1.3 Application of IVR in Manufacturing/Ergonomics 
 
 Immersive virtual reality involves a human immersed in and interacting with a virtual 

environment. VR has currently found significant applications in the field of manufacturing. 

Understanding the actual manufacturing capabilities (analyzing assembly process, evaluating 

design constraints, or training) using virtual environments and digital prototypes can help 

eliminate need for developing physical prototypes, which is time consuming and expensive. 

Many manufacturing industries now use VR as a standard tool in their business processes. One 

such major area of application is the use of VR for education and training.  

In applications such as visibility, reach and ergonomic assessment, the movements of the 

human drive a humanoid and the postures of the humanoid are recorded and analyzed. However 

the accuracy with which the human’s postures are duplicated by the humanoid dictates the 

reliability of the ergonomic analysis that may be carried out. IVEs also help to reduce the effort 

and time involved in creating realistic simulation modules by having the motions of the digital 

humanoid performing the task in the virtual world imitate the user’s tasks in the actual world.  

 

1.4 Motivation and Objectives 
 
 The motivation of this research is to help industry improve the ease and productivity of 

generating digital manufacturing simulations by using advanced virtual environments. Having all 

the physical elements such as Head Mounted Display, Sensors, Data Gloves etc. attached to the 

immersed user, it is difficult to accomplish the virtual assembly in desired way. Usually, the 
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performance of immersed operators is hindered by the complexity involved in performing the 

given task. Especially, for the tasks related to assembly as the assembly functions gets 

complicated the user will feel stressed which in turn affects his performance. 

 This research presents our approach towards integration of voice commands into a virtual 

assembly environment developed in Jack to aid the immersive operator performing the assembly 

tasks. By integrating voice commands into the virtual environment, the user can use voice 

commands to carry out various auxiliary tasks typically required for facilitating the immersive 

virtual reality session while his hands and vision are occupied with the actual assembly task at 

hand. In addition, use of voice commands also expands the envelope of the virtual space that is 

accessible to the immersed operator.   

 While the basic components of a virtual reality environment for assembly operation were 

already in place, our aim is to make many of these developments easier to use. Additional 

research was aimed at verifying the usefulness of the virtual environments from the point of view 

of the assembly design, ergonomics and training. We studied the ability of the virtual 

environment to accurately capture and map the immersed operator’s postures onto digital 

humanoids. Next, rigorous ergonomic analysis was performed to see the impact of different size 

and proportion users to perform same task.  

  

1.5 Structure of Thesis 
 
 Chapter 2 summarizes the literature relevant to VR applications related to manufacturing, 

assembly operations, ergonomic analysis, and integration of voice commands into VR. A special 

emphasis is placed on VR systems involving full digital humanoids. Chapter 3 lists in greater 

detail the objectives of this research. Chapter 4 details the development and improvement of IVR. 
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Wherein, the experimental setup for the immersive virtual design, voice command integration 

with the virtual assembly to perform desired task, and constraints that guide the object to move 

along the tool surface are discussed in detail. Chapter 5 investigates the pilot study of the 

accuracy and precision of elbow and wrist joint angles for the immersed wooden manikin and 

human as compared to those of the humanoid to determine their applicability for ergonomic 

purposes. Chapter 6 aims at applicability of virtual environments in field of ergonomics and 

develops capability to 'inhabit' different bodies, and perceive human factor issues that could be 

perceived by operators of different builds. Chapter 7 concludes the idea, modeling and approach 

of the topic. In addition, the chapter also details the possible extensions of this research. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 
 

This chapter presents a review of the literature pertinent to the application of VR, for 

assembly design. After a brief overview of the improved application of VR in general, we focus 

on virtual reality applications involving digital humanoids, especially in the field of 

manufacturing, product assembly and disassembly. Section 2.4 through 2.7 reviews the state of 

the field in relation to the integration of voice commands within virtual environments to perform 

desired tasks, the accuracy of postures adopted by the digital humanoid as compared to the 

postures of the immersed user and applications of VR to perform ergonomic analysis. 

 

2.1 Virtual Reality (VR) Application 

With help of multimodal hardware input devices such as sensors, data gloves, HMD, etc. 

the immersed user interacts with the digital images created and displayed in the virtual world by 

the software. Users are not only be able to visualize the virtual elements as real but also can 

manipulate the virtual elements, can perform specified tasks and subject the postures adapted 

during the performance of the tasks to rigorous ergonomic analysis, time studies, etc. Due to 

such unique features and flexibility of VR it has demonstrated noticeable application to the work 

related environment. In engineering, VR is widely used to create digital prototypes to save time 

and money spent on manufacturing physical prototypes [Nwoke and Nelson, 1993]. The user can 

experience and interact with virtual products, tools, work data, etc. as designed, before they are 

built, and can validate their form, function, usability, ergonomics, etc., before one commits to 
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finalizing these designs. This is especially useful for complex designs of one of kind products 

with which the user has complex interaction, for example, assembly workstations. This has led to 

wide application of VR in human factors and ergonomic studies, simulation of assembly 

sequences and maintenance tasks, hands-on training, navigation, visualization, etc. Beyond 

manufacturing many applications of VR can also be seen in medicine and education [Goebel, 

1996], flight simulation, games and entertainment industries [Badique et al., 2002], chemistry of 

macromolecules, architecture, weather simulation, etc. Our research focuses on VR applications 

in design of assembly tasks, taking into consideration human factors, ergonomics and task times.  

 

2.2 Virtual Reality Applications Involving the Use of Digital Humanoids 

A full sized digital humanoid is necessary in simulations aimed at design and 

development of assembly operations for addressing human related factors like reachability, 

visibility and ergonomic feasibility. However, an immense amount of time and energy is 

required for positioning the digital humanoid in realistic postures. Lockheed Martin developed a 

simulation with digital humans performing the disassembly task of removing the Pratt and 

Whitney engine from a Joint Strike Fighter plane to convince the US Navy that the engine could 

be removed easier in a different way than that stipulated [Thornton 2001]. The same simulation 

was used as a training module for the actual maintenance crew who completed the task in about 

3 hours. The crew credited the simulation with enabling them to carry out the task easily. Also, 

design changes were suggested by the maintenance crew after reviewing the simulations, to 

improve access and reachability. These simulations were developed in IGRIP® software. The 

first simulation required nine months to develop, mainly because of the time required for manual 

modeling of thousands of postures of the four member maintenance crew.  
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Kibira and McLean [2002] have applied virtual reality simulation to the design of 

production lines. The authors simulated both discrete events of overall process flow and detailed 

operations of the operator using Quest® and IGRIP software respectively. They concluded that 

development of line level process simulation was easier compared to detailed workstation level 

operations simulation, which was found to be time consuming and tedious on account of the need 

to adjust the postures of the humanoids. A new approach to develop the simulations faster, with 

the aid of immersive virtual reality technology, is addressed in this work. The positioning of the 

digital humanoid can be made more realistic and can be achieved faster if driven by motion 

tracking of an immersed operator doing the tasks.  

 

2.3 Application of Virtual Reality in Manufacturing 

 Product assembly is an interactive process between the operator(s), tools and components 

and usually involves complex tasks and task sequences. It is necessary to evaluate difficult 

process sequences in order to have an efficient assembly design. The application of Virtual 

Reality (VR) to assembly design, especially immersive virtual reality in a complete virtual model 

of the assembly environment, can help users design and evaluate assembly tasks and different 

possible sequences, and choose the best alternatives. This is especially important in the current 

volatile manufacturing market, with frequent changes in the specification of the product, which 

typically affect the assembly process. VR has currently found significant applications in the field 

of manufacturing. Loftin [1993] detailed the use of VR by NASA’s Lyndon B. Johnson Space 

Center to train astronauts to handle equipment in zero gravity for the Hubble Space Telescope 

Repair and Maintenance missions. VR applications can also be seen in aircraft inspection 
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training [Vora et al., 2002]. Proper training is necessary as inspecting is a complex task due to 

interaction between human and large number of components. 

 VR is an ideal tool for the modeling and analysis of complex task sequences often found 

in activities such as assembly and maintenance. Programmable digital humanoids can help to 

provide a cost efficient method to perform and analyze assembly operations. Lockheed Martin 

uses digital humanoids to perform assembly process design and as well as for human factor 

analysis [Wampler et al. 2003]. Jayaram et al. [1999] have developed a virtual reality based 

application to facilitate the planning, evaluation and verification of a mechanical assembly 

system. Boud et al. [1999] conducted experiments to compare assembly tasks performed in real 

and virtual reality environments. They found that virtual reality assembly tasks are performed 

better when supplemented with tactile feedback because it enhances the feeling of presence in 

the virtual environment. They also found that virtual reality technology can be successfully used 

to train employees to perform assembly tasks. Chryssolouris et al. [2000] conducted ergonomic 

analysis of the assembly of a high speed boat propeller using motion tracking systems and have 

proposed a semi-empirical time model based on statistical design experimentation methods. 

Successful application of virtual reality to design and validate maintenance guidelines has 

been a key enabling technology in the Lockheed Martin Tactical Aircraft System (LMTAS) 

program [Abshire and Barron 1998]. They have described their application of virtual 

maintenance capability to the LMTAS F-16 program. They mention that the cost for redesigning 

a single aircraft installation is more than that of acquiring a virtual maintenance system. They 

found out using Jack to set the human postures for further strength and joint limit analysis is a 

big advantage. By importing the scaled DEPTH humanoid into Jack integrated with Flock of 

Birds (FOB) and Head Mounted Display (HMD), the user can feel his reach and vision capability 
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through the HMD in virtual world. They have validated the virtual human performance 

qualitatively while performing maintenance tasks such as equipment adjustments, fastener 

handling, etc. But they did not statistically analyze the posture accuracy and neither mentioned 

the humanoid size. The quantitative characters they want to validate are “maintenance manhours 

per flight hour and mean time to repair”. But due to the software capabilities limitation, they put 

this virtual human performance validation as the future work [Abshire and Barron, 1998]. 

Similarly, weapon equipment maintenance is very essential as this equipment is very 

expensive and new equipment is introduced often. A virtual assembly system for equipment 

maintenance VASMET was developed by Chen et al. [2002]. Virtual reality technology 

including haptic interface has been used for maintainability analysis of Rolls-Royce aircraft 

engines weighing more than 35,000 lbs [Savall et al. 2002].   

 

2.4 Integration of Voice Commands into VR 

 The use of immersive virtual reality to evaluate assembly sequences in manufacturing 

environments will benefit from more sophisticated interaction of the human with the virtual 

environment, along with improved feedback. This is especially important since the immersed 

operator’s hands and vision may be occupied with the assembly tasks. Recently, use of verbal 

interaction and auditory feedback integration has demonstrated potential to play a vital role in 

complicated assembly environments to provide enhanced interaction for improved performance.  

Ozaki et al. [1999] developed and applied a combined verbal/non-verbal interaction 

approach between the user and the computer to an assembly environment. Their system 

successfully interprets the user’s vocal commands into specific actions and facilitates the 

assembly process by executing the given instructions. Continuous speech recognition parser 
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(JULIAN) was used to recognize the given speech based on the predefined set of grammars. The 

verbal interpretation includes the interactions, for example, while using data glove to select one 

part, the immersed user can ask “what it this” to identify the specific component in the virtual 

world and the system will generate the response as “this is holder”. Non-verbal interactions, such 

as pointing at an object to help identify the object, are used to complement the verbal 

interactions. By integrating verbal instructions along with non verbal actions, it was found that 

the user’s intentions can be more clearly conveyed to the system and interpreted into appropriate 

actions.  

According to Kranzlmiller et al. [2001], “advanced human-computer interface is 

necessary to evaluate the complete functionality of any system”. They developed a speech 

processing unit, VRIO, by integrating speech processing capabilities for controlling applications 

in IVE. The control applications provide improved controls of the user while functioning tasks 

related to movements in the virtual environment. This in turn helps to eliminate the traditional 

ways of controlling and navigation using keyboard and mouse. Simple voice commands such as 

“reset”, “next level”, “step forward”, “step back”, “wrap”, “stop”, “stop transmission”, and 

“quit” are converted to specific actions. The IBM’s ViaVoice SDK for Linux systems is used as 

a speech processing unit that interacts with UNIX systems via TCP/IP sockets. Being in 

immersive stage the commands can be given to control any device, which in reality reduces the 

manual handling of these devices. 

Similarly, Zachmann and Rettig [2001] proposed the use of robust and natural interaction 

techniques to perform assembly tasks. The use of multi-modal interaction techniques such as 

gesture recognition, speech input and menu options have enabled precise positioning of the 
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assembly components. Their application of voice commands to deliver desired function is 

limited to only rotation in specific directions.   

Wan et al. [2004] illustrated in their research that to analyze and simplify the complex 

assembly tasks more sophisticated natural human interaction such as voice commands is 

necessary. In their approach they had developed MIVAS (a CAVE based Multi-modal 

Immersive Virtual Assembly System) which is the integration of physical elements like tracking 

devices, data gloves etc. and interacting functionalities such as voice commands and visual 

feedback systems situated in a fully immersive environment. Use of optimization techniques, 

assembly planning constraints, and CAD data, in combination with these physical elements 

enables the assembly planner to analyze and perform the complex assembly tasks in immersed 

virtual environment. In this research an IBM ViaVoice software package has been used to 

capture the voice commands to perform five basic functions such as voice command for 

termination, replaying, selecting, setting up virtual environment, and for placement. Though 

MIVAS assembly architecture suggests the voice command integration, the research doesn’t 

completely address the core objective of simplifying the complicated assembly tasks which 

include functions such as grasping a component, assembling a component, etc. The developed 

idea and the application of voice commands are good to setup the assembly environment but not 

to render the assembly tasks in simple way for a given specific assembly operation.  

 Zhang and Sotudeh [2004] detail the utility of combined approach of auditory and visual 

feedback into virtual assembly environments. Based on surveys conducted in the context of a 

peg-in-a-hole assembly task, they concluded that combined auditory and visual feedback of 

collision and misalignment, helped improve the performance of immersed operators.   
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 This research presents our approach towards integration of voice commands into a virtual 

assembly environment developed in Jack to aid the immersed operator performing the assembly 

tasks. While the user’s hands and vision are occupied with the actual assembly task at hand, he 

can use voice commands to carry out various auxiliary tasks typically required for facilitating the 

immersive virtual reality session. Our research not only considers the development of voice 

commands to facilitate natural user interaction to perform complicated assembly tasks, but also 

our developments in IVE have drastically enlarged the envelop of the virtual space. This 

integrated IVE facilitates following enormous benefits compared to any existing methods:  

• As the user postures are captured and mapped to the humanoid in the virtual world, the 

humanoids postural orientations in the virtual world can be easily subjected to further 

investigations on task analysis, ergonomic analysis, time standard developments, etc. 

• The development of IVE by using sophisticated multi-modal interactions such as voice 

commands, data gloves, and head mount display etc. rendered the efficient user task 

performance. By integrating voice commands, the immersed operator being in the same 

position can render any specified actions to the digital humanoid in Jack to perform any 

desired task and at any location in the virtual space. This in turn largely helped to enlarge 

the virtual space where the immersed user can fly and move the digital humanoid to any 

desired location without any movements of the user.  

• In reality, the immersed users are mounted with head mount displays and tracking 

devices which hinders their manual performance of a given task. Thus the humanoid’s 

postures mapped from the immersed user may not be accurate for further analysis. Hence, 

it is evident through this research that by the use of the sophisticated large database of 

predefined voice commands such as grasp, assembly, slide left and right, undo and redo 
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of any task, capture, freeze, rotate with options to acceleration and deceleration, etc., the 

immersed user can facilitate himself to perform any complicated assembly task without 

major movement. Thus, our IVE delivers the improved performance of the user in 

conducting complicated assembly tasks.  

• Voice command function such as “capture” not only facilitates the capturing of any 

mapped posture for further analysis but also drastically reduces the effort and energy 

involved. i.e., the same immersed user can capture the desired performed posture without 

any need of another user by just giving the capture command.  

• In addition, our voice command envelope is flexible enough to adapt any new additions 

of these commands in future and these command codes can run on any simple 

workstations.  

 

2.5 Motion Capture Postures Accuracy 

Recently, VR has been seen to have multiple applications in ergonomics human factors. 

The pre-requisite for ergonomic analysis is that the posture of the immersed human be mapped 

accurately onto the digital humanoid. This has necessitated a study of the accuracy of posture 

mapping and various means to improve the posture accuracy. 

Mourant and Parsi [2002] investigated the comparison of time and accuracy from transfer 

of training in monoscopic, stereoscopic, and real world environments for a simple task as pick 

and place task object. Stereoscopic and real world environments showed less task completion 

time and more accuracy in placement of cans than monoscopic environment. Experimentation 

can be looked as mainly beneficial in terms of task accuracy using stereoscopic environment and 

would continue to improve with advances in computer hardware and reduction in system lags. 
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Dun, et al. [2002] investigated postural instability in Immersive Virtual Environment 

(IVE) related to simulator sickness (SS) due to effects of long duration and repeated exposure. 

Results indicate large postural disturbances within 48hrs of first VE exposure. However, the 

magnitude of postural disturbance decreases after time period of 48hrs. Postural stability is 

measured using signals generated by force cells, which are attached below the subjects standing 

platform. These force cells generate dispersion along the center of balance about X and Y-axes. 

Experiment consisted of questionnaires regarding the VE using HMD device. Similar sequence 

was conducted before, after, and during VE exposure and also after 24 and 48hrs after 1st VE 

exposure. 

Substantial effort is given to devise a methodology for creating real size human model in 

the VE instead of specific group of population. The “advanced operator workstation design tool” 

developed by Cerney, Vance, and Duncan [2003] uses such three-dimensional data collected 

from Civilian American and European Surface Anthropometry Resource (CAESAR) in 

Immersive virtual reality. It also enables enhanced visualization and in depth user body 

descriptions than the traditional two-dimensional unvaried dimensions for ergonomic design. 

Coutu, Margarites and Hachez [2000] used 9 electromagnetic sensors attached at chosen 

points on body of each of 10 human subjects in real time to build the human model in the virtual 

world. They compared the difference in measurement and errors associated with traditional 

technique and using motion capture sensors. Experimented technician measured specific 

predefined variables and the data is compared with sensor computed data to verify how much 

closer a gap can be obtained between these two measurement techniques. Accuracy of sensor 

system, errors due to attachment of sensor on body, initial movement of sensor on body, 

reduction of few measurement points etc are some of the topics discussed to get the model 
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accurate enough to measured person. No attempt is made with respect to some application or use 

of any dynamic operation, which could make comparison more realistic.  

The extent of IVR to help the designer depends on the accuracy of the digital human 

model to represent the real human. Molet, Boulic, and Thalmann [1996] proposed a simple and 

better way to identify and calculate human postures. Their research represents the 3D 

hierarchical representation of human skeleton to identify the gestures such as human body 

orientations. The application is competent to generate and capture wide range of gestures and 

takes care of possible calibration errors or errors like sensor slippage. Hence the technique is 

efficient and compatible for applications in current environment. 

A more sophisticated gesture recognition algorithm with hierarchical model of human 

action is proposed by Emering, Boulic, and Thalmann [1998]. Ten sensors are used to track the 

actions of actual user into virtual environment. The action model relies on three basic co-

ordinates, which are global, body, and floor co-ordinate systems (GCS, BCS, and FCS). It is 

revealed that the proposed hierarchical approach overcomes the limitations of the approaches 

represented in previous researches.  

Cerney [2005] provides a research on gesture and human motion analysis. The research 

includes detailed investigation of “gesture-based interactions” in virtual environment. Suitability 

of gesture to each task conditions is evaluated and development of gesture recognition tool is 

detailed in this research. The tool is competent to identify wide range of natural gestures either as 

a complete shape or as a discrete part depending on the tracked posture. Research uses enhanced 

visualization technologies which help to trace the changes in posture due to the movements of 

the human body (user). 
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Vi, et al. [2000] proposed a simple method to quantify 3-D working postures for 

biomechanical analysis. They have collected subject photographs taken from 0, 45, 90 and 135 

degrees of angles with respect to the sagittal plane and imported them onto a manikin software 

which give the perceived angles from the corresponding manikin by ARIEL Performance 

Analysis System. They found that “the manikin is viewed at the same photographic perspective 

as the working posture; the absolute error was the lowest.” Also they found that an overall 

average of 6.7 degree posture specification errors in their experiments. 

Chaffin [2005] emphases on the necessity of improving human model for ergonomics 

design for their effective use in product development process.. He has mentioned a few case 

studies indicated that virtual reality is satisfied the need to help designers but some case not. 

Based on SAE questionnaire, most preferential requirements for any ergonomic analysis were 

laid down. However, the final objective of any ergonomic analysis still governed the features 

stated by the questionnaire; though all authors agreed on fact that digital human models eased 

product and process engineers understanding of what the potential problems could be faced using 

actual operating conditions for a population group. Some of the difficulties revealed in the case 

studies conducted were data sharing capability between software and inability of the designers to 

foresee the accurate placement of population during dynamic operations. Chaffin et al. [1999] 

showed that Inverse kinematics algorithms cannot accurately be used for modeling postures and 

motions of a certain population for any manual task with digital human models, which could be a 

major limitation for analyzing strength and biomechanical stress. 

 We represent the pilot study of comparisons of wrist angles of the immersed user along 

with the humanoid in the virtual world.  
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2.6 Application of Virtual Reality in Ergonomic Analyses 

In traditional approach to the design of assembly tools and tasks, experts with experience 

in the tasks develop assembly tooling and processes. Based on their experience and judgment, 

they try to foresee potential problems with assembly sequences as well as with visibility, reach, 

ergonomics, etc. In addition, heuristics are also widely used to guide assembly design. For 

instance one such rule is “Never put all holes at once in two mating parts”. This rule is used to 

avoid mismatch of the holes in the two parts due to tolerance stacking as shown in Figure 2.1. 

 

 

Figure 2.1. Hole locations do not coordinate. 

 

It is quite common for the initially designed assembly tooling and processes to result in 

problems, either during the assembly phases or in the final product. Such flaws are mostly due to 

the designer over looking some issues or due to ergonomic limitations that become apparent only 

when the task is executed. Sometimes the assembly can be carried out, but may cause repetitive 

trauma disorders and other acute injuries to operators if their reach, visibility and size limitations 

are not properly analyzed and taken into consideration in the assembly design.  
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Virtual Reality (VR) provides the capability for validating proposed tooling and tasks by 

creating virtual environments that replicate the design intent and having an immersed operator 

perform the tasks virtually through a digital humanoid. This in turn saves the cost of trial and 

error based modification of tooling and tasks. Since manual positioning of humanoids for every 

kind of posture is difficult (costly) and open to criticism about the accuracy of the postures, use 

of actual humans immersed in the virtual world, whose postures can be captured and mapped on 

the virtual humanoid to perform further analysis, is doubly beneficial. 

The IVE also presents the possibility of carrying out step by step analysis of every 

significant posture adopted by the immersed human while carrying out the tasks, without an 

experienced assembly planner having to guess at those tasks that would need to be studied.  

2.6.1 Virtual Reality Used for Reach and Visibility 

Reach and visibility of the different population has been evaluated in virtual reality by 

positioning the manikins. Punte, P. et al. [2001] conducted a ship bridge design and evaluation 

using virtual environment. One of their evaluation aspects considered the reachability of the 

crewmembers to the “phone without bending the trunk”. The experimental tests using several 

manikins revealed that, in case of “the three smallest female manikins” the comfortable reach of 

the target can be achieved only through having “a forward bend of the trunk”. It is also evident 

that using the human modeling system presented in this research the future target populations can 

be evaluated.  

Thompson, D. D. [2001] concluded that in order to overcome the customer requirements 

for the vehicle design specifications, consideration of human factors and ergonomic analysis is 

necessary, through which capabilities and limitations such as reach, visibility of the customer can 

be accommodated in design. He confirmed that use of human simulation technology can 
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facilitate “the representation of the size, shape, and gender of a diverse customer population, thus 

providing the primary information to simulate the appropriate target customer group” in the 

product development stage. 

Bowman, D. [2001] performed the investigation on visibility in locating the controls and 

displays presented in virtual heavy vehicle. In his research he demonstrated that the “vision 

analysis tool available in EAI Jack can be effectively used to evaluate the visibility of the 

manikin positioned in the vehicles drivers seat.   

Similarly, Peacock, B. et al. [2001] analyzed the ergonomic challenges and limitations in 

sheet-metal handling due to the constraints such as reach, orientation, height, etc. In their 

research it is evident that, though numerous computer packages such as Jack, SAFEWORK, etc. 

provide the body shape manipulation and simulation of movements, those software packages are 

not yet capable to “mimic naturalistic human movement”.  Further, authors noted that certain 

policies such as general assumption of “5th and 95th percentile structures when assessing reach 

and fit situations” are necessary to decide various simulation tools. Experimental case study was 

developed and modeled using the software Jack. The case study considers the application of 

NIOSH Lift equation and Jack software’s analysis toolkit to analyze the task of “maneuver a roof 

over the rack supports, and down into the place in the rack” by 95th percentile male and 5th 

percentile female Jack models.   

2.6.2 Software Jack used in VR for Ergonomic Analysis 

Gill and Ruddle [1998] have detailed the feasibility of performing the ergonomic 

assessment using software Jack in an alignment laserwelder design. This equipment design 

process has been conducted by 50th percentile Jack humanoid as an agent whose postures are 

manually positioned to mimic an actual operator who is working at the workstation. They did not 
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use posture mapping and in their Further Aims, they mentioned that the HMD and data glove can 

save time and the use of body suit would help further but it is costly. 

Jayaram, S. et al. [1999] integrated the Jack human model with their immersive 

simulation system Virtual Assembly Design Environment (VADE) to execute ergonomic 

workplace design. Due to the necessity of the large scale virtual environment design in Jack 

which would have possibly slowed down the simulation process, software VADE is developed to 

build large scale environment as well to track the immersed operator’s performance onto VADE 

humanoid whose segments are positioned and oriented using the Flock of Birds (FOB) data. 

Meanwhile, the FOB data is shared by Jack humanoid, so that the action of VADE humanoid 

corresponding to the immersive user is portrayed on Jack humanoid whose postures can be 

assessed by Jack’s various ergonomic analysis capabilities. In their application, they have put 

one sensor on immersed user’s wrist. VADE humanoid’s forearm location can be calculated 

from this data and using inverse kinematics method to get upper arm location. But, since Jack 

humanoid upper limb posture is set by all the joint angles using inverse kinematics from one 

reach-for point, the offset of the postures between VADE and Jack exists even though they have 

same size segments adjusted according to the immersed operator. They claimed that the posture 

difference should not be a problem when the operator performs with comfortable manner, since 

Jack humanoid takes unique posture from a few kinematics solutions according to the 

comfortable extent.    

Ambrose et al. [2005] used virtual reality in an effort to reduce workplace hazards related 

to the interaction between operator and machine, including the effect of random motions that 

may take place. Jack simulation software was used to model the working environment of a roof 

bolter operation in the virtual world. To get a closer match of the input parameters of the 
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simulation model with the data in the real world, laboratory study was conducted considering 

similar environmental conditions. A Flock of Birds™ motion capture system was used to collect 

data about the response time of the operator to avoid mishap due to the moving roof bolter boom 

arms. By analyzing this data, authors determined what boom speed minimizes the operator’s 

chance of being injured. 12 operators were used as subjects in the experiment with FOB sensors 

to record the position and calculate the velocity of the body parts such as head and back. Motion 

of the boom arm was recorded by one mounted sensor. The experimental results led them to 

conclude that the simulation model in Jack is efficient in analyzing the hazardous motions 

effectively.   

 A major advantage of using Jack for ergonomic assessment is its capability to assist in 

designing workstations and tasks subject to realistic ergonomic constraints. It also is capable of 

providing details on whether a given user would be able to reach the object and whether he/she is 

strong enough to handle the task.  

   

2.7 VR and Standard Time  

In general, standard time (“should-take time”) is the time required to complete a given 

task under specified equipment, environmental condition, level of skill, and aptitude that is 

required for the job [Mundel and Danner, 1994]. These standards are generally analyzed by using 

MTM (Methods time measurement) evaluation procedures. Mundel and Danner [1994] stated 

that “MTM (Methods time measurement) is a procedure that analyzes any manual operation or 

method into the basic motions required to perform it and assigns to each motion a predetermined 

time standard which is determined by the nature of the motion and the condition under which it 

is performed”. 
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The standard times (normal performance times) are typically developed by studying 

video tapes of the basic motions [Mundel and Danner, 1994]. VR approach to the development 

of synthetic standards follows the similar concept. The humanoid in the virtual world will imitate 

the immersed user functions that automatically document the complete task as similar to 

capturing motion pictures. The humanoid task performance is similar to the motion picture 

evaluation where the task performance can be observed and time standards can be set. However, 

there maybe a scale factor between the time it takes to do a task in an IVE and the time it would 

take in the real world. Also, this scale factor may be variable, depending on the type of task and 

the IVE. For this reason, these scale factors need to be quantified. These scale factors point 

towards improvements needed to make the IVE more realistic, especially in cases where they are 

much different from unity.  

In IVE, the immersed operator’s movements are mapped to the digital humanoid that 

replicates all the actions of the user. This humanoid’s performance can develop standard times of 

any specific assembly task such as grasp, assemble, slide, etc. These tasks can be further 

employed to identify should take time to complete given tasks. The observed tasks can be scaled 

to generate correct standards statistically. Based on this time user evaluates how the performance 

of the operator can be enhanced to facilitate similar improvements in the real world applications. 
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CHAPTER 3 

 

RATIONALE, OBJECTIVES AND SPECIFIC AIMS  

 
Rationale: 

Virtual reality can help industries come up with improved designs of assembly tools and 

assembly tasks. In the current approach, experts with experience in the tasks develop assembly 

tooling and processes. Based on their experience, they try to foresee potential problem with 

visibility, reach, ergonomics etc. This process is not perfect as it is based on the judgment and 

assumptions rather than a systematic analysis. VR provides the capability for validating proposed 

tooling and tasks by creating virtual environments that replicate the design intent and having an 

immersed human perform the tasks virtually through a humanoid. This in turn saves on the cost 

of trial and error based modification of the tooling and tasks. Since manual positioning of 

humanoids for every kind of posture is difficult and costly, use of actual humans immersed in the 

virtual world, and whose postures can be captured and mapped on the virtual humanoid to 

perform further analysis, is doubly beneficial.  

 

Objectives: 

The objectives are to (i) develop an Immersive Virtual Environment (IVE) in which 

immersed operators can perform virtual assembly tasks to verify the tool and the task design, (ii) 

study the ability of the virtual environment to accurately capture and map the immersed 

operator’s postures onto digital humanoids and (iii) develop and refine various additional tools 

and techniques to carry out ergonomic and human factor analysis of the work station and tasks. 
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Specific Aims: 

Aim 1: Development of virtual environment 

 Jack has many built-in capabilities to aid immersed interactions, including (i) integration 

of multiple motion tracking systems to track the immersed users movements including the head 

positions and map them onto a humanoid in real time, (ii) generation of multiple views of the 

environment, including stereo views from the location of the humanoid’s eyes, that can be fed to 

a HMD worn by the immersed user, providing him a feeling of immersion in the virtual world, 

(iii) ability to enable grasp interactions whereby the immersed humanoid can grasp and move 

objects in the environment, etc. However, using these built-in capabilities to carry out immersed 

interactions requires a lot of complicated setup that the user has to learn to do. Further, many of 

the capabilities need to be refined, to make them work in a more intuitive manner. Many 

additional capabilities are needed in order for the immersed user to productively carry out 

assembly tasks and check visibility, reach and other ergonomic issues in a useful manner. These 

include (i) an ability to navigate the humanoid around the virtual environment so that the virtual 

space accessible to the user is unlimited, though the tracking volume in the real world is limited, 

(ii) various assorted improvements to the grasping capability to make it more robust, user 

friendly, and enable additional grasping modes, (iii) integration of collision detection with grasp 

routine to provide virtual feedback as well on to trigger the application of constraints presented 

by the tooling on the parts being assembled and (iv) development of a suite of commands that 

can be activated by voice recognition so as to serve as a virtual helper that can enable the 

immerse human to carry out auxiliary task (needed for fruitful immersive interaction) easily 

while continuing to be immersed.  
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 One of the aims is to integrate voice commands into the virtual environment developed in 

Jack to aid the immersive operator in performing various tasks. While the immersed user’s hands 

and vision are occupied with the actual assembly task at hand, he/she can use voice commands to 

carry out various auxiliary tasks typically required for facilitating the immersive virtual reality 

session Voice commands can be used to reposition the humanoid in the environment, capture the 

postures, to playback sequences of postures, switch the Grasp mode between palm grasp and 

finger grasp, stop and start the setup, and connection of various devices in Jack, etc. 

 To make the virtual assembly process more realistic, constraints that would be presented 

to the object being assembled, by the environment, need to be enabled. For instance, a grasped 

sheet metal object may need to be constrained to move along the surface of the tooling instead of 

penetrating into it. One of the aims of this research was to develop various approaches to 

applying these constraints at increasing levels of realism.   

 

Aim 2: Study of sensor accuracy and postures 

The IVE presents the possibility of carrying out step by step analysis of every significant 

posture adopted by the immersed human while carrying out the tasks, without an experienced 

assembly planer having to guess at those tasks that would need to be studied. However, the pre-

requisite for ergonomic analysis is that the posture of the immersed human be mapped accurately 

onto the digital humanoid. This has necessitated a study of the accuracy of posture mapping and 

various means to improve the posture accuracy. There is a need to study the impact of the choice 

of tracked sites on the accuracy of the postures, the need to calibrate and correct the motion 

tracking system for any inaccuracies and to scale the humanoid to represent the immersed user 

accurately.  
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Aim 3: Application of the IVE for ergonomic analysis and human factors studies 

 Once the accuracy of posture is established, the posture captured while the immersed 

human is carrying out the designed tasks can be subjected to various types of ergonomic 

analysis. However, it should be noted that a given immersed human is constrained only to check 

how an operator of the exact body size and proportions as himself will be able to perform. It will 

be time consuming and costly to try to train a set of immersed operators of different sizes to 

check the ergonomics for a population of users. Therefore, there is need for one immersed 

human to be able to check how different humans such as 50th percentile male, 5th percentile 

female, etc. will be able to carry out a given task, not just in terms of ergonomics, but also in 

terms of reach, visibility, etc. while it may be possible to directly constrain the sites of different 

sizes of humanoids to the sensors orientations (after throwing out the sensor locations), this is 

expected to lead to much instability in the postures determined by inverse kinematics. Further, 

this approach makes all the effort expended in ensuring posture accuracy useless. One of the key 

aims of this research is to develop a capability by which one immersed operator can check the 

human factors and ergonomics of other humans, either representative of generic human 

populations or of specific individuals who will be doing the tasks in reality.  

 

Aim 4: Mapping of postures from Jack to IGRIP 

While the IVE can be used to generate sequences of postures adopted by digital 

humanoids to carry out different tasks, users may prefer to show the animations and/or carry out 

the ergonomics and human factors analysis in various other software packages. For instance, the 

local aviation industry in Wichita prefers the use of IGRIP/ENVISION for these tasks. One of 
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the aims of this research is to develop a capability to import the positional posture of humans and 

objects involved in immersive virtual assembly tasks from Jack into IGRIP.  
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CHAPTER 4 

 

VIRTUAL ENVIRONMENT DEVELOPMENT AND IMPROVEMENTS 

 

 This chapter details the improvements to the immersive virtual environment for assembly 

design. Section 4.1 presents the developments of the IVE for virtual assembly, including a 

description of the built-in capabilities of the software Jack for motion tracking, humanoid scaling, 

and support for Head Mount Display (HMD), and a description of the experimental setup in our 

Virtual Environment Development Lab. Section 4.2 details the integration of voice commands 

with the virtual assembly environment to perform various important tasks. Subsection 4.2.1 

describes the overall architecture of the voice recognition application and other relevant 

components that facilitate communication of the recognized voice commands to Jack. Subsection 

4.2.2 documents the architecture and implementation of several key voice activated commands to 

carry out tasks/functions such as posture capture, undo/redo of assembly interactions, 

repositioning of the humanoid in the virtual environment, changing the grasp mode, etc. to 

facilitate virtual assembly. Subsection 4.2.3 provides an example of a simulation in Jack 

developed using these capabilities. Section 4.3 describes one feasible approach developed for 

applying the constraints on the object motion during assembly. Finally, Section 4.4 describes the 

mapping procedure employed to map key postures from Jack to IGRIP.  

 

4.1 Experimental Setup for Immersive Assembly Design 

4.1.1 Overview of Jack Software 
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Jack®, the human simulation and ergonomic analysis software marketed by UGS 

Corporation is the software in which the virtual environment has been developed. Jack can map 

the motion of an immersed operator onto a humanoid and provide stereoscopic views from the 

humanoid’s eyes. The built-in tools for motion analysis, realistic behavioral control, 

anthropometric scaling, task animation and evaluation, view analysis, automatic reach and grasp, 

collision detection, etc., provide an ideal platform for immersive virtual reality based assembly 

and maintenance design. 

4.1.2 Motion Tracking System--Flock of Birds (FOB) 

 The Flock of Birds (FOB)TM, electromagnetic motion tracking system is used to track the 

position and orientation of key segments of the immersed operator. The FOB system comprises 

of an extended range controller (Master bird) connected to the host computer and to a set of slave 

birds. Each of the birds individually tracks the position and orientation of one 6 degree-of-

freedom sensor. An extended range transmitter that is connected to the extended range controller 

emits a known pulsed DC magnetic field 120 times per second. The magnetic field measured by 

each sensor is used to compute the six degrees of freedom information giving its position and 

orientation relative to the transmitter. The transmitter, a 12-inch cube, is mounted from the 

ceiling 8 feet above the ground and the operating range of the sensors is a hemisphere of 8 feet 

radius with the transmitter as its center.  

4.1.3 Humanoid Scaling  

 Within the virtual environment in Jack, we create a humanoid scaled to represent the 

body proportions of the immersed human operator. The palm, elbow, head, pelvis and back of 

the neck of the humanoid are constrained to follow the location of the five sensors tracking the 

corresponding locations of the actual immersed human operator. The locations of the other parts 
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that are not tracked, for instance, the shoulder, are computed by Jack using inverse kinematics 

algorithms. Since we do not have any sensor below the pelvis, the legs get translated with the 

pelvis. Thus, this environment only tracks the postures from the waist upward. As the immersed 

user’s posture changes according to the movements of his/her body parts, the motion of the 

sensors attached to the body parts is passed to Jack, which in turn updates the position and 

posture of the humanoid. When the humanoid is scaled to the correct dimensions of the 

immersed user, the postures of the humanoid accurately mimic those of the immersed user. 

Accurate scaling of the Jack humanoid is necessary to obtain realistic postures. Jack provides an 

advanced humanoid scaling function that lets the user scale every segment of the Jack humanoid. 

Additional benefits were observed by adjusting the inputs to the tracking constraints, namely, the 

relative weight of each constraint, relative importance of position and orientation, and position 

and orientation offsets. For instance, for realism of the stereo views generated by Jack, the view 

direction is very important. This requires that the relative weight of the head constraint be 

increased and the position-orientation weight parameter value be modified in favor of 

orientation. Enabling the position and orientation offsets causes Jack to assume that both the 

immersed user and the humanoid are in the same posture initially, to consider the offsets between 

the orientation and position of the FOB sensor and the sensor site on the humanoid to be due to 

inaccurate placement of the sensors and use these offsets to modify the sensor location to obtain 

the target location for the sensor site.   

4.1.4 Head Mounted Display (HMD) 

The experimental setup also includes the user being immersed in the virtual world 

wearing a Head Mounted Display (in the present case, i-glasses Pro 3DTM HMD developed and 

marketed by IO Display Systems Inc.). Jack uses the current location and orientation of the eyes 
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of the humanoid to generate and output each eye’s view to the corresponding LCD screen on the 

HMD so that the immersed human sees what the humanoid ‘sees’ in the virtual world. 

4.1.5 Setup Environment in Virtual Reality Development Lab 

As may be imagined, detailed information about the fingers is necessary for virtual 

assembly operations. This is obtained by using left and right hand Cyber GlovesTM. The joint 

angles of each of the finger joints are mapped by Jack onto the corresponding joints of the 

humanoid.  In order to identify the gain and offset values for each sensor the cyber glove needs 

to be calibrated. The immersed user’s joints values given by the cyber glove are mapped to the 

digital humanoid through the built-in interface provided in Jack. The calibration procedure 

basically includes the process of comparing the various immersed human’s hand postures with 

that of the humanoid postures in Jack. These calibrations are facilitated with the Device 

Calibration Utility software interface provided by cyber gloves. Figure 4.1 shows a picture of our 

setup, as well as third and first person views provided by Jack. 

   

(a) Immersed operator     (b) Real-time tracking of immersed Jack humanoid   (c) Stereo view from the immersed humanoid 

Figure 4.1. Experimental setup and typical third and first person views provided by Jack. 

 

4.2 Voice Commands Integrated with Virtual Reality 

4.2.1 Software to Recognize and Pass Voice Commands 
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We have used the IBM WebSphere® Voice Server Software Developers Kit (SDK) to 

recognize the voice inputs. We have created a JavaServer Pages file in the Resin® web 

application folder which dynamically executes the request sent by Voice Server SDK and 

outputs the voice command recognized to a TCP/IP port as which a Jack  client is listening on. 

Figure 4.2 shows the overall logic of the VoiceXML application and its interactions with the 

Resin webserver to recognize voice commands and pass them to software Jack. 

4.2.1.1 IBM WebSphere Voice Server 

Voice server SDK was used to create a voice application written in Voice eXtensible 

Markup Language (VoiceXML). VoiceXML is a XML-based markup language to generate voice 

based applications, which is analogous to the use of HTML for generating visual applications 

[VoiceXML Programmer’s Guide 2000]. 

Send response to client

Send received data to JACK
through TCP/IP protocol

Receive the request
and data from client

Resin Web Server

Execute the corresponding
program for this voice

command

Python receive the
voice commands

Python Client in Jack

Computer 2Computer 1

Start

Initialize VoiceXML browser

Ask for type of application

Load grammar for application type

Output the recognized voice input to
RESIN server through URIs

Receive the VoiceXML document
from RESIN server

Prompt for voice commands

Recognize commands

IBM WebSphere Voice Server

 

Figure 4.2. Flow chart describing overall logic of the VoiceXML application and its interactions 

with Resin webserver to recognize voice commands and pass them to Jack. 
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The VoiceXML browser is started using the command line interface method. The 

WebSphere voice libraries are included within a Java run time environment and an initialization 

VoiceXML file is executed. This verifies that the user wants to begin an assembly simulation and 

requests the Resin application server for the actual VoiceXML application file containing the 

grammar of interest in the virtual environment. Note that different grammars can be invoked for 

different environments based on the choice made in this startup file. When a well-differentiated 

and compact grammar is used, it is found that the IBM speech recognition engine is able to 

understand different accents without error, even without training. 

Details of the logic of the voice recognition application as well as the interaction between 

the VoiceXML browser and the web server are given in the flowchart in Figure 4.3. The 

VoiceXML application provides an introduction to the voice commands that are available, waits 

for speech input and processes it using the speech recognition engine. If the input matches the 

defined grammar, it is passed to the Resin web server for output to a TCP/IP port, along with a 

request to send back the application document. This set of actions is repeated in a loop till the 

“good bye” command is received. 

4.2.1.2 Resin Application Server 

We have used the Resin application server, which is one of the better servers from the 

point of view of serving up dynamic content [Taylor, 2005]. In the Resin web application folder 

we have created a JavaServer Pages file that is executed upon the request sent by the VoiceXML 

browser. This outputs the voice command recognized by the VoiceXML application to a TCP/IP 

port that Jack listens on. It then returns a VoiceXML document, containing the grammar of 

interest in the virtual environment being used, to the Java virtual machine running the 

VoiceXML browser. 
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4.2.2 Assembly Operations with Verbal Interaction 

A python program running within the python console provided by Jack, using the socket 

module to listen for the voice commands on a TCP/IP port, serves as the client for the voice 

commands output by the Resin server. This python program contains different subroutines for 

carrying out the intent of the different voice commands defined in the grammar for the virtual 

environment in use. The main program initializes the variables used and repeatedly calls the 

function cmdReceive() in a loop till the “quit” command is issued by the user. The socket 

connect method is invoked within the function cmdReceive() to connect to the TCP/IP port that 

the Resin server broadcasts the voice commands on. The grammar for the virtual assembly 

environment, comprising the list of commands that have been implemented so far, is as shown in 

Figure 4.3. For each command received, the corresponding subroutine is executed. Variables are 

used to remember the state of the simulation. For instance, a global variable called 

dataLastCommand is created in this program to record the last navigation command (slide, rotate 

or fly) so that it can be sped up or slowed down if one of the commands “faster” or “slower” is 

received.  
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Figure 4.3. Logic of VoiceXML application and its interactions with Resin webserver to 

recognize voice commands and pass them to Jack. 
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Figure 4.4. CmdRecieve function flowchart. 
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During the execution of the actions in many of the subroutines, the function cmdReceive() 

as shown in Figure 4.4 is called again, so that sequential actions ordered by the voice input from 

the operator can be executed. For example, during posture capture, if the “slide back” command 

is issued by the operator, the Jack humanoid will move back until the operator gives another 

command. Once these interrupt actions are finished (for instance, by the “freeze” voice input for 

the “slide back” command), the posture capture can be continued.  

4.2.2.1 Capture Function 

One of the main outputs of a virtual assembly session is a set of posture sequences 

showing the postures of the human interacting with the environment. These may be used later for 

simulation of the task sequence and for ergonomic analysis, visibility analysis, etc. The program 

logic for capturing sets of discrete postures is as shown in the flowchart in Figure 4.5. Note that 

the capture command stores the current posture of the humanoid as well as the position and 

orientation of any object that may be grasped by the humanoid, and begins to wait for additional 

voice input. For each “next posture” command, the posture at that instance is added to the array 

of stored postures. When the “end capture” command is issued, the stored postures are saved to a 

channelset file. In practice, we find it convenient to save postures in short sequences, for ease of 

review and revision. If the command “capture” is issued while still within a parent “capture” 

loop (identified by the global variable ‘capturing’ being set to “true”), the user’s command is 

interpreted as the desire to save another posture and the subroutine nextPosture() is executed to 

save the current posture. Similarly, if an “undo” command is issued during the capture function, 

capturing is terminated, all the stored postures in the array are saved to a channelset file and the 

undo() subroutine is called to set the object grasped and humanoid to the first frame positions, 

thereby taking both these to their initial positions when capturing began. 
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Figure 4.5. Flowchart for the capture command to store discrete postures. 
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4.2.2.2 Undo and Redo Functions 

While carrying out assembly tasks, the user may sometimes not be satisfied with the step 

or sequence he has just finished. If the user wants to review the sequence, the voice command 

“undo” can be issued. Once the undo command is given, the first index value of the global array 

objectGrabbedarr set by the capture() function is popped and used to generate the channelset file 

name to be loaded into the Jack window. It also creates a duplicate humanoid named 

“playbackHuman” and shows him as well as the object grabbed in the position of first frame of 

the channelset file. Thus the entire sequence is undone. If the user still wants to go back more 

steps he can give additional “undo” commands. The brief flowchart is shown in Figure 4.6.  

 

redo()Pop up the first value from array
objectGrabbedarr ( set from the function

capture() ) and assign it to variable
filetobeplayedback

Load channelset file whose name
 given in filetobeplayedback

Start

undo()

End

Bind figures in channelset file to
playbackHuman and the grasped object

Split variable filetobeplayedback with
EXTENSION and assign the first part to

global variable figuregrabbednew

Play back the first frame in the channelset
file

Load channelset file named
filetobeplayedback

Start

End

Play back all the frames at default
speed in the channelset file

Bind figures in channelset file to
playbackHuman and the grasped object

 

Figure 4.6. Undo and redo functions flowcharts. 

 

If the user wants to review the sequence undone, he can give the command “redo”. The 

redo() function will load the channelset file with the name given in the variable 
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filetobeplayedback that is updated by the undo() function. All the frames in this channelset file 

can be played back at a given speed. This will help the user to decide whether the posture 

sequences satisfy requirements and constraints. 

4.2.2.3 Slide Function 

While the movements of the immersed human naturally control the position and posture 

of the humanoid onto which the motions are mapped, as described previously, the range of 

virtual space the humanoid can inhabit is restricted by the motion capturing volume. To 

circumvent this, we note again that the position of the humanoid is set by Jack with respect to the 

FOB_trans_icon and that the range of virtual space accessible to the humanoid can be changed 

by changing the position and orientation of the FOB_trans_icon. Also note that, since the 

humanoid body parts are constrained to the bird figures in the Jack environment, if we attempt to 

directly move the humanoid figure, the pelvis of the humanoid will move with respect to the 

waist sensor and this offset will cause the postures to be incorrect. Since the position and 

orientation of every bird is based on the FOB_trans_icon, any change of location of 

FOB_trans_icon will cause all the birds to change their locations. A function myTrans (direction, 

distance) is used to make the FOB_trans_icon move any distance we want in the specified 

direction while the user is still in his original location in the real world. The direction is 

determined with respect to the horizontal component of the view direction of the humanoid. By 

this approach, the spatial constraints imposed by the finite tracking volume can be eliminated 

and the entire virtual environment can be made accessible to the immersed human.  

The logic for commands in the slide group is detailed in Figure 4.7. Using a similar logic, 

we have also implemented the fly and rotate functions. The difference between fly and slide is 

that in the flying mode the user’s movements can be in all three dimensions, as opposed to being 
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constrained to be in the horizontal plane for the slide commands. The rotate commands rotate the 

FOB_trans_icon about a vertical axis passing through the humanoid, to give the impression that 

the humanoid is turning about his own axis. 
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Figure 4.7. Flowchart of the slide group of commands. 

 

4.2.2.4 Speed Control Function  

 With the commands in the slide, fly and rotate groups, the humanoid can easily move to 

any place the immersed human wants to and at a specified speed which can be controlled by 

commands like faster and slower. Once one of the voice commands “faster” or “slower” is issued, 

the mySpeed(“chgspeed”) function (Figure 4.8) will be called with this modifier as the parameter. 

Knowing the current type of motion from the variable dataLastCommand updated by the 

function cmdReceive() the corresponding speed is either doubled (for “faster”) or halved (for 

“slower”).  
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Figure 4.8. Flowchart of speed control command. 

 

4.2.2.5 Assembly Function 

In any immersive environment, achieving the balance to assemble the virtual components 

exactly to the expected position is very challenging. Using the function assembly() shown as in 

Figure 4.9, once an object is close enough to its assembled position, the immersed operator can 

move the grasped object to its expected assembly location (that should be recorded prior to the 

beginning of the simulation, from an environment with all the objects in this assembled position, 

using the function getfinalpos). 
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findfiguregrabbed()

Get the name of the
grabbed figure

Set this figure to its
assembly location

Start

assembly()

End
 

Figure 4.9. Flowchart of assembly control. 

 

4.2.2.6 Improvement to the Grasp Interaction 

Tasks that are needed during the immersive virtual interaction include various pick-and-

place type tasks. Jack simulates the grasping of an object by the humanoid by attaching the 

object to the palm of the human if certain criteria are satisfied. In ‘automatic grasp’ mode, if (i) 

the distance between two finger tip sites is less than the “Fingertip separation threshold” and (ii) 

the distance between the palm and the closest object is less than the “Palm separation threshold”, 

then the closest object is grasped. The implementation checks the second condition only if the 

first is satisfied, thereby being unable to indicate prior to the actual act of grasping, which one of 

the objects in the scene will be grasped. This sequence was presumably chosen because of 

concerns that the computational effort for the closest distance computation could slow down the 

grasp loop. From our initial experience it was determined that the development of a method to 

visually indicate the object that would be grasped if the user desires to do so, would greatly 

improve the ease of pick and place interactions. This implies that the identification of the object 

to be grasped and the actual grasping process would need to be separated. 
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We have accomplished this in a natural manner by determining the object to be grasped 

as the one that is closest to the user’s palm and then grasping it if the distance between the 

chosen finger sites is less than a user determined threshold value, i.e., by reversing the order in 

which the two conditions for grasping are verified. The simplified flowchart for modified 

jsGrabCheck function is shown in Figure 4.10. Now, the closest object is first determined. If the 

palm separation threshold condition is satisfied, then the closest object is highlighted in bright 

yellow color. If the immersed user verifies that it is indeed the highlighted object that he is 

attempting to grasp, then he can grasp it by bringing his fingers together (i.e., satisfying the 

fingertip separation threshold condition). If the highlighted object is not the object the user is 

seeking to grasp, he can de-highlight the object by moving his hand away from the object. When 

the hand is moved away from the object, the palm separation threshold condition is violated and 

the closest object is brought back to its original color (the original color of all the objects for 

which grasping has been enabled by the GUI is stored at the beginning of the grasp interaction). 

Additionally, the grasp routine also causes multiple objects to get attached to the human’s hand if 

another object becomes the closest object while one object is grasped. We have changed the 

program logic such that irrespective of the object grasped, the closest object is highlighted, and 

irrespective of which object is closest, the grasped object continues to be the only one grasped. 
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Figure 4.10. Grasp interaction. 

 

4.2.2.6.1 Function to Switch the Grasp Mode 

While the above discussion assumed that palm-type grasping is being done, we have 

developed an alternate approach of using the finger sites themselves for finding the closest 

object, thereby enabling pinch-type grasping. The grasp routine has also been modified to enable 

behaviors like rotation of Floor Assembly Jigs (FAJs) about their axis in response to a finger site 

closing in on a button shown as Figure 4.11(a) and for enabling auditory feedback such as 
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playing a drilling sound when the index finger joint value exceeds a threshold value. When the 

name of the closest object matches one of the names in a predefined list, the corresponding 

behavior is triggered. The ability to do this is yet another benefit of our rearranging the criteria as 

described above. Behaviors assist not only in performing virtual assembly tasks but also in 

enhancing the realism of the virtual world. 

The type of grasping can be changed as needed by the immersed user, at any point in a 

session, using voice command “finger grasp” or “palm grasp”. The switchGrab() function passes 

the Boolean variable fingerTF to switchGrab.tcl, which sets the TCL/TK global variable 

fingergrab to this value. This global variable is used by Grasp.tcl to change the mode of 

humanoid grasping between grasping between the palm and the fingers and pinch type of 

grasping between two fingers.  

 

 

(a) Behavior: FAJ rotation                     

       

(b) Pinch-type grasp mode                   (c) Palm-type grasp mode 

Figure 4.11. Functions with finger or palm grasp interactions (highlighted object circled). 
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4.2.3 Development of Simulation in JACK 

The virtual environment along with the verbal interaction has been used to develop the 

assembly simulation of the windshield deicer of a Cessna aircraft as a trial case. Models created 

in IGRIP consisting of approximately 200 components which form the final assembly are 

imported into the virtual assembly environment. Voice commands were used to navigate in the 

virtual world, to capture the key postures, etc. Since many of the objects to be grasped were very 

small, new voice commands were added to trigger the grasping of parts in a predefined assembly 

sequence and this was found to reduce the effort required in IVR. The voice commands also 

allowed the users to position themselves in any desired posture without any external assistance. 

The “assembly” command to position objects in their final position was also found to be very 

useful.  

 

4.3 Constraints on the Object Motion during Assembly 
 
 Constraints represented by tools and other objects in the environment can not be directly 

applied on an object grasped by the human because the grasped part is attached to the human. To 

avoid penetration of the grasped object into other objects when the object is brought close to the 

place where it is to be assembled and make the simulation look more real, the following 

approach is adopted. We set a “shadow object” up, an object identical to the object grasped, on 

which the constraints are applied. This object is invisible normally. When the grasped object is 

brought close to its point of assembly, as determined by collision with any of the objects that 

present constraints to the part being assembled, the grasped object is made invisible and the 

shadow object is made visible. The shadow object could have any of a variety of constraints 

imposed on it by the actual situation. For instance, the shadow could be constrained to move only 
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the surface of a tool. The shadow object is also connected to the actual object grasped by an 

invisible spring that seeks to move the shadow such that it is at the closest location to the grasped 

object that is permitted by the constraints. Thus each shadow object moves with its 

corresponding actual object when it is grasped and manipulated by an immersed human. When 

the human tries to assemble the grasped object to its final location guided by the assembly tools, 

the Grasp routine checks the number of collisions between the tools and the grasped object. This 

is accomplished by the collision detection routine that has been set up to check the collisions 

between the Figure Pairs. The Grasp routine will toggle the visibility of the visible grasped 

object and its invisible shadow object depending on whether the number of collision is 1 or 0, so 

that it looks like the grasped object is always above or on the to-be collided object, without any 

penetration into it. If need be, the toggle feature can be disabled so that once an object is brought 

close to the point where it is to be assembled the shadow will continue to be the visible object till 

the object is assembled in its final position with the assembly voice command.  

  Figure 4.12 shows one example of the capability developed. The part to be grasped 

named solid_v is shown in green color and its shadow part named solid_vshade (which would 

normally be invisible) is shown in red color. To constrain the shadow part to the top face of the 

table and to move it such that it maintains a minimum distance with the visible part, two 

constraints are created on the invisible red part using the settings on the forms shown in Figure 

4.12(b) and 4.12(c).  
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(a) Visible and invisible   (b) Constraint between the     (c) Constraint between                

(shadow) parts       part and its shadow             table and invisible part. 

Figure 4.12. Constraint settings on invisible part. 

   

    Once the object in green is grasped, the Grasp program checks the collision number. If 

the number is more than 0 due to the collision between the visible part and the table (as indicated 

by the bright yellow highlighted in Figure 4.13(b)), the visible part in Figure 4.13(a) is made 

invisible and the shadow part constrained to lie on the table surface is made visible (red part in 

Figure 4.13(b)).  
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(a) Before grasped visible part collides with        (b) After the grasped part collides with 

the table, the shadow part is invisible                   the table, it becomes invisible and the 

                                                                                       invisible shadow becomes visible. 

Figure 4.13. Toggling the visibility of the grasped part and its shadow part to simulate assembly 

under constraints. 

 

If the human right hand continues to move while the grasped (now invisible) part is 

colliding with the table, the shadow will move along the table face following the motion of the 

grasped object, until the original part moves out of the table (no collision status). Removal of the 

collision will cause the shadow to become invisible and the grasped part attached to the human 

hand to again become visible. 

 

4.4 Mapping of Key Postures from Jack to IGRIP 

As our industrial partners at Boeing and Cessna Aircraft Companies use IGRIP/ERGO 

for most of their simulations, we have developed a program to export the posture sequences 

captured in Jack into IGRIP. The program is written in GSL (Graphical Simulation Language, 

the API language for IGRIP), and reads the joint angles of the Jack figure from the channelset 

files in which the posture sequences are saved by the voice command “capture”. For each 

posture, the IGRIP humanoid’s joint angles are calculated from the joint angles of the Jack 
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humanoid, taking into consideration the mapping between the degrees of freedom as well as 

offsets and scale factors as appropriate. Corresponding to each posture, a tag point is created, 

with aux_axes values set to the values of the joint degrees of freedom for the Ergo humanoid. 

One path in IGRIP is created for each channelset file (posture sequence) in Jack. 

4.4.1 Increase DOF in IGRIP Humanoid  

  The Jack humanoid model has been designed with more joints than the humanoids in 

IGRIP. While the Jack humanoid has 17 vertebrae representing the spine with each of the 16 

joints between the vertebrae having three rotational DOFs, the IGRIP humanoid has only six 

vertebrae, all of which are constrained to have the same joint angles, effectively reducing the 

degrees of freedom for the spine to three (torso bend, lean and twist). To overcome the end 

effectors positioning errors carried by this DOF difference and get accurate posture mapping we 

have created a 17 vertebrae (each with three DOFs) model of the spine of the IGRIP humanoid 

with same orientation and position of the base site for each vertebra as that of the corresponding 

vertebrae of the Jack humanoid. 

Note that since the Jack humanoid has 136 DOFs, whereas the IGRIP humanoid is 

limited to a maximum of 128 DOFs, 9 DOFs corresponding to the left hand fingers’ 

lmidfinger12’s x rotation, left_finger20’s x and z rotation, lringfinger21’s x rotation, 

lringfinger22’s x rotation, left_finger30’s x and z rotation, and lpinfinger31 and lpinfinger32’s x 

rotations are eliminated. This is found to be adequate for almost all of the postures commonly 

encountered. 
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4.4.1.1 Verification of the Usability of the Modified IGRIP Humanoid for Various   

 Ergonomic Analyses (RULA and NIOSH) 

 Compared to previous IGRIP humanoid specifications we have developed following 

enhancements to create better humanoid to make it more realistic and flexible. But one of the 

major objectives in creation of IGRIP humanoid is to make it applicable for ergonomic analysis. 

This necessitates a more developed humanoid that imitates the real world human positions and 

orientations most accurately. The analysis performed by the Rapid Upper Limb Assessment 

(RULA) and the National Institute of Occupational Safety and Health (NIOSH) facilitates the 

study of biomechanical and postural loading on the whole body while performing any given task. 

The analysis is performed on the basis of the type of posture (worst postures) and the length of 

time in the same posture. These analyses are related to the human body that is made of complex 

rigid flexible component connections. Thus, to replicate this analysis in the virtual world more 

accurate humanoids whose postural capabilities are as good as real human are vital to 

realistically represent the task performed by the immersed operator and subject it to fair 

ergonomic evaluation.  

 In IGRIP the RULA posture analysis is based on the level score that is the combination of 

risk factors such as number of movements, static muscle work, force, working postures, etc. 

RULA is not affected because the posture is not taken for the human, but from user input. By 

subjecting the modified IGRIP humanoid in our research to this analysis it is revealed that the 

modified humanoids’ upper limb demonstrates similar changes as does the standard humanoid 

for different body loads. For example, Figure 4.14(a) represents the modified IGRIP humanoid 

and Figure 4.14(b) signifies the standard IGRIP humanoid. In both the cases we can see that 

when load is between 0-2 kg (Figure 4.14(a1/b1)), the arm color turns yellow suggesting a need 
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for further investigation of the effect of the load. When the load is between 2-10 kg (Figure 

4.14(a2/b2)) the arm color turns orange indicating severity of affect of load on body. Based on 

the above, we can conclude that the modified humanoid demonstrates similar response to RULA 

analysis as the standard humanoid.  

 

                   

            (a1) body force 0-2 kg, arms yellow                (a2) body force 2-10 kg, arms orange  

(a) Modified human arm level change with different body force 

     

           (b1) body force 0-2 kg, arms yellow             (b2) body force 2-10 kg, arms orange 

(b) Standard human (holding green load) arm level change with different body force 

Figure 4.14. RULA comparison between standard and modified humanoids in IGRIP. 
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4.4.2 Scaling of IGRIP Humanoid to Match That of the Jack Humanoid 

In Jack, we scale an anthropometrical humanoid corresponding to the immersed user and 

set the humanoid to the stand_straight posture. In this posture, all the joint angles in Jack are zero 

which is also the case for the IGRIP humanoid at starting posture.  

4.4.2.1 Accounting for Differences in Coordinate Frame Orientation 

In Jack, the coordinate frame is such that the X-axis is in a horizontal direction, the Y-

axis is in the vertical direction and the Z-axis is in the horizontal direction orthogonal to both X 

and Y as shown in above Figure 4.15(a). In IGRIP, the global coordinate frame is such that the X 

axis points in a horizontal direction, the Y axis in the horizontal direction orthogonal to X and 

the Z axis in the vertical direction, as shown in Figure 4.15(b). To map the position of object 

correctly, we assign the X, Y and Z values of the position of any entity in Jack to the 

corresponding IGRIP entity’s Y, Z and X values respectively as shown in Table 4.1.  

 

         

                (a) Coordinate frame in Jack                          (b) Coordinate frame in IGIRP 

Figure 4.15. Coordinate frames in Jack and IGRIP. 
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TABLE 4.1 

GLOBAL COORDINATES IN JACK AND IGRIP RELATIVE TO THE HUMANOID 

 

 

 

 

TABLE 4.2 

STARTING POSITION FOR JACK AND IGRIP HUMANOID 

 

In Jack, the lower_torso.proximal site of the humanoid is the root site that gives the 

humanoid global position and orientation which is recorded in the channelset file. Table 4.2 

shows a female’s lower_torso.proximal’s value of (-3.31, 28.1, -5.96) at her starting position. 

This value’s projection on the ground between her foot is (-3.31, 0, -5.96), While in IGRIP the 

base site for humanoid at starting position is located on the ground and between two feet with 

value (0, 0, 0). So we move the IGRIP humanoid so that he has the same starting position with 

Jack humanoid. Table 4.2 shows the steps involved in positioning the IGRIP humanoid 

corresponds to the Jack humanoid.  

4.4.2.2 Limbs Scaling in IGRIP 

The shoulder frame acts as the link base for the IGRIP humanoid’s arm. The upper arm 

length is defined as distance in Z direction from the shoulder’s frame to elbow frame. Similarly, 

Global coordinate X Y Z 
JACK LEFT TOP FRONT 

    
    

IGRIP FRONT LEFT TOP 

 X (unit=in) Y (unit=in) Z (unit=in)
Jack humanoid lower_torso.proximal -3.31 28.1 -5.96 

JACK base between two foot -3.31 0 -5.96 
    
    

Move the IGRIP humanoid to base position -5.96 -3.31 0 
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the lower arm length is the distance from elbow’s frame to wrist’s frame. The distances between 

shoulder and elbow joint and the elbow and wrist joint in Jack can be used to move IGRIP 

humanoid’s elbow and wrist link frames to make them have same limb lengths. In a similar 

manner each of the limbs is matched to the corresponding segment of Jack humanoid.  

4.4.2.3 Scaling of IGRIP Humanoid 

We record the Jack humanoid torso and limbs segments’ joint site positions and move the 

IGRIP humanoid corresponding site appropriately so that the segment distance between two 

joints in IGRIP is same as the corresponding segment length of the Jack humanoid. Since the 

IGRIP upper torso part is attached to lower part, we need to move the lowest torso part to the 

same position as Jack humanoid’s waist joint as the first step. When we move the hip joint site to 

the correct position, the knee and ankle joints are located correctly. After this segment scale, we 

compare the joint site position shown as in Table 4.3 in Jack and IGRIP humanoids when set the 

left hip flexion 45° shown as in Figure 4.16.  

 

             

(a) Jack left hip moves around Y 45°,        (b) IGRIP, left hip flexion 45°, left knee position. 

left knee position      

Figure 4.16. Jack and IGRIP left hip flexion 45°, left knee site position. 
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TABLE 4.3  

MOVE THE LEFT HIP AROUND Y AXIS/ FLEXION 45°, LEFT KNEE SITE POSITION 

Move the left hip joint Sites X 
(unit=in) 

Y 
(unit=in) 

Z 
(unit=in)

JACK, around Y 45° human.left_upper_leg.distal 
(left knee) 0.46 21.97 3.71 

     
     

IGRIP, flexion 45° human.left_upper_leg.distal 
(left knee) 3.71322 0.46 21.9667 

 

From the above table we can see that the Jack and IGRIP humanoid’s left knee site 

positions are the same when the left hip is flexed by 45°. Also Figure 4.17 and Table 4.4 show a 

similar comparison of the joint sites of an upper limb.     
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(a1) left elbow site position                                (a2) left wrist site position 

(a) Jack humanoid moves the left shoulder joint around X 45° 

      

(b1) left elbow site frame                                       (b2) left wrist site frame 

(b) IGRIP humanoid moves the left shoulder joint adduction -45° 

Figure 4.17. Jack and IGRIP left shoulder adduction -45°, left elbow and wrist position. 
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TABLE 4.4 

JACK AND IGRIP LEFT SHOULDER ADDUCTION -45°, LEFT ELBOW AND WRIST 

SITE POSITION 

Move left shoulder 
adduction -45° Sites X 

(unit=in) 
Y 

(unit=in) 
Z 

(unit=in) 
Jack human.left_upper_arm.distal 9.23 41.21 -5.13 

     
     

IGRIP human.left_upper_arm.distal -5.13 9.22928 41.2107 
     

Jack human.left_lower_arm.distal 15.23 35.2 -5.13 
     
     

IGRIP human.left_lower_arm.distal -5.13 15.2326 35.2074 

 

From the above Table 4.4 and Figure 4.17, we can see that when the link base joints 

manually are adjusted by some angles in one direction, the linked joints positions in Jack and 

IGRIP are same.  

4.4.3 Conversion of Rotations between Jack and IGRIP 

 For any object, the channelset file in which postures are stored records the orientation of 

the root site with respect to the global coordinate system in terms of sequential rotations about 

the local X, Y and Z axes to track the body’s orientation. These rotation angles need to be 

transformed to rotations of the IGRIP base site, which has a different rotation sequence of Z, Y 

and X.    

For instance, in Jack, the human body as well as the Y and Z coordinate directions is 

rotated first about its X axis. Then the body and the X and Z’ axes (Z’ is the orientation of the Z 

axis after the rotation about the X axis) are both rotated about the new (rotated) orientation of the 

Y axis (Y’). Finally, the body is rotated about the new (rotated-rotated) orientation of Z axis 
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(Z”). In contrast, the IGRIP humanoid is first rotated around its Z axis, then the rotated Y axis 

and finally the rotated-rotated X axis.      

We have derived conversion formulae to relate the rotation angles for all values of these 

two sets of large rotations, the first one with the overall orientation of the body expressed as 

sequential rotations about the X, the rotated Y and the rotated Z axes, say by α1, β1 and γ1, 

respectively, and the second where the overall orientation is expressed as sequential rotations 

about the Z, the rotated Y and the rotated X axes, say by γ2, β2 and α2, respectively.  

The derivation was carried out in Maple, using quaternion algebra to carry out the 

rotations in the sequences given and arrive at the transformation matrix between the original and 

final orientations detailed in Appendix A. Any array or list of four numbers can be treated as a 

quaternion, q. Any vector, v, is a quaternion with zero for the first index position and the X, Y, Z 

components in the 2nd, 3rd and 4th index positions.  The definition of quaternion can be like 

following: ),( baq = , Where, a  is a scalar and b  is a three dimensional vector (pure quaternion).  

We can represent the unit vector of X axis as (1, 0, 0) and similar Y axis as (0, 1, 0) and Z axis as 

(0, 0, 1).  

Coutsias and Romero [1993] have proposed Theorem 5, “let ( ) ( ) )sin,cos(),( 22 ppq θθθ =  

where, p is a unit vector. Let ),0( vv = . The transformation 1−qvq  maps v  into ),0( vv ′=′ , where 

v′ is obtained by rotating v  about the p  axis byθ .” Rotations, for instance, first of 1α  about 

axis 1p , then 1β  about axis 2p , and finally 1γ  about axis 3p , Sequential can be represented by 

the transformation 1−
tt vqq , where ),(),(),( 112131 pqpqpqq t γβα= .  For instance, we 

want to rotate a body around the x  axis by angle 1α , the transformation would involve the 

quaternion ( ) ( ) )0,0,2sin,2(cos),( 111 ααα =xqx , where the x  axis (1, 0, 0) has been used as the 
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unit vector p . The transformation for rotation about the new orientation of the y axis 

(subsequent to the transformation of rotation about the x axis given above) would 

be ( ) ( ) )2sin,2(cos),( 1
111'

−=′ xxy qyqyq βββ . In Jack the object rotation sequence is first 

about the X axis then about the rotated Y and finally about the rotated-rotated Z axis, (say 1α  

about X axis then 1β  about rotated Y axis and finally 1γ  about the rotated-rotated Z axis). This 

would be represented by a total rotation quaternion ),( 111 vqt θ  

xyzt qqqvq '"111 ),( =θ , where, ),( 1 xqqx α= , 1−=′ xx qyqy , ),( 1' yqqy ′= β  and 

1
'

1
'

−−=′′ yxxy qzqqqz , ),( 1" zqqz ′′= γ . 

Since in IGRIP the object rotation sequence is first about the Z axis, then about the 

rotated Y and finally about the rotated-rotated X axis (say 2γ  about Z axis then 2β  about rotated 

Y axis and finally 2α  about the rotated-rotated X axis). This would be represented by a total 

rotation quaternion ),( 222 vqt θ   

zyxt qqqvq '"222 ),( =θ , where, ),( 2 zqqz γ= , 1−=′ zz qyqy , ),( 2' yqqy ′= β  and 

1
'

1
'

−−=′′ yzzy qxqqqx , ),( 2" xqqx ′′= α .   

The fact that the transformation matrix should be unique i.e. the quaternions ),( 111 vqt θ  

and ),( 222 vqt θ  should be the same, regardless of the rotation sequence, provides 3 independent 

equations to solve for 2α , 2β and 2γ  in terms of 1α , 1β  and 1γ . It turns out that all three of these 

equations are needed, in order to fix the magnitude and direction of each of the rotations.   

The resulting formulae are given below (the derivation is given in Appendix A). 
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These formulae are used in the GSL program in IGRIP to convert the Jack humanoid’s 

orientation to the IGRIP humanoid’s orientation.    

 Note that the equations obtained above work if the humanoid axes coincide for the JACK 

and IGRIP humanoids (as is the case) and the rotation sequence is the only difference.  

4.4.3.1 Effect of Difference between the Global Coordinate Orientations in Jack and 

IGRIP. 

As noted above, the derivation of the transformation formulae is a bit simplified by the 

fact that the root site orientations of the Jack humanoid are the same as that of the IGRIP 

humanoid i.e. X is forward, Y is lateral and Z is in the height direction, as shown in below Figure 

4.18 and 4.19. The offset between the global axis orientations of Jack and IGRIP can be 

considered to be an extra rotation of -90 degrees about the X axis before the beginning of all 

other rotations. So, given any orientation in JACK, we subtract from it (-90, 0, 0) before calling 

the values as α1, β1 and γ1 (i.e we add 90 to Xrot). Then we use the conversion formulae derived 

above to get the three rotation angles of spin (γ2), fall-over (β2) and fall-aside (α2) for the IGRIP 

humanoid.   
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Figure 4.18. Global and local coordinates in IGRIP. 

 

    

Figure 4.19. Global and local coordinates in Jack. 

 

Figure 4.20 shows an example wherein an arbitrary orientation of (89,-138,-34) about the 

X, Y’ and Z” axes in Jack have been converted into a Yaw, Pitch and Roll (about Z, Y’ and X”) 

of (154, 146, -42). It is apparent that the orientation of the humanoid is correctly presented. 

 

 

Global coordinate system 
and the humanoid local 
coordinate system 
orientations coincide  

Global coordinate system 

Humanoid position when 
the coordinate frame is 
orientated along the global 
coordinates. 

Humanoid lab coordinate 
after (-90, 0, 0) rotation 
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Figure 4.20. Jack humanoid orientation (89,-138,-34) ---right side view. 

 

Since the global coordinate of Jack and IGRIP are differently oriented, for any object for 

which the local axes in JACK and IGRIP are in the same orientation with respect to the object, if 

the rotation sequence in JACK is first about the X axis then about the rotated Y and finally about 

the rotated-rotated Z axis, we need to add (90, 0, 0) to the values and then apply the conversion 

formulae to get the angles of rotation about the Z axis, then about the rotated Y and finally about 

the rotated-rotated X axis to use in IGRIP. Figure 4.21 shows that the comparison of conversion 

of the orientation of the Drill machine. It is clearly visible from the Figure 4.21(b) that the 

position and orientation of the Drill machine is converted correctly from Jack to IGRIP by using 

the GSL program developed. 

 

Jack IGRIP 
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 Jack human position (0, 33, 0) (-90, 0, 0)   IGRIP human position (0, 0, 0) (0, 0, 0) 

Drill machine position (0, 0, 0) (-90, 0, 0)  Drill machine position (0, 0, 0) (0, 0, 0) 

a. Initial position of human and drill machine in Jack and IGRIP. 

       

Jack human position (0, 33, 0) (-90, 0, 0)     IGRIP human position (0, 0, 0) (0, 0, 0) 

   Drill machine: (0, 0, 0) (67, 34, 34)                    Drill machine: (0, 0, 0) (-2.7, -139.8, 154) 

b. Positions after Drill machine rotate in Jack by (67, 34, 34) and IGRIP by converted angles. 

Figure 4.21. Conversion of rotation angles of drill machine from Jack to IGRIP. 

 

4.4.4 Additional Details about the GSL Program 

The GSL program includes two parts. The first one reads the position and orientation 

values of the joints from the channelset file in which the Jack humanoid’s postures are recorded 

and store these values in a two-dimensional real array. The first dimension represents the frame 
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numbers i.e. posture numbers in the channelset file and second dimension is for all the joints 

values in one frame. The second part of the GSL program creates a path composed of tag points 

by converting each of the joint values to the corresponding values for the IGRIP humanoid 

(taking any offset and rotation sequence difference into account) and assigns these values to the 

128 aux_axes values for each tag point. These “aux axis” values are the values to which the joint 

angles are set when the IGRIP humanoid moves into each tag point. The term “joint angles” used 

in this paragraph should be interpreted to also include the position and orientation of the root site 

of each of the humanoids. Figure 4.22 shows an example of one posture mapped from Jack to 

IGRIP. The simulations in IGRIP are developed by instructing the humanoid to travel through 

each of the postures at standard speed. 

 

                                                  

           (a) Carry_load posture in Jack     (b) Carry_load posture mapped from Jack to IGRIP  

Figure 4.22. Mapping of postures from Jack to IGRIP. 
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CHAPTER 5 

   

STUDY OF SENSOR ACCURACY AND ACCURACY OF POSTURES OBTAINED IN 

IVR 

 

This chapter reports on the accuracy and precision of elbow and wrist joint angles given 

by Jack as compared with the actual angles arrived by immersed operators, in order to determine 

the fitness of the angles given by Jack for use in ergonomic evaluations. The comparison is 

carried out for a set of postures that are relevant to the analysis of workstation tasks. Section 5.1 

investigates the accuracy of position and orientation data given by the Flock of Birds sensors, as 

well as the noise, in order to establish limits on the expected accuracy of postures. Section 5.2 

describes a study of posture accuracy carried out using a wooden manikin as the subject and a 

study of the effect of sensor placement on the accuracy of postures. Use of a wooden manikin 

allows accurate measurement of the joint angles using a goniometer. Section 5.3 presents the 

environment and the video based joint angle measurement used to check the accuracy of posture 

capture by Jack for immersed human subjects and Section 5.4 summarizes on the findings of the 

experiment and states recommendations for further studies. 

 

5.1 Hardware and Software for Motion Tracking  

This section describes the software and hardware for motion tracking, investigates the 

accuracy of position and orientation data given by the Flock of Birds sensors, as well as the 

noise, general task performance. 

 



71 

5.1.1 Software for Tracking 

In this preliminary study, we use Jack software to develop the IVE. The postures, 

position and orientation of the immersed user in the actual environment are tracked and mapped 

to the digital humanoid in the virtual environment by the Flock of Birds motion tracking system. 

Since we do not have any sensors below the pelvis, the legs get translated with the pelvis. Thus, 

this environment only tracks the posture from the waist upward and we are focusing on right arm 

postures in workstation tasks. We choose the wrist and elbow angles as key measures of the right 

arm posture. 

5.1.2 Motion Tracking System – Flock of Birds 

5.1.2.1 Noise in Sensor Data  

Nakada et al. [2003] revealed that the presence of metal objects or any electronic 

equipment near the motion tracking system would affect the system ability in tracking due to the 

existence of magnetic field distortion.  

The five sensors in our lab were tied to a wooden chair and their positions and 

orientations were recorded continuously using the Winbird software. 268 frames of data were 

recorded and the range of the sensor reading is between -0.0176 and -0.0352 inch in each of the 

x, y, and z directions.  

5.1.2.2 Accuracy of Sensor Data 

Table 5.1 shows the position of the sensors tied to the wooden chair. The distances in y 

direction between sensors 3 and 4 and that between sensors 5 and 1 are manually measured and 

found to be 11.5 inches and 21 inches, respectively, which is very close to the value of 11.74 and 

20.78 inch read from Winbird.  
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TABLE 5.1 

INITIAL POSITION OF THE SENSORS 

Sensor # X (in) Y (in) Z (in) X (deg) Y (deg) Z (deg) 
1 -8.24 14.24 69.28 -179.52 -3.74 10.90 
2 27.58 12.01 79.35 -34.19 19.89 -21.25 
3 -1.63 11.15 78.84 177.37 7.67 6.26 
4 -1.72 -0.60 78.02 -171.48 16.08 -2.44 
5 -7.03 -6.54 68.93 -2.04 5.54 11.23 

 

Since it is known that FOB sensor data is affected by the presence of metals, a study of 

the effect of metal in the joint of the manikin used in the posture accuracy study is carried out. 

The 72-inch wooden manikin is manufactured by Blick Art Materials (Item code: 21623-1070, 

Name: Lifesize Male Manikin). We chose to study the effects of keeping the sensor near the 

pelvis joint since that joint has the most metal. One sensor is fixed to the arm of a wooden chair. 

The manikin was moved such that the pelvis moves from a position 20 inches above this fixed 

sensor to a position 30 inches below, keeping it 3 inches horizontally away from the fixed sensor 

during the move. We found that the effect of metal in the joint on the deviation of the sensor data 

corresponded to a peak-to-peak value of 0.42 inch in the y direction as shown in Figure 5.1(a). 

Also by moving the manikin from a far location (110 inch away) in the x direction gradually 

close to this sensor, a peak deviation of 0.3867 inches in the x position reading and 0.2637 inch 

in the y position reading were obtained, as shown in Figure 5.1(b).   
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Sensor’s X position

Sensor’s Y position

Inc

0 Time 

Peak  
at  
0.42 
inch 

Inc

Time 
 

(a) Move from 20 inch above to 30            (b) Move from 110 inch away to the fixed sensor  

inch below the fixed sensor            

Figure 5.1. Plots showing the change in position of a fixed sensor, caused by the movement of a 

wooden manikin, due to the metal in the pelvis of the manikin. 

 
During immersive tracking of the manikin’s postures, at one random posture, we 

measured the distance between the sensors to which the right palm and cervical sites were 

constrained and the distance between the sensors to which the cervical and pelvis sites were 

constrained. The distances calculated from the sensor positions were 68.37 and 50.34 cm, while 

the distance measured using an anthropometry set were 68.9 and 49.5 cm, respectively. 

This study of the sensor data shows that the sensor readings are never more than 0.5 inch 

off from the true readings, implying that the angles of 10 inch long segments can be determined 

to within 3°. Note that this is a very conservative estimate, since the sensors are not close to as 

much metal in actual use. 

5.1.3 Scaling of Humanoid 

 Within the virtual environment in Jack, we create a humanoid scaled to the body 

proportions of the immersed human operator. Precise scaling of the humanoid to match the 
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immersed subject is necessary for accurate tracking of the subject, as can be seen from Figure 

5.2(b). Jack provides the scaling interface shown in Figure 5.3 to generate a realistic 

anthropometrical structure of the humanoid duplicating the actual user immersed in the real 

world. This inbuilt advanced humanoid scaling capability enables the user to scale the body 

segments and improve the tracking as shown in the Figure 5.2(c).  

 For measuring the anthropometry of the subjects, we follow the regulations defined in 

“HUMOSIM: Anthropometric Measurements” [University of Michigan, Center For Ergonomics, 

2003]. Two persons use an anthropometric kit to take two measurements of each subject’s 

stature, biacromial breadth, bideltoid breadth, elbow rest height, elbow to fingertip distance, 

hand length, interpupillary distance, shoulder to elbow length, acromion height (sitting), eye 

height (sitting) and sitting height. If the difference between the measurements taken by the two 

persons is less than 1 cm, the two readings are averaged. Otherwise, additional measurements are 

taken until the two measurements agree to within 1 cm.  

 

           

(a) Immersed operator    (b) inaccurately scaled Jack humanoid  (c) accurately scaled humanoid                          

Figure 5.2. Postures due to inaccurate and accurate scaling of Jack humanoid. 
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Figure 5.3. Advanced humanoid scaling feature in Jack. 

 
 
5.1.4 Participants in the Experiments 

 We have used the wooden manikin as a subject to test the accuracy and precision with 

which the postures of an immersed subject are replicated by Jack based on the FOB sensor data. 

Also one student has participated in the experiment.  

5.1.5 General Experiment Design 

The investigation contains two experiments. First experiment describes a study of posture 

accuracy carried out using a wooden manikin as the subject and a study of the effect of sensor 

placement on the accuracy of postures. Use of a wooden manikin allows accurate measurement 
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of the joint angles using a goniometer. Second experiment is used to check the accuracy of 

posture captured by Jack for immersed human subjects.  

5.1.6 Performance Measurements 

During all these posture tracking experiments, two digital video cameras are used to 

capture postures of the subject from the right side and top views, to result in video images such 

as shown in Figure 5.4(a) and 5.4(b). At any time when a posture is recorded in Jack, a sound 

cue is either given by the operator or by the software. These sound cues help in the selection of 

the frames to be analyzed from the video stream.  

  

                       

(a) Goniometer taken from right view              (b) Goniometer taken from top view 

Figure 5.4. Goniometer taken from right side view and top view. 

 

We have used one plastic goniometer tied on either manikin’s elbow or wrist joints and 

take this reading as real value to check the accuracy of values of the same joint shown from Jack 

humanoid or from video measurement so that the difference between Jack reading and video 

measurement could be constructed and used to check the accuracy of the joint angles between 

Jack reading and video measurement for human subject.   
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5.1.7 Statistic Data Analysis 

We have used Analysis of Variance (MINITAB 14) and dependent t-tests to analyze the 

data. 

 

5.2 Experiments to Study the Effects of Sensor Placement on Posture Accuracy Using the 

Manikin as the Subject 

 We have used the wooden manikin as a subject to test the accuracy and precision with 

which the postures of an immersed subject are replicated by Jack based on the FOB sensor data. 

5.2.1 Scaling of Humanoid to Match the Anthropometry of the Manikin 

 The manikin’s shoulder joint is a 3-degree of freedom ball-and-socket joint. The elbow 

joint is a pin joint having a single degree of freedom. The wrist has a ball-and-socket joint with 3 

degree of freedom. The centers of the joints could be accurately located, based on which the 

distances between the successive joint centers in a kinematic chain could be established 

accurately. To make Jack humanoid’s upper arm segment length match that of manikin, we 

measured the distance on manikin between the shoulder joint center and elbow joint center (25.8 

cm) and used this value as input to scale Jack humanoid’s upper_arm.proximal (shoulder rotation 

fixed site) to upper_arm.distal (elbow rotation fixed site) length. Also, we used distance of 22.39 

cm as input value between manikin’s elbow and wrist joint centers to scale Jack humanoid’s 

upper_arm.distal (elbow rotation fixed site) to palm.base (wrist rotation fixed site) length. 

 The procedure given above is followed for scaling the humanoid to match the 

anthropometry of humanoid used in experiment on the human subject reported subsequently. 
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5.2.2 Tracking with Five Sensors 

Five sensors are attached to the wooden manikin’s head, cervical, pelvis, right elbow and 

right palm sites. The tracking constrain lists of parameters are shown in appendix B. A plastic 

goniometer’s legs were tied to the upper and fore arms, aligning the goniometer pivot to the 

center of the elbow joint. A similar arrangement was also used for measuring the ulnar deviation 

angle of the wrist. The angles given by Jack were directly compared with the goniometer 

readings (the offset was found to be less then seven degree, when the joint angles of the 

humanoid were kept at zero) in the stand straight posture. As the width of the upper arm and 

lower arm is similar, angle variations in goniometer are negligible. 

5.2.2.1 Variation of Elbow Angle with Shoulder and Wrist Rotation due to Inverse 

Kinematics 

 After constraining the humanoid created to match the anthropometry of the wooden 

manikin to the sensor attached to the manikin, it was found that the elbow angle given by Jack 

does not match the real angles measured by the goniometer tied to the manikin’s elbow. We 

found that if the shoulder flexion angle of the manikin is changed keeping the elbow angle 

somewhat at 31°, the elbow angle given by Jack varies between 12.2 and 37.2 degree. By 

adjusting the constraint list parameters such as the relative weight of position and orientation, the 

priority, etc. for the sensors somehow may get better tracking. Also, when we keep the shoulder 

and elbow angles of the manikin constant and move the wooden manikin’s cervical forward by 

two cm, the Jack elbow angle value goes down to 25.3 degree, and when the cervical is moved 

back by four cm, the Jack elbow angle shows 33 degree. When we keep the manikin rigid up to 

the wrist and only rotate the palm, the elbow angle given by Jack is found to vary from 37.2 to 

45°. From these tests it can be concluded that the elbow and wrist joint angles calculated by Jack 
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from the five sensor data using inverse kinematics based on comfort estimates are not able to 

accurately represent the actual postures of the immersed subject for the full range of possible 

postures, so more sensors are needed to check the tracking accuracy. 

5.2.3 Tracking with Six Sensors to Check the Jack Reading and Real Value 

We borrowed one FOB sensor, and attached it to the manikin’s right wrist so that both 

the wrist and the palm could be tracked simultaneously. The tracking constraint list parameters 

setting is shown in Appendix B. In this configuration we again studied the accuracy with which 

the elbow and wrist angles are tracked by Jack.  

After checking different constraint parameters setting, we found that Jack humanoid’s 

elbow angle matches the goniometer better using the constraint parameters shown in Appendix B 

when moving the shoulder Y between 20 to 100 degrees. In this new configuration, manikin’s 

shoulder flexion was changed from 124° to 22°, while keeping the elbow angle at 31°. The 

elbow angles given by Jack are shown in Table 5.2. From this table, we can see that the 

maximum deviation is 8.1 degree at a shoulder flexion of 95°.  

 

 

 

 

 

 

 

 



80 

TABLE 5.2 

VARIATION IN ELBOW ANGLE GIVEN BY JACK WHERE THE MANIKIN’S 

SHOULDER FLEXION IS CHANGED (6 SENSOR CONFIGURATION) 

 

 

 

 
 
 
 
 
 
 

 

 

 

In another test, we randomly changed the shoulder angle and the wrist angle of the 

manikin in ways such that the manikin’s hand will reach the same point on one fixed wooden 

pallet (see Figure 5.5) while keeping the elbow angle of the manikin as constant at 20 degrees. 

Then, we check out how much the elbow angle of the Jack humanoid changes about the mean 

value. Also, while doing this, we measured the other angles (such as Ulnar/Radial Deviation) on 

the manikin approximately, and compared these with the Jack values. We find that the maximum 

error in wrist angle is 8 degrees and the maximum error in elbow angle is 4.7 degrees.  

Wooden 
manikin 

Shoulder Y 

Wooden 
manikin 
Elbow 

Humanoid 
Elbow 

124 31 27.3 
116 31 33.5 
106 31 37.3 
101 31 38.8 
95 31 39.1 
88 31 38.8 
82 31 38.3 
75 31 35.7 
69 31 34.8 
64 31 32.6 
49 31 31.1 
41 31 26.7 
32 31 29.4 
22 31 27.0 
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Figure 5.5. Wooden manikin reaches one fixed point on one wooden pallet. 

 

5.2.4 Comparison of Video Data to Real Angles 

The goniometer was tied to the inside the manikin’s palm and the medial side of the 

forearm, with its pivot aligned with the manikin’s wrist joint center. In this location, the 

goniometer was not visible in the side view. Video of posture with several different ulnar/radial 

deviation, were recorded and the side view was analyzed. 12 measurements at random position 

have been taken to test whether there is significant difference between the goniometer reading 

and measurement from video. 

5.2.5 Results 

Even for compared angles, such as in Figure 5.4, when the goniometer is tilted by about 

30 degrees it was found for five different operating angles of the goniometer that the measured 

angles from the side view have a maximum deviation of 2.96 degrees from the real angle.   

From the reaching for same point test, we can see that the six sensors configuration is 

preferable compared to five sensor configuration, and that the angles given by Jack can be 

expected to be within 10 degree of the actual angle in all cases. As the permissible variation in 

measurement of angles is 10 degrees [Fernandez, 1998], we can conclude that the posture 

accuracy for wrist and elbow angles tracked using six sensors is sufficient for ergonomic 
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application. In fact, the systematic error observed can be calibrated to improve the accuracy of 

tracking even further.   

For comparison of video data to real angles, dependent t-test has been used and the result 

shows that there is significant difference between real angles taken from goniometer and video 

measurement (t = 4.74, df = 11, P=0.001; mean of differences = 5.86±2.72). The mean wrist 

angle for goniometer was 5.42 and the mean wrist angle for video was -0.44. Further test shows 

at alpha level of 0.05, the lower bound for mean difference is 3.64 degree (t=1.79, df=11, 

P=0.05), that means the goniometer reading is higher than video measurement no less than 3.64 

degree. Also the upper bound for mean difference is 8.07 degree (t=-1.79, df=11, P=0.05), that 

means the goniometer reading is higher than video measurement no more than 8.07 degree. 

 

5.3 Environment to Check the Accuracy of Posture Capture for Immersed Humans 

This section presents the environment and the video based joint angle measurement used 

to check the accuracy of posture capture by Jack for immersed human subject. 

5.3.1 Procedure  

We created a humanoid in Jack scaled to match the anthropometry of the immersed 

human following the procedure we described at section 3.1. Six sensors are mounted on the 

immersed operator’s head, cervical, waist, right elbow, right wrist and right palm.  

We consider the sitting straight anatomic position as a starting posture in our experiment; 

with the hands at the sides, elbow at neutral position, wrist straight, and eyes looking straight 

ahead, as shown in the Figure 5.6, from which we can see the elbow angle and wrist angle are 

almost same for the virtual humanoid as compared to the operator. 
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Figure 5.6. Starting position of the immersed human and corresponding humanoid in Jack. 
 

One kind of posture for reaching the steering wheel by looking through the HMD is 

considered for the experimentation as shown in Figure 5.7. The operator sits on a wooden stool 

with his back supported and erect. His thighs are horizontal and slightly angled downwards. The 

segment lengths of the humanoid representing each immersed operator are adjusted to provide 

close relationship between the actual postures and the postures given by Jack.  

The subject has to reach two predefined positions, the mirror and the steering wheel, 45 

times each. Figure 5.7 shows one trial where the steering wheel is reached. The ulnar deviation 

angle for the humanoid is -16.6 degree and the angle of the real human measured from the photo 

using the MVTA software is -12.7 degree.   
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Figure 5.7. Ulnar angles of real human and Jack humanoid at the steering wheel position. 

 

5.3.2 Findings for the Immersed Human 

The ulnar deviation of the Jack humanoid ranges from -45 to 8.3 degree at the two 

positions. Due to the uncertainty of the measurement from the video, 69 readings are available. 

Out of 69 readings, 67 readings given by Jack deviate less than 10 degrees from the human 

angles measured from the video. Deviation for the remaining 2 readings is between 10 and 10.5 

degrees shown in Appendix C. 

For comparison of video data to Jack readings, dependent t-test has been used and the 

result verifies significant difference between mean wrist angles given by Jack and those from 

video measurement (t=12.57, df.= 68, P<0.001; mean of differences = 4.49±0.72). The mean 

wrist angle given by Jack was -31.27 and the mean wrist angle measured from video was -35.76. 

Further test shows at alpha level of 0.05, the lower bound for mean difference is 3.90 degree 

(t=1.64, df.=68, P=0.052), that means Jack reading is higher than video measurement no less 

than 3.90 degree. Also at alpha level of 0.05, the upper bound for mean difference is 5.08 degree 

(t=-1.66, df.=68, P=0.051), that means Jack reading is higher than video measurement no more 

than 5.08 degree. Compared to the results given in section 5.2.5, i.e. goniometer reading is higher 

than video measurement no more than 8.07 degree and no less than 3.64 degree; we can conclude 

-16.6°
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that goniometer reading is higher than Jack reading no less than -1.44 and no more than 4.17 

degree.  

 

5.4 Summary of Findings and Recommendations  

Comparison of the wrist angle between Jack humanoid and measurement from the video 

shows reasonable accuracy of posture tracking by jack to justify use in ergonomic analysis. It is 

clearly evident that a minimum of six sensors need to be used to track postures of the right arm 

accurately. If bilateral postures were of interest, a minimum of nine sensors would be required. 

From these experiments, we can see that the maximum deviations of elbow angle between 

wooden manikin and Jack humanoid or of the wrist angle between human subject and Jack 

humanoid are less than 10 degree which satisfies the angle measurement requirements for 

ergonomic design. Part of the deviation may be attributed to the error in measuring angles from 

videos. Some of the changes in postures from the starting position reveal significant difference 

which maybe due to the rotation of the wrist and shoulder of the operator. Accurately scaled Jack 

humanoids are created by anthropometrical measurement using Jack Human Build function. 

Tracking constraint parameters of the 6 sensors have been checked and adjusted to provide better 

tracking accuracy at reaching steer and mirror positions. For the postures related to office 

workstation such as keyboard typing it is necessary to check the left wrist angle as well.  
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CHAPTER 6 

 

DEVELOPMENT OF A CAPABILITY FOR POSTURE MAPPING AND EVALUATION 

OF ITS REALISM  

 

In the previous chapter, it was shown that accurate scaling of the humanoid to match the 

immersed human’s body size and proportion is a prerequisite for accurate reproduction of 

postures. Note that this implies that the utility of IVE for ergonomic and human factor analysis is 

limited in applicability only to human populations close to that of the immersed user. This 

chapter describes the development and testing of a capability for dramatically extending the 

usefulness of virtual environments from the point of view of human factors and ergonomics 

analysis. 

We have developed a capability by which the immersed user will be able to ‘inhabit’ 

humanoids representing other specific person or humanoids representing different subgroups of 

different bodies’ sizes and proportion. This will enable an IVE operator to directly perceive the 

human factors issues that would be perceived by operators of different builds. The posture 

capture functionality can be used to save key postures for detailed ergonomic analysis.  

Coupled with the ability to use voice commands to control various aspects of the virtual 

world and the immersive interaction, these features provide a way by which one IVE operator 

can study and document the ergonomics and human factor issues that are likely to be 

encountered in real world. There are several key advantages to this approach, such as faster 

generation of postures, the guarantee that the postures are representative of what a human would 

use, quick checks of visibility, etc., that promises to improve the utility and decrease the cost of 
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VR. However the realism of interactions experienced by the immersed operator when his 

postures are mapped onto humanoids of different sizes and scales is potentially of concern, as it 

could affect the realism of the postures and the time it takes to complete the tasks. Additionally, 

if the operator did not experience a good look of immersion, it could potentially disorient the 

immersed operator, leading to many problems.  

We have carried out a study in which operators are mapped onto several different 

humanoids at random and asked to carry out reach tasks in the car IVE described in the previous 

chapter. Their subjective assessment of the ease of the tasks and the time it takes them to 

complete each reach task are recorded. The postures adopted by different immersed users while 

occupying different sizes of humanoids has also been studied in an effort to identify whether any 

systematic correlations exist between various characteristics of the immersed user and the 

postures adopted. Subjective measures of the ease of reach tasks as well as objective measures 

such as the time it takes to achieve the target position and orientation are used. 

 Section 6.1 describes the capability developed to constrain the Jack humanoids to 

immersed operator so as to experience the reach and visibility of different target populations. 

Section 6.2 describes the experiments conducted to check the realism of the posture mapping. 

Section 6.3 presents the results and statistical analysis of the data. Section 6.4 states the 

conclusions. 

 

6.1 Development of a Capability to Constrain Different Jack Humanoids to the Immersed 

Operator 

6.1.1 Background: 

The developments presented in this section make use of many capabilities available in the 
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Jack software that have been developed and used for many different reasons. However, 

according to one employee of UGS [Mr. Rishi Tirumali], these have never before been put 

together in the manner we have to map the postures of an immersed operator on to other 

humanoids in a realistic manner.  

Researchers have previously developed a capability to map the motions of one humanoid 

to other humanoids. Jack has a built-in module called synchronized swimming, which allows one 

slave human to follow a master human’s motion. Figure 6.1 shows the “slave humanoid” walks 

following the “master humanoid”. By studying the joint angles, it was observed that all the joint 

angles of the master are copied onto the slave.  

 

 

Figure 6.1. Synchronized swimming for master and slave humanoids. 

 

Granieri et al. [1995] had focused on a distributed virtual environment to incorporate 

hundreds of simulated humans. Multiple level-of-detail models were used so that near-viewpoint 

models can have better resolution than the models that were far. This was accomplished by 

“Master 
humanoid”“Slave 

humanoid” 
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motion mapping technique wherein higher DOF models were mapped on lower DOF models 

based on the position and joint angles. Although an approximation factor was used, a few entities 

that define the objective of the simulation remained unchanged (e.g. for a soldier, hands holding 

a rifle). 

Additionally, the capability to make objects (including humanoids) invisible is a 

standard, widely used feature in Jack. So is the case with the capability to fix the stereo view fed 

to the HMD to any site in the environment.  

If the interest of a session in a IVE were, for example, to see how a 95th percentile male 

would reach a certain object, the current approach would be to map the sensors on the immersed 

subject to control the motions of the 95th percentile male. As shown in Figure 6.2, we have 

directly constrained a 95th percentile Jack male humanoid to move as dictated by the sensors 

attached to an immersed subject having a stature of 172 cm. the view in the HMD was from the 

viewpoint of the 95th percentile male. As can be seen in Figure 6.2 (b) and (c), the postures of 

Jack humanoid are not natural. This lack of realism would increase as the difference in body 

propitiations of the immersed user and the target humanoid increased.  

One more option is that we may scale the whole scene environment except the immersed 

humanoid to have a relative 95th percentile humanoid which actually has 172 cm stature. After 

practice, we found that it is not available since the humanoid’s different segment has different 

scalar between two sizes of humanoids i.e. 95th and 50th percentile humanoids. Also there are 

problems with scaling control surfaces, buttons, levers etc.  

To expand the use of IVE for ergonomic and human factor analysis, so that it is not 

limited to an analysis that is valid for the immersed operator only, we have developed a 

capability to constrain Jack humanoids of different sizes and proportion to one immersed 
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operator in a realistic manner. This will permit one immersed operator to study and document the 

reach and visibility of different target populations. 

The way we allow an immersed subject to control a differently sized humanoid is to map 

his motions onto the humanoid sized to match his anthropometry (called “real humanoid” 

subsequently). Then the motions of this humanoid are mapped onto the humanoid whose reach, 

visibility or ergonomics need to be studied (called “mapped humanoid”). Additionally, the real 

humanoid is made invisible. To complete the immersion, the mapped humanoid’s eye view is fed 

to the HMD. 

 

   

  (a) Immersed operator       (b) right view of constrained 95th    (c) left view of humanoid 

     of stature 172 cm                     percentile humanoid                                   

Figure 6.2. Postures of 95th percentile Jack male controlled by subject 0 without posture 

mapping. 

 

6.1.2 Posture Mapping from Master Humanoid to Slave Humanoid 

To map the motions of the master humanoid to the slave humanoid, we created a program 

in Jack Script (Python) to read the joint angles of the chosen master and then apply them to the 

corresponding joint angles of slave humanoid in real time. Since an appropriately sized “real 
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humanoid” is constrained to follow the immersed subjects’ motions, the joint angles can be 

expected to be realistic, as shown in Chapter 5. After moving the “mapped humanoid” to the 

“real humanoid’s” location, the “real humanoid” is constrained to follow the motion of the 

sensors attached to the subject and set as invisible. The immersed subject’s motion is conveyed 

to his humanoid, the “real humanoid”, by six tracked sensors of a Flock of Birds system. These 

sensors are attached on the subject’s head, cervicale, waist, right elbow, right wrist and right 

palm as described in detail in Chapter 5. The Python program assigns all the joint angles of “real 

humanoid” to those of “mapped humanoid” in real time. Master and slave humanoids’ names are 

passed as parameters so that the motions of any humanoid in the scene can be mapped onto any 

other humanoid by the program.  

For example, an immersed subject is shown in Figure 6.3(a), whose corresponding 

humanoid “real humanoid” and the female “mapped humanoid” are shown in Figure 6.3(b). The 

“Real humanoid” would normally be positioned at the location of “mapped humanoid” and be 

invisible, but it has been moved and made visible for the sake of conveying the actual situation. 

The immersed subject’s motion is conveyed to his “real humanoid” by the ‘tracking’ capability 

of Jack, and then mapped to “mapped humanoid” by Python program. 
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Figure 6.3. (a) Immersed operator of subject 0, (b) his corresponding humanoid “real humanoid” 

and “mapped humanoid”. 

 

6.1.3 Mapping the Stereo View 

The stereo view experienced by the immersed subjects also needs to be realistic. If the 

view of the real humanoid is fed to the HMD, it might cause the arms and hands to appear in 

unrealistic positions, due to the different position and height of eye sights of the real and mapped 

humanoids. In our mapping procedure, we attach the stereo view experienced by the immersed 

human to the ‘sight’ site of the “mapped humanoid”. The vision experienced via the stereo 

glasses is the vision experienced by this mapped humanoid. Since the joint angles of the 

“mapped humanoid” are expected to mimic those of the immersed subject and the view in the 

HMD is that of the “mapped humanoid”, the immersed subject looking through the stereo glasses 

of HMD feels as if he inhabits the “mapped humanoid” and naturally experiences the reach and 

the vision of the “mapped humanoid”. Note that what we commonly refer to as a person or 

humanoid’s posture is the set of joint angles adopted. In this sense, the posture of the immersed 

subject is indeed mapped “exactly” onto the “mapped humanoid”. However, due to different 

segment lengths of the subject and the mapped humanoid, proprioceptive sensory input may 

“Immersed 
operator” 

“Mapped 
Humanoid”

“Real 
Humanoid”

a b
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differ from virtual sensory input. For example, assume a situation when the subject’s forearm 

always is much longer than that of the mapped humanoid. When the subject drops his hands 

together, the virtual feedback will indicate a gap between the palms. Note, however, that here the 

sense of touch is also involved in addition to proprioception. In situations such as virtual 

reaching tasks, proprioceptive sensing will be the only other feedback and is expected to be 

much weaker compared to virtual sensory inputs, allowing the immersed subject to quite easily 

imagine that he is immersed in the “mapped humanoid”. Whether this is indeed the case is the 

topic of study of the reminder of this chapter.  

 

6.2 Experiments to Check the Realism of the Immersion and the Postures 

Pausch et al [1997] demonstrated the realism of immersion by experimenting and 

quantifying user scene of “being there”. In order to quantify the realism of immersion, half of the 

users are asked to perform this task using the stationary monitor display and half of the users are 

made to use HMD which provided the immersion. It is evident through results that though VR 

users are slower in identifying the existing target, they are substantially faster in concluding 

when target doesn’t exist. Our experiments consist of having different subjects inhabit different 

humanoids and reach for two different points on the car in the environment described earlier in 

previous chapter.  

6.2.1 Subjects 

 In this study, we selected 15 healthy subjects to be immersed in our IVE. During a 

separate training session, each subject was asked to differentiate the colors of blue, red and 

yellow through the HMD and tell whether he/she is comfortable with this reaching task after 15 

minutes of training. Based on this we chose 4 subjects, who are comfortable in the IVE. 
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Humanoids scaled to match the anthropometry of each of the subjects were created using the 

Jack Build Human function, and named as hn0 through hn3 corresponding to subjects 0 through 

3.  

In the controls for adjusting stereo view provided through the stereo HMD, the eye 

separation for each subject is set to the subject’s interpupillary distance and the subject’s 

subjective feeling of the realism of the stereo view through the HMD is assumed. The horizontal 

Field of View was set as 54 degree and Zero Parallax Distance as 400 cm for all the subjects.       

6.2.2 Environment and Experiments 

In Jack environment, we created instances of the 5th, 50th and 95th percentile male 

humanoids to check all the subjects’ performance on these, as this is likely to be a very common 

application of the posture mapping capability. Figure 6.4 shows the environment with three slave 

humanoids and the “real humanoid” corresponding to the immersed operator (subject 0) in the 

stand straight posture. Also we have loaded one vehicle model whose rear view mirror and 

steering wheel are the targets the subjects need to reach. To track the subject’s right arm and 

hand during these reach target tasks, 6 sensors were used to only track the upper body of the 

immersed human. Right arm, shoulder and trunk motion was the focus of this study. Kaminski et 

al. [1994] conducted pointing movement experiments and concluded that the trunk provides the 

stability only when the hand is reaching the target within the arm’s length. So in our experiment, 

since the subject was sitting in the chair reaching the target either within or on the palm reach 

envelop, the trunk movement angle could be ignored. When the posture became stabilized, the 

humanoid’s postures in Jack and in the real world were recorded for later comparison, especially 

for the angles of the right elbow and right wrist. We recorded the actual posture in the real world 

from sagittal view and overhead view using videos. The joint angles were obtained from the 



95 

captured videos using the multimedia video analysis (MVTATM) software, in a consistent manner 

by one person. 

To guide the subject to reach the exact position at each of the two targets, small cubes are 

created at the palm center for each subject and at the mirror and the steering wheel. When the 

cubes coincide, the exact position is reached. Similarly sets of two arrows each are created at the 

palm center and at the target points and the subjects are asked to orient their hands such that the 

two sets of arrows coincide. To improve the visibility of the targets, we created one light source 

from the left of the humanoids and also set the color of the targets to differentiate them clearly 

from their surroundings.  
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Figure 6.4. The environment for the experiment. During the actual experiment only the mapped 

humanoid would be visible. 

 

 To check the realism of immersion and the postures adopted by the immersed subject 

while he inhabits the “mapped humanoid” and feeling his vision, we tested four subjects 

inhabiting each of these humanoids at random and reaching for either the mirror or the steering 

wheel again at random. The position of the steering wheel was chosen so that it is close to the 

reach envelop of the 5th percentile Jack male who has a short arm length. Six initial trials with 

three reaches for the mirror and three reaches for the steering wheel were used in order to 

familiarize the subject with the tasks. After the familiarization the actual experiment begins. 

Starting from a seated position, with arm at the side or on the lap, each subject reaches the 

Arrows 
on mirror 

Arrows on 
steering wheel 

Immersed 
operator’s 
humanoid 

Mapped 
humanoid 

Real humanoid 

Arrows 
on mirror 

Arrows on 
steering 
wheel 
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palm center 
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steering wheel 15 times and the mirror 15 times when inhabiting each of these humanoids, for a 

total of 90 reach tasks per subject. Table 6.1 shows the design of experiments for these reaching 

tasks. 

 

TABLE 6.1 

DESIGN MATRIX FOR REACH TASKS 

Factors Subjects Humanoids Tasks Repetitions 

levels 4 3 2 15 

 

When each subject is “immersed”, his humanoid “real humanoid” is loaded into the Jack 

environment and moved to the position corresponding to the seated position of the subject within 

the tracked volume (which also corresponds to the position of the car seat). The “real humanoid” 

is constrained to follow the motion of the sensors on the immersed subject. At the beginning of 

the each experiment for each subject, the location of the sensors is adjusted by moving the FOB 

transmitter’s figure in Jack so that all the subjects’ humanoids had the same starting position.  

Once the experiment starts, the Grasp.tcl program makes all the other humanoids to be 

used in the experiment invisible. Then, the program randomly selects one humanoid (mapped 

humanoid) to follow the postures of the “real humanoid”, positions that humanoid in the car seat, 

makes it visible (the only humanoid visible at this point is the mapped humanoid) and attaches 

the stereo view experienced by the immersed human to the ‘sight’ site of the mapped humanoid.  

The Grasp.tcl program then calls the Python program developed to read the joint angles 

of the “real humanoid” and assign them to the corresponding joints of the “mapped humanoid” in 

real time. This is run by Jack as a separate thread. The Grasp.tcl program also calls the capture 



98 

routine described previously to periodically record the postures of the “mapped humanoid” as a 

channelset file named with his name and the sequence number of the experiment.  

 The Grasp.tcl program has been modified to enable automatic highlighting of the targets 

(steering wheel or mirror) when the subject’s hand is near it so as to provide visual feedback to 

the subject regarding the distance to the reach point. The brief flowchart is shown in Figure 6.5. 

Once the distance between the target position and the humanoid’s palm center is less than four 

cm, and the orientation offsets in each of the two directions are less than 20º, the target is 

highlighted in yellow color. If the distance is less than two cm and the palm is holding the target 

with an orientation offset less than 10º, the target color will be changed to red, indicating that the 

target has been reached and that the subject can cease his motions and hold his posture. If the 

subject is able to continuously maintain his posture as that the palm center is within the tolerance 

zone for five seconds, it will be assumed that a stable posture has been reached and the postures 

of the human in the virtual world will be recorded by Grasp.tcl program. At the same time, in the 

real world where the postures are being recorded by video cameras, an audible cue is given to 

mark the frame to be processed by MVTA software.  

In addition to recording the humanoid’s motions and final posture in Jack, we also 

recorded the time it took from the starting “seated-straight” position for the human’s palm to 

reach the target position and orientation. This provides an objective measure of the ease of the 

task. The operator’s comments i.e. “very easy”, “easy”, “ok”, “little hard” and “hard” were 

recorded. 

After one reach task is done, the “mapped humanoid” is made invisible, and the subject’s 

motions are mapped onto another randomly chosen humanoid as the new “mapped humanoid” 
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and the process is continued. The entire experiment consisting of 90 reach tasks took an average 

of one hour per subject. 

If two successive mapped humanoids have different sizes, the stereo view experienced by 

the immersed subject suddenly changes. The subjects could tell the difference between the 

different size humanoids due to the change in stereo view.  

In order to minimize proprioceptive learning, we loaded the different size humanoids in a 

random order so that the subjects were mapped in random order to different humanoids. Also the 

subject was asked to reach the steering wheel and mirror alternately. For each of the mapped 

humanoids the target location is situated at a different point with respect to the humanoid 

necessitating the subject to adopt different postures each time the mapped humanoid changes. 

This also reduces the changes of proprioceptive learning.  
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Figure  6.5.  Grasp.tcl flowchart to check the experiment status 

 

6.3 Data Comparison and Statistical Analysis 

Table 6.2 shows the average elbow and wrist angles over 15 trials obtained for each of 

the four subjects mapped onto three slave humanoids. In the first column, the elbow/wrist angles 

assumed by the four subjects while controlling the 5th percentile Jack male and performing the 

steering wheel reach task are compared. Similarly, Table 6.3 gives the time for the reach tasks 

and Table 6.4 gives the easy of the task as rated by the subjects. The time for three subjects has 

been processed, the 4th subject performance time is ignored here since during his experiment, the 

computer was slow down at some time. But for other three subjects, it is not the case since we 
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can see it clearly from the TCL update console and there is no time delay in it. The angles listed 

are all averages over 15 repetition of each reach task. The raw data for wrist and elbow angles 

for each of the trials is given in Appendix D and the time and the ease of task for each of trials 

for four subjects is given in Appendix E. 

 

TABLE 6.2 

POSTURES COMPARISON FRAMEWORK BY FOUR SUBJECTS 

Reaching Steering Wheel Reaching Mirror            T a s k s 
        

Humanoids 
 

 
Subject 
     # 

5th 
percentile 
Jack male 

50th 
percentil

e 
Jack 
male 

95th 
percentile
Jack male

5th 
percentile
Jack male

50th 
percentil

e 
Jack 
male 

95th 
percentil

e 
Jack 
male 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles Subject 0 Average 
elbow 
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles Subject 1 Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles Subject 2 Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles 

Average 
wrist 

angles Subject 3 Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 

Average 
elbow  
angles 
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TABLE 6.3 

TIME FOR REACH TASK BY THREE SUBJECTS 

Reaching Steering Wheel / 
Reaching Mirror 

      T a s k s 
            Humanoids 
 
 
Subject 
   # 

5th 
percentile
Jack male

50th 
percentile 
Jack male 

95th 
percentile 
Jack male 

Subject 0 time time Time 
Subject 1 time time Time 
Subject 3 time time Time 

 

 

TABLE 6.4 

EASE OF THE TASK RATED BY FOUR SUBJECTS 

Reaching Steering Wheel Reaching Mirror            Tasks 
       Humanoids 

 
 
Subject 
     # 

5th 
percentile 
Jack male 

50th 
percentile 
Jack male 

95th 
percentile 
Jack male 

5th 
percentile 
Jack male 

50th 
percentile 
Jack male 

95th 
percentile 
Jack male 

Subject 0 Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Subject 1 Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Subject 2 Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Subject 3 Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

Average 
Rate 

 

6.3.1 Realism of Immersion  

The realism of immersion can be qualitatively assumed by the subjects’ ratings of the 

easy of the tasks and quantitatively by the time it takes for the subjects to carry out the tasks.  
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6.3.1.1 No Difference in Time for Reaching Task While Inhabiting Three Humanoids 

The time to finish each trial for three subjects has been processed, the 4th subject 

performance time is ignored here since during his experiment, the computer was slow down at 

some time. But for other three subjects, it is not the case since we can see it clearly from the TCL 

update console and there is no time delay in it. We used ANOVA to test whether there is any 

significant difference in the mean time it takes for subject 0 to perform the tasks while inhabiting 

each of the three humanoids. Table 6.5 shows the mean and standard deviation of the time in 

second after log transformed for each of three humanoids inhabited by subject 0 at both reaching 

steering wheel and mirror tasks. After log transformed three sets of time in second, using Ryan-

Joiner Normality test, we find that the P value for each of three humanoids is more than 0.05. 

The Normality plot and the ANOVA table is shown in Appendix G. One-way ANOVA test 

shows F value of 2.32 and P value of 0.105 that is more than 0.05. So we can say that there is no 

significant difference for reaching task while inhabiting three humanoids for subject 0. Same 

tests for subject 1 and 3 and the results are shown in Table 6.6, from which we can conclude that 

there is no significant difference in time for reaching task while inhabiting three humanoids for 

these three subjects. Also we tested the time difference for each task between the three 

humanoids inhabited by one subject using one-way ANOVA test. We found that the conclusion 

is same.   
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TABLE 6.5 

MEAN AND DEVIATION OF THE TIME FOR EACH OF THREE HUMANOIDS 

INHABITED BY SUBJECT 0 

humanoids N Mean StDev 
0 30 1.1376 0.1663
1 30 1.0718 0.1647
2 30 1.1514 0.125 

                                 
 

TABLE 6.6 

F AND P VALUES FOR MEAN TIME DIFFERENCE TEST FOR EACH SUBJECT 

INHABITING THREE DIFFERENT HUMANOIDS 

subjects F F(87,2) P 
0 2.32 3.15 0.105
1 1.04 3.15 0.358
3 1.57 3.15 0.215

                                 
 

6.3.1.2 No Difference in Ease of Task Rated by Subjects While Inhabiting Three 

Humanoids 

We have processed the rates for three subjects except subject 0 whose rates are almost 

same for 90 reaching tasks. We used ANOVA to test whether there is any significant difference 

in the rate of ease of the task rated by subject 1 to perform the tasks while inhabiting each of the 

three humanoids. Table 6.7 shows the mean and standard deviation of the rate for each of three 

humanoids inhabited by subject 1 at both reaching steering wheel and mirror tasks. Using Ryan-

Joiner Normality test, we find that the P value for each of three humanoids is more than 0.1. 

One-way ANOVA (Appendix G) shows F value of 0.89 and P value of 0.415 that is more than 

0.05. So we can say that there is no significant difference for reaching task while inhabiting three 
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humanoids for subject 1. Same tests for subject 2 and 3 and the results are shown in Table 6.8, 

from which we can conclude that there is no significant difference in ease of task for reaching 

task while inhabiting three humanoids for these three subjects. Also we tested the rate difference 

for each task between the three humanoids inhabited by one subject using one-way ANOVA test. 

We found that the conclusion is same.   

 

TABLE 6.7 

MEAN AND DEVIATION OF THE RATES FOR EACH OF THREE HUMANOIDS 

INHABITED BY SUBJECT 0 

humanoids N Mean StDev 
0 30 1.4667 0.1663
1 30 1.3 0.1647
2 30 1.4667 0.5713

                                  

 

TABLE 6.8 

F AND P VALUES FOR MEAN RATES DIFFERENCE TEST FOR EACH SUBJECT 

INHABITING THREE DIFFERENT HUMANOIDS 

subjects F F(87,2) P 
1 0.89 3.15 0.415
2 0.4 3.15 0.673
3 2.77 3.15 0.068
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6.3.2   Comparison of the Postures Adopted by Different Subjects Inhabiting the Same 

Humanoid 

6.3.2.1 The Postures Adopted by Different Persons Inhabiting the Same Humanoid to Do 

the Same Task are not Always Same 

We compared the mean wrist angles and elbow angles adopted by each of the four 

subjects while inhabiting each of the 5th, 50th, 95th percentile Jack males to reach the steering 

wheel and mirror positions. Figure 6.6, 6.7, and 6.8 shows the mean and SD from one-way 

ANOVA test table for mean wrist angles conducted by four subjects controlling respectively 5th, 

50th, and 95th percentile male at reaching mirror positions. From these three figures, we find that 

for reaching the mirror position, the mean wrist angles adopted by subject 1 are different from 

those of the other three subjects (which have almost same wrist mean angles by paired 

comparisons). This may be attributed to the fact that subject 1 has the short at sitting eye height 

and the arm length while these measurements are similar for the other three subjects shown in 

Table 6.9.   

 

One-way ANOVA: mirror-5%-wrist versus subjects 

                           Individual 95% CIs For Mean Based on 
                        Pooled StDev
Level   N     Mean  StDev      +---------+---------+---------+-------
0      15  -35.287  4.001           (---*----)
1      15  -24.100  2.280                                  (---*---)
2      15  -37.840  6.080      (---*----)
3      15  -34.460  3.037             (---*---)

                               +---------+---------+---------+-------
                           -40.0     -35.0     -30.0     -25.0

 

Figure 6.6.  Mean and SD from one way ANOVA test for wrist angles adopted by 4 subjects at 

reaching mirror position controlling 5th percentile male. 
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One-way ANOVA: mirror-50%-wrist versus subjects 

                           Individual 95% CIs For Mean Based on

                           Pooled StDev
Level   N     Mean  StDev  ----+---------+---------+---------+-----

0      15  -34.867  3.208  (---*---)
1      15  -20.327  2.430                               (---*---)

2      15  -34.493  5.451   (---*---)
3      15  -31.033  3.625          (---*---)

                           ----+---------+---------+---------+-----
                           -35.0     -30.0     -25.0     -20.0

 

Figure 6.7. Mean and SD from one way ANOVA test for wrist angles adopted by 4 subjects at 

reaching mirror position controlling 50th percentile male. 

 

One-way ANOVA: mirror-95%-wrist versus subjects 

                           Individual 95% CIs For Mean Based on

                           Pooled StDev

Level   N     Mean  StDev    --+---------+---------+---------+----

0      15  -34.653  2.716    (---*---)

1      15  -19.233  2.580                              (---*---)

2      15  -33.847  6.481      (---*---)

3      15  -27.873  5.323                (---*---)

                             --+---------+---------+---------+----

                           -36.0     -30.0     -24.0     -18.0

 

Figure 6.8. Mean and SD from one way ANOVA test for wrist angles adopted by 4 subjects at 

reaching mirror position controlling 95th percentile male. 

 

TABLE 6.9 

EYE HEIGHT (SITTING) AND ARM LENGTH OF FOUR SUBJECTS 

Subject # 0 1 2 3 
Eye height (cm) 73.1 68.55 76.5 79.7
Arm length (cm) 74.1 70.25 74.7 79 
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6.3.2.2 Postures Adopted by Same Person Differ Significantly at Different Times 

Subject 0 inhabiting 95th percentile Jack male reached the mirror 15 times. We took first 

seven wrist angles from Jack reading as one data set and last seven as second data set, and then 

we compared the mean difference using one-way ANOVA test; the F value is 7.52 and P value is 

0.018 which is less than 0.05. From this, we can conclude that there is significant difference 

between these two data sets. Also, the mean wrist angle of the first data set (-36.429) is less than 

that of the second data set (-33.1). Similar negative differences between these two sets of wrist 

angles can be seen from the video data too. From this, we can state that one immersed subject 

could adopt different postures at different times to do the same task. 

6.3.2.3 Variability in Postures Is Small at Extreme of Reach Envelope 

5th percentile Jack male has shortest arm length (61.19 cm) compared to the 50th and 95th 

percentile male humanoids (65.47 cm and 69.89 cm, respectively). The target reach point on the 

steering wheel is almost at the extreme of the reach envelop for the 5th percentile humanoid 

shown in Table 6.10. 

 

TABLE 6.10 

ARM LENGTH AND REACH DISTANCE FOR THREE JACK HUMANOIDS 

Percentile Jack male 5th  50th  95th  
Distance between Right_upper_arm.acromion and 

steering wheel cube center (cm) 59.21 59.83 60.63 

Distance between Right_upper_arm.acromion and 
palm center (arm length) (cm)  61.19 65.47 69.89 

          

 

We compared the mean wrist angles and mean elbow angles adopted by each of the four 

subjects when they were controlling the 5th percentile Jack male to reach the steering wheel. For 
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each subject controlling 5th percentile Jack male to reach the steering wheel 15 times. Using 

Ryan-Joiner Normality test, we find that the P value for each of four subjects is more than 0.1. 

We compare the mean wrist angle between four subjects using one-way ANOVA test given in 

Appendix G. The results show that the F value is 1.69 and P value is 0.181 which is more than 

0.05 from which we can conclude that the wrist angles are not significantly different for any of 

the four subjects.  

Similarly for elbow angles for four subjects using Kolmogorov-Smirnov Normality test, 

we find that the P value for each of four subjects is more than 0.15. Using one way ANOVA to 

test whether the mean elbow angles adopted by these four subjects are the same, we find that the 

F value and P value are 1.49 and 0.226 which is more than 0.05, from which it can be concluded 

that there is no significant difference in mean elbow angles between the four subjects. This 

shows that the variability of posture is small at extreme of reach envelope. 

6.3.3 Spectrum of the Wrist Angles of One Humanoid controlled by Different Subjects 

Since it was found that there is variability in postures adopted to do the same task, it is of interest 

to obtain the ranges of postures adopted by a large number of subjects while carrying out the 

same task using the same humanoid. This is the first time this question can be addressed because 

of the ability to map different subjects onto the same humanoid. In the real world posture 

differences due to the body size and inherent differences in a person’s performances cannot be 

easily distinguished. Once the range of postures is established, it can be used to check if the 

postures given by Jack are realistic in the sense that they lie in the range of postures adopted by 

real subjects.  

 After we collect the postures for one humanoid adopted by the four subjects, we can 

check the distribution of each of the angles of interest. For instance, when controlling the 95th 
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percentile Jack male reach the mirror position, each of the four subjects performed this task 15 

times. Out of this 60 data, the wrist angle spectrum can be constructed and used to check whether 

the postures for Jack humanoid derived by Jack inverse kinematics method are realistic. Figure 

6.9 shows the wrist angle frequency distribution of 95th percentile male at reaching mirror 

position for four subjects.  
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               (a)  Frequency distribution                                           (b) normality plot                                            

Figure 6.9. Spectrum of wrist angles by four subjects controlling 95th percentile Jack male at 

reaching mirror position 

Conclusions 

 As a culmination of the many powerful software capabilities developed for use in IVR, 

We have developed a powerful capability to constrain Jack humanoids of different sizes and 

proportion to an immersed operator in such a way that the operator can experience the reach and 

visibility of different target populations in a realistic manner and position the humanoid in 

realistic postures. The modified Grasp program helps the immersed operator easily inhabit 

different humanoids and experience the views of different size of persons as well as highlights 

the target color to help the operator identify and perform the task better. Sound feed back by 
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Snack package has been integrated to notify the status of the task. The developed environment 

can be utilized to check the appropriateness of product and process design for a target 

population, in terms of visibility, reach, and ergonomics.         

 By conducting a variety of reach experiments, we checked whether the VR iterations and 

the postures adopted by a person while being immersed in a humanoid of different size and 

populations are realistic. Based on the subjects’ assessments and the time taken to reach the 

target position and orientation, we conclude that subjects driving other size humanoids can 

perform the reach tasks naturally and comfortably.    

 Also to identify any systematic variations that may exist between persons with different 

anthropometry, we compared the wrist ulnar and elbow angles of the humanoid occupied by 

subjects with different size. We found that the variability of the wrist and elbow angles is small 

at extreme of reach envelope. 

 We drew the angle spectrum of wrist angles and elbow angles for 5th, 50th and 95th Jack 

males. This kind of spectrum can be used to test whether the postures conducted by Jack 

humanoid’s reach module using inverse kinematics algorithm are realistic.       

6.3.4 The Postures Given by Jack Are Within the Range of Postures Adopted by Different 

Subjects.   

 The postures given by Jack using inverse kinematics have been compared with that 

adopted by the test subjects. For reaching a given point, Jack provides “reach for site” function to 

pose the humanoid. From the control arm menu, we can choose the reach types, here we select 

the cube base site in the center of the two arrows on mirror/steering wheel as reference site. 

Irrespective of whether the reach starts from the waist or the shoulder, we find that the final 

postures are the same and within the range of postures adopted by the subjects while reaching 
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same point. Also, we found this happens only when the Jack human’s elbow starts from an initial 

angle of 90º (elbow bent at 90º). If the reach is initiated from a posture where the elbow angle is 

0º (arm straight down), we found that the shoulder, elbow and wrist angles are significant 

different from the angles adopted by the subjects. This illustrates one of the perils of using the 

software to position the humanoids that the posture is dependent on too many factors and the 

‘realism’ is always questionable. Adapting the IVE route alleviates this concern. The wrist angle 

of 95th percentile Jack male by “reaching for site” method provided by Jack are marked as star 

sign on the top of Figure 6.9(a). With three different starting postures, i.e. 1) right arm starts 

from straight down, 2) right arm starts from sitting straight posture and 3) shoulder flexion and 

elbow have 90°, the wrist angles are same as 45 degree, which are out of the spectrum of the 

wrist angle by subjects. 

          

6.4 Conclusions 

As a culmination of the many powerful software capabilities developed for use in IVR, 

We have developed a powerful capability to constrain Jack humanoids of different sizes and 

proportion to an immersed operator in such a way that the operator can experience the reach and 

visibility of different target populations in a realistic manner and position the humanoid in 

realistic postures. The modified Grasp program helps the immersed operator easily inhabit 

different humanoids and experience the views of different size of persons as well as highlights 

the target color to help the operator identify and perform the task better. Sound feed back by 

Snack package has been integrated to notify the status of the task. The developed environment 

can be utilized to check the appropriateness of product and process design for a target 

population, in terms of visibility, reach, and ergonomics.         
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 By conducting a variety of reach experiments, we checked whether the VR iterations and 

the postures adopted by a person while being immersed in a humanoid of different size and 

populations are realistic. Based on the subjects’ assessments and the time taken to reach the 

target position and orientation, we conclude that subjects driving other size humanoids can 

perform the reach tasks naturally and comfortably.    

 Also to identify any systematic variations that may exist between persons with different 

anthropometry, we compared the wrist ulnar and elbow angles of the humanoid occupied by 

subjects with different size. We found that the variability of the wrist and elbow angles is small 

at extreme of reach envelope. 

We drew the angle spectrum of wrist angles and elbow angles for 5th, 50th and 95th Jack 

males. This kind of spectrum can be used to test whether the postures conducted by Jack 

humanoid’s reach module using inverse kinematics algorithm are realistic.         
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE WORK 

 

This chapter details the conclusions driven from this research in section 7.1 and as well 

the follow up work that can be performed in future in section 7.2.  

 

7.1 Conclusions  

In recent years virtual reality has increasingly been applied in manufacturing due to its 

capabilities to generate the manufacturing environments virtually and facilitating the user to 

perform the desired analysis that is applicable to the real world. Real world manufacturing 

systems involve complex interplay of machine and human interactions to perform specified 

tasks. To perform accurate analysis of such tasks, sophisticated integration and interaction of the 

virtual elements in IVE is necessary.  

We have presented a highly flexible approach of integrating the voice commands into 

Jack for carrying out various immersive assembly and maintenance tasks required in virtual 

reality sessions. Grammars specifically tailored for each type of IVR tasks can be called via the 

VoiceXML application. The use of IBM Web Sphere Voice Server and resin webserver allows 

the voice recognition to be carried out on a separate PC. The use of voice commands has proven 

to be helpful for capturing key postures and evaluating these postures. Behaviors such as rotation 

of jigs when a virtual button is pressed can be triggered by changing the grasp mode through 

voice commands. In addition, while the immersed user’s hands and vision are occupied with the 

actual assembly task at hand, he can use voice commands to carry out various auxiliary tasks 
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typically required for facilitating the immersive virtual reality session. This in turn also helps to 

improve overall virtual task performance.   

It is also essential to render the virtual modeling more realistically relating to real world 

by constraining the virtual objects. Thus, Collision detection and visibility toggle options have 

been programmed and employed in this research. This constraint helps the movement of any 

object along the surface instead of penetrating into it.  

Before we proceed with the objective of applying our IVE for any further implantations 

related to ergonomic analysis, it is necessary to evaluate the posture accuracy which is a pilot 

study to perform further analysis efficiently. Evaluation of the accuracy of the postures captured 

by the motion tracking devices is performed. The experiments we have conducted so far show 

that the postures can be replicated within the accuracy required for ergonomic analysis. 

A capability is developed for mapping of the immersed human’s posture onto virtual 

humanoids representing real world humans of different shapes and proportions. We mapped the 

motions of the immersed individual to humanoid representing standard operators such as 5th, 50th 

or 95th percentile males and females, so that the immersed operator as well as other observers can 

see how different persons are able to do the same task and the effect of reach and visibility on the 

postures adopted and ergonomics. The mapping was carried out by obtaining joint values of the 

immersed humanoid and assigning these values in real time to a different size humanoid. This 

capability is benefit by being useable through sound feedback and stereo view. The evaluation of 

the immersion realism and the posture realism was performed by analyzing the wrist and/or 

elbow angles from video and humanoids. The spectrum of the postures by different subjects 

driving the same humanoid to do the same tasks has been constructed.  
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We have developed capability of mapping humanoid’s key postures from Jack to IGRIP, 

where they can be integrated with other simulation and can be subjected to desired analysis.  

 

7.2 Future Work  

 Numerous possibilities can be investigated, few of which are listed as follows: 

7.2.1 Improvements to the Interface for Modified Grasp Routine 

The following tasks are planned to modify the Grasp routine so as to improve the 

interface: 

 To setup final assembly positions, to enable automatic assembly when the object is 

close enough to final position. 

 To setup assembly constraints on each individual object in an assembly sequence. 

 To setup sequential assembly task that helps in grasping small objects.  

 Two handed grasp interactions in Grasp routine to conduct simulation related to 

complicated assembly tasks.  

 For setting up and stacking of dropped objects. 

 To enable behaviors with certain objects are “touched”.  

 Provide audio feedback for most of the developments by which the virtual 

environment can inform the user of the status of the tasks being performed, such as 

for automatic assembly, collision, etc.  

 Since the CyberGlove can provide wrist data, we can try to import wrist joint values 

from it. This will allow the placement of the FOB sensor on the wrist, rather than 

the back of the palm, improving the stability of the elbow location. 
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 Repeating the comparison for compound joint angles of rotations in Jack and 

IGRIP. 

7.2.2 Slide-type Grasp to Set Constraints during Collision    

 Instead of checking for collision in the grasp routine, we can just use the minimum 

distance between two objects routine. This way we can control the objects to which the closeness 

is checked, and to remove any penetration. This approach would be to remove the attachment of 

the grasped object from the human palm, apply the assembly constraints to it, and enable a slide-

type grasping action whereby the object will follow the gestures of the hand in much the same 

way as the shadow object currently moves along the tooling. This slide-type grasp action will be 

enabled and disabled depending on the minimum distance between the finger tip and the 

‘grasped object’.    

7.2.3 Motion Capture Postures Accuracy   

We apply one sensor for the right elbow instead of putting on the left hand. For the 

postures related to office workstation such as keyboard typing it is necessary to check the left 

wrist angle as well. This research can be further extended by using two more sensors one on the 

left wrist and another on the left palm to perform more detailed analysis related to workstation 

tasks. Further, we can test on multiple operators so that we can collect more data to analyze and 

determine the possible best posture to suit ergonomic standards.   

Due to the complex relative motion of the human body joints, one joint movement affects 

other joint movement. More detailed analysis of understanding the relative motion of these joints 

can be performed. Since the CyberGlove can include Wrist data, we can try to import wrist joint 

movement from it and get more information about the locations of the human body parts. The 

tracking should be improved by putting sensor on shoulder joint.  
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7.2.4 Comfortable Test on Populations in Workstation or Vehicle Design  

We developed the capability to constrain Jack humanoids of different sizes and 

proportion to the immersed operator by performing the reaching task in vehicle environment. In 

addition, follow-up work can be carried out is also focused on comfortable test on human 

populations. Also the obtained range of angles can be used to test the realism of the postures 

provided by Jack inverse kinematics. Sound feedback also can be used to indicate closeness to 

final target in terms of loudness.  

Further, we can test the “reach for site” issue by setting the system parameters such as the 

Time limit and Step factors to get better solution from Jack using inverse kinematics method. 

Also we can ask more three subjects with different arm lengths and sitting eye heights to 

reach the relative same point to their shoulder. We position the target so that the three subjects 

could reach the target with same wrist and elbow angles. From this analysis, we may figure out 

the reasons of postures difference conducting by different subjects controlling the same 

humanoid. That means we may differentiate the reasons either due to the body size or inherent 

differences in a person’s performances which are difficult to be test in the real world. When the 

subjects are conducting the experiment, they may be allowed for proprioceptive learning in order 

to converge on the posture preferred by each subject. 

7.2.5 Standard Time Experiments 

It may be possible that VR approach to simulation can facilitate the development of 

standard times of a given task. The humanoid in the virtual world will imitate the immersed 

user’s actions, which automatically documents the time for tasks in the same manner as a video 

recording the task. The question is what aspects of IVR may make the time it takes to do tasks 

different from that in the real world. In such instance it is necessary to evaluate the relative 
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accuracy of the VR developed time standards. Follow-up work can demonstrate the development 

of these standards VR applications. In addition, it may be efficient to take same of the standard 

tasks for which standard time are available, perform these in VR and time them so as to come up 

with a ratio of VR time to real time that may be a reliable scale factor. It will also be an 

interesting study to see how the ratio depends on the type of the task. Experimental studies can 

be conducted to analyze and explore the possibility of generating a most accurate standard time 

for assembly related tasks using IVR. 

7.2.6 VRML Humanoid Model  

 To easily convert the postures from Jack humanoid, we considered to create human 

model using VRML. So far we have created a two link model in VRML to show the Parent and 

Children link motions as detailed in Appendix F.  
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Appendix A: Rotation Conversions between Jack and IGRIP 

 

 Part 1: for the body rotations in Jack. The sequence will be first around X axis by α1, 

then around rotated Y (Y’) by β1 and finally around rotated-rotated Z (Z”) by γ1. The 

transformation steps by quaternion are shown as below: 

 1.1 First rotate by α1 about X passing through the origin. From the formula   

( ) ( ) )sin,cos(),( 22 ppq θθθ =  

There p is (1, 0, 0), and Θ = α1. So the rotation quaternion qrot_x1 will be 

qrot_x1 = [cos (1/2 * α1), sin (1/2 * α1), 0, 0] 

 1.2 The transformation qvq-1 maps the vector Y = ( 0, 1, 0) to the vector Y’, rotated 

position of Y axis,  

Y’ = qrot_x1  Y  (qrot_x1)-1 

 1.3 the transformation qvq-1 maps the vector Z = (0, 0, 1) to the vector Z’, rotated 

position of Z axis, 

Z’ = qrot_x1  Z  (qrot_x1)-1 

 1.4 Then rotate body by β1 about the Y’. The rotation quaternion   

qrot_y_prime1 = [cos (1/2 * β1), sin (1/2 * β1)* Y’[2], sin (1/2 * β1)* Y’[3], sin (1/2 * β1)* Y’[4]] 

 1.5 the transformation qvq-1 maps the vector Z’ to the vector Z’’, rotated position of Z’ 

axis,  

Z’’ = qrot_y_prime1 Z’ (qrot_y_prime1) -1 

 1.6 Finally rotate body by γ1 about the Z’’. The rotation quaternion  

qrot_z_prime_prime1  = [cos (1/2 * γ1), sin (1/2 * γ1)* Z” [2], sin (1/2 * γ1)* Z’’ [3], sin (1/2 * γ1)* Z’’ 

[4]] 



129 

 1.7 According to Theorem 6 (Coutsias and Romero, 1993] about the composition of two 

successive rotations. The rotation is about axis X by α1, then the rotated Y axis Y’ by β1, the 

result rotation in terms of quaternion is  

qtempxy’  = qrot_y_prime1 qrot_x1. 

Then rotate about axis Z’’ by γ1, the result rotation in terms of quaternion is 

qtotal_rotation1= qrot_z_prime_prime1 qtempxy’  

So, qtotal_rotation1= qrot_z_prime_prime1 qrot_y_prime1 qrot_x1. 

 

Part 2: For the body rotations in IGRIP, the sequence will be first around Z axis by γ2, then 

around rotated Y (Y’) by β2 and finally around rotated-rotated X (X”) by α2. The transformation 

steps by quaternion are shown as below: 

 2.1 We want to rotate by γ2 about Z passing through the origin.  

 The rotation quaternion qrot_z2:    

 qrot_z2 = [cos(1/2*gamma2), 0, 0, sin(1/2*gamma2)] 

 2.2 the transformation qvq-1 maps the vector Y = (0, 1, 0) to the vector Y’, rotated 

position of Y axis,  

   Y’2 = qrot_z2 Y (qrot_z2)-1   

= [0, -2*sin(1/2*gamma2)*cos(1/2*gamma2), cos(1/2*gamma2)^2-sin(1/2*gamma2)^2, 0] 

 2.3 the transformation qvq-1 maps the vector X= (1, 0, 0) to the vector X’, rotated position 

of X axis, 

   X’2 = qrot_z2 X (qrot_z2)-1   
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 2.4 Then rotate by β2 about the Y’. The rotation quaternion   

 qrot_y_prime2 = [cos (1/2 *β2), sin (1/2 *β2)* Y’ [2], sin (1/2 *β2)* Y’ [3], sin (1/2 *β2)* Y’ 

[4]] 

 2.5 the transformation qvq-1 maps the vector X’ to the vector X’’, rotated position of X’ 

axis,  

  X’’ = qrot_y_prime2 X’ (qrot_y_prime2) -1   

 2.6 Finally rotate by α2 about the X’’. The rotation quaternion  

  qrot_x_prime_prime2 = [cos (1/2 * α2), sin (1/2 * α2)* X’’ [2], sin (1/2 * α2)* X’’ [3], sin 

(1/2 * α2)* X’’ [4]] 

 2.7 According to Theorem 6 about the composition of two successive rotations. This 

rotation is about axis Z by γ2, and then the rotated Y (Y’) by β2, the result rotation in terms of 

quaternion is  

qtempzy’  = qrot_y_prime2 qrot_z2 

Then rotate about axis X’’ by α2, the result rotation in terms of quaternion is 

qtotal_rotation2 = qrot_x_prime_prime2 qtempzy’ 

  

 Part 3: Note that conjugation with q is the same as conjugation with rq for any real 

number r. These two transformation quaternion can be noted as     

total_rotation1 = a1 e0 + b1 e1 + c1 e2 + d1 e3 = r1q1 

 total_rotation2 = a2 e0 + b2 e1 + c2 e2 + d2 e3 = r2q2 

There q1 and q1 are unit quaternion. From these two quaternion’ coefficients and given beta1, 

alpha1, gamma1, we can get the value of gamma2, beta2, alpha2.  
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The resulting formulae are given below: 
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Also, unit quaternion z = a + bi + cj + dk (with |z| = 1) corresponding to a rotation can be given 

by the matrix A.  
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Appendix B: Tracking Constraint List Parameters 

 

TABLE B.1  

TRACKING CONSTRAINT LISTS OF PARAMETERS FOR FIVE SENSORS 

properties Head Cervicale RElbow rPalm 
Relative weight 50 30 50 40 

Pos<-> orientation weight 0.2 0.7 1 0.2 
Priority 2 1 0 0 

Position offset √    
Orientation offset √ √   

Active √ √ √ √ 
 

 

TABLE B.2  

TRACKING CONSTRAINT LISTS OF PARAMETERS FOR SIX SENSORS 

properties Head Cervicale RElbow RWrist rPalm 
Relative weight 50 30 50 30 60 

Pos<-> orientation weight 0.2 0.7 1 0.1 0.1 
Priority 2 3 10 10 10 

Position offset √     
Orientation offset √     

Active √ √ √ √ √ 
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Appendix C: Comparison of the Wrist Angles between Jack Humanoid and 

Measurement 

 

TABLE C.1 

COMPARISON OF THE WRIST ANGLES BETWEEN JACK HUMANOID AND 

MEASUREMENT FOR SUBJECT 0 

Sequence  
NO 

Hn 
NO 

Wrist 
Ulnar By 
Anupam 

Wrist 
Ulnar 
Of Jack 
humanoid 

deviation 

64 8 -53.38 -43.1 -10.28 
88 95male -48.23 -38 -10.23 
47 95male -30.25 -20.3 -9.95 
22 12 -49.83 -40.4 -9.43 
26 6 -47.4 -38.1 -9.3 
70 5 -51.05 -42.3 -8.75 
62 2 -49.95 -41.4 -8.55 
56 11 -47.11 -38.9 -8.21 
32 4 -50.2 -42 -8.2 
75 4 -31.53 -23.9 -7.63 
82 12 -49.25 -41.7 -7.55 
78 10 -50.54 -43.2 -7.34 
58 50female -43.93 -36.9 -7.03 
86 6 -52 -45 -7 
24 8 -46.73 -39.8 -6.93 
2 0 -47.58 -40.7 -6.88 

68 0 -49.14 -42.3 -6.84 
65 8 -31.99 -25.2 -6.79 
44 2 -44.77 -38.3 -6.47 
20 4 -45.54 -39.1 -6.44 
54 7 -45.66 -39.4 -6.26 
80 4 -49.7 -43.7 -6 
63 5 -20.24 -14.4 -5.84 
12 95male -46.66 -40.9 -5.76 
50 5 -44.23 -38.5 -5.73 
30 10 -45.53 -39.9 -5.63 
16 2 -45.83 -40.3 -5.53 
79 10 -23.58 -18.2 -5.38 
74 3 -45.69 -40.8 -4.89 
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66 11 -46.68 -41.9 -4.78 
90 9 -42.84 -38.2 -4.64 
36 0 -44.62 -40 -4.62 
34 1 -41.43 -37 -4.43 
84 50female -45.82 -41.5 -4.32 
28 3 -41.26 -37 -4.26 
73 6 -19.36 -15.2 -4.16 
42 8 -42.6 -38.5 -4.1 
48 3 -40.81 -36.8 -4.01 
4 5 -43.77 -39.8 -3.97 

67 9 -18.47 -14.6 -3.87 
19 2 -20.89 -17.2 -3.69 
57 5 -11.88 -8.2 -3.68 
60 95male -44.03 -40.4 -3.63 
14 1 -41.14 -37.6 -3.54 
46 9 -44.04 -40.5 -3.54 
76 1 -42.92 -39.6 -3.32 
38 10 -40.39 -37.2 -3.19 
6 9 -38.77 -35.6 -3.17 

52 12 -39.77 -36.6 -3.17 
1 4 -16.94 -13.8 -3.14 
8 7 -37.54 -34.5 -3.04 

39 2 -21.8 -19 -2.8 
18 11 -41.09 -38.4 -2.69 
69 12 -15.27 -12.7 -2.57 
72 7 -43.22 -41 -2.22 
13 95male -17.53 -15.4 -2.13 
87 95male -21.62 -19.6 -2.02 
37 4 -15.29 -13.7 -1.59 
85 0 -16.85 -15.4 -1.45 
3 6 -7.8 -6.9 -0.9 

40 6 -41.48 -40.7 -0.78 
11 7 -11.8 -11.1 -0.7 
15 10 -16.93 -16.5 -0.43 
10 50female -33.63 -33.5 -0.13 
31 7 -10.87 -10.8 -0.07 
27 5 -13.01 -13.1 0.09 
9 8 -18.61 -19.3 0.69 

81 2 -14.4 -15.7 1.3 
77 11 -12.7 -16.6 3.9 
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Appendix D: Wrist and Elbow Angles for Each of the Trials of Four Subjects 

 

TABLE D.1 

WRIST AND ELBOW ANGLES FOR FOUR SUBJECTS DRIVING THREE HUMANOIDS 

AT REACH STEERING WHEEL AND MIRROR POSITIONS 

Wrist Y Angle (degree) Elbow Angle (degree) hn 
NO 

Steer/ 
mirror Subject0 Subject1 Subject2 Subject3 Subject0 Subject1 Subject2 Subject3

0 steer -9.5 -10.1 -13.6 -16 51.6 53.2 49.7 68.4 
0 steer -9.9 -7.7 -17.7 -5.6 49.4 47.1 58.6 48.7 
0 steer -13.6 -13.3 -20.8 -17.7 51.9 49.3 58.9 68.5 
0 steer -10.3 -12.3 -20.1 -13.7 47.6 50.5 51.9 52.5 
0 steer -10.4 -9.8 -13.2 -8.5 51 55.8 55.5 54.2 
0 steer -16 -10.7 -12.5 -9.5 59.1 48.4 47 51.5 
0 steer -12.1 -15.2 -13.4 -23.4 53.8 56.1 55.2 53.3 
0 steer -13.8 -12.6 -18.5 -15.5 55.2 52.5 56.8 43.6 
0 steer -17.7 -6.2 -11.5 -17.8 61.1 50.6 51.8 47.4 
0 steer -15.1 -12.7 -11.1 -15.1 56.6 53.1 47.2 46.5 
0 steer -13.9 -10.1 -14 -13.2 55.6 51.1 46.4 48.6 
0 steer -13.9 -10.8 -8.8 -15.1 56.7 55.9 51.4 42.7 
0 steer -7.1 -12.8 -11.9 -9.1 53.5 53.7 50.8 42.2 
0 steer -19 -10.9 -10.9 -9.1 50.8 55.3 55.1 41.9 
0 steer -9.2 -12.2 -10.6 -11.9 54.4 48.8 42.3 45.1 
1 steer -14.7 -14.5 -16.1 -19 61.3 63.4 66.1 68.2 
1 steer -12 -13.9 -21.4 -14 56.9 61.3 61.6 66.1 
1 steer -19.2 -15.3 -26.7 -18.2 64.7 61.2 69.7 68.8 
1 steer -11.2 -15.4 -22.6 -7.2 60.8 59.9 70.3 63 
1 steer -13.4 -12.5 -23.5 -13.2 63.1 59.7 65.2 58.8 
1 steer -12.1 -16 -22.5 -18 59.9 68.2 61.6 75.1 
1 steer -11.8 -13.8 -19.2 -20.5 58.9 67.4 63.2 65.3 
1 steer -16.6 -9.2 -17.9 -11 66.7 57.8 63.5 59.9 
1 steer -12.3 -18.1 -21 -18.1 65.1 64.5 75.2 52.7 
1 steer -23.7 -13.1 -15 -16.7 66.5 57 53.8 65.3 
1 steer -16.7 -12 -14.6 -10 60.9 64.4 57.5 39.8 
1 steer -20.8 -14.4 -18.1 -15 61.9 57.6 63.4 50 
1 steer -22.6 -18.9 -20.6 -11 60.1 57.3 66.1 47.4 
1 steer -12.9 -15 -13.8 -14.6 61.7 55.8 67.8 55.8 
1 steer -16.2 -19.1 -14.6 -16.8 65 57.4 71.1 57.1 
2 steer -17.8 -27.6 -23 -17.6 75.1 77.3 69 78.1 
2 steer -13.2 -8.8 -23.4 -18.1 70.7 66.7 68.7 69.7 
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2 steer -16 -18.1 -26.1 -12.2 73.1 64.4 76.7 70.4 
2 steer -14 -13.5 -26.9 -11.5 73.8 65.8 75.4 72.9 
2 steer -17.8 -13.3 -24.2 -7.7 76.1 65.8 77.4 79.2 
2 steer -24.7 -16.9 -24.2 -13.4 78.5 67.3 62.5 70.2 
2 steer -23.8 -17.9 -16.7 -19.9 74.6 76.1 77.1 70.2 
2 steer -22.4 -13.6 -22 -17.7 74.5 63.3 74.2 71.7 
2 steer -20.7 -17.6 -23.2 -23.5 71.3 72.4 71.2 70.7 
2 steer -23.2 -15.3 -18.8 -13.3 79 68 67.3 63.3 
2 steer -16.6 -21.9 -18.1 -12.9 76.3 67.9 71.6 66.9 
2 steer -14.5 -22 -17.8 -14.9 70.6 70.4 68.9 68.1 
2 steer -19.2 -17.2 -15.9 -10.9 77.3 65.4 73.8 57.9 
2 steer 24.5 -16.1 -15.6 -14.2 77 64.9 74.9 60 
2 steer -11.5 -18.7 -15.9 -11.5 71.9 64.6 79.2 65 
0 mirror -38.4 -28.5 -45 -33.7 81.3 70.4 72.3 75.9 
0 mirror -34.4 -28.5 -29.7 -27.2 82.5 69.9 74.6 78 
0 mirror -30.2 -22.3 -39.7 -31.5 72.2 77.9 79.6 78.2 
0 mirror -38.1 -21.1 -35.5 -37.3 75.1 69.9 80.3 72.6 
0 mirror -42.5 -22.4 -43.8 -36.9 75.1 69.1 75.7 70.7 
0 mirror -40.6 -20.7 -43.9 -33.1 81.4 74.1 68.5 73.7 
0 mirror -33.6 -24.3 -35.4 -35 85.5 70.7 72.7 60.6 
0 mirror -28 -23.6 -45 -32.2 83 70.4 78.6 62.2 
0 mirror -33.3 -25.5 -40.4 -36.2 86.8 72.7 77.1 59.7 
0 mirror -31.8 -22.4 -36 -33.8 82.2 76.4 79.2 62.9 
0 mirror -39.8 -24.3 -30.3 -38 80.7 79.3 77.3 52.9 
0 mirror -35.2 -23.4 -28.2 -36.2 81.6 77.3 72.9 47.5 
0 mirror -32.8 -25.1 -38.9 -38.3 84.4 75.8 76 56.1 
0 mirror -36 -24.7 -45 -31.4 82.6 76.8 75.5 64.9 
0 mirror -34.6 -24.7 -30.8 -36.1 81.9 73.5 77.1 63 
1 mirror -36.6 -18.8 -22.9 -32.8 87.6 85.2 80.6 84.5 
1 mirror -33.2 -20.1 -36.2 -23.5 87.3 88.8 83.7 87.7 
1 mirror -34.6 -18.1 -36.9 -33 90 84.8 86.8 81 
1 mirror -36 -18.9 -31.2 -31.2 87.9 85.9 87.7 83.7 
1 mirror -40.4 -16.6 -43.9 -32.7 88.8 83 82 86.1 
1 mirror -36.7 -21.7 -35.3 -32.7 93 90 82.6 83.1 
1 mirror -35.5 -19.2 -34.9 -31.2 90.2 86.4 84.3 79 
1 mirror -26.3 -20.6 -35.4 -26.7 94.2 85.9 89.5 75.4 
1 mirror -33.5 -20.3 -42.3 -32.6 87.7 84.1 91.6 72.2 
1 mirror -35.6 -21.9 -37.5 -33.2 86.4 86.5 84.6 71.4 
1 mirror -36.3 -18.9 -25.8 -31.7 86.9 86.4 86.1 65 
1 mirror -32.3 -17.7 -36.4 -25.8 89.3 88 82.8 74.7 
1 mirror -32.5 -22.9 -33 -38.3 87.3 86 82.4 64.2 
1 mirror -38.4 -25.5 -35.6 -28.3 83.6 84.4 90 75.7 
1 mirror -35.1 -23.7 -30.1 -31.8 87.7 84.4 89.4 77.8 
2 mirror -36.3 -17.9 -23.6 -30.5 96.2 91.5 88.9 100.1 
2 mirror -31.9 -17.3 -35.5 -17.4 96.7 102.4 100 91.7 
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2 mirror -37.6 -17.2 -44.3 -30.4 98 94.1 95.4 91.8 
2 mirror -38.9 -18.1 -34 -26.6 99 91.3 94.8 103.5 
2 mirror -37.5 -14.7 -40.8 -29.2 98.7 94.8 94.2 88.5 
2 mirror -39.2 -20.5 -35.1 -19.7 99.6 94.9 96.6 88.5 
2 mirror -33.6 -22 -30 -33.3 94.7 92.4 93.2 90.4 
2 mirror -33.1 -21.9 -35.3 -22.8 92.3 93.7 96 89 
2 mirror -35.7 -15.2 -42 -23.4 97 95.8 93.3 79.7 
2 mirror -33.6 -17 -35.2 -28.6 98.4 95.5 95 94 
2 mirror -32.2 -21.5 -20.6 -26 95.7 92.5 89.5 88.1 
2 mirror -34.5 -22.1 -34.6 -28.1 95.8 100.7 92.2 80.6 
2 mirror -30.8 -20.3 -28.9 -35.4 99.3 95.6 92.3 79.1 
2 mirror -33.2 -21.7 -29.7 -31.4 98.1 91.8 92.2 89.9 
2 mirror -31.7 -21.1 -38.1 -35.3 96.3 92.2 90.9 80.5 
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Appendix E: Time and Ease of Task for Each of the Trials of Four Subjects 

 

TABLE E.1 

TIME FOR THE REACH TASKS BY THREE SUBJECTS 

Time (seconds) 
Humanoid 

# Subject0
 

Subject1
 

Subject3

0 9 69 67 
0 16 16 53 
0 33 41 11 
0 14 60 51 
0 15 29 11 
0 20 21 41 
0 8 27 19 
0 11 41 15 
0 29 21 10 
0 14 39 46 
0 13 17 16 
0 13 15 13 
0 14 23 12 
0 9 33 20 
0 14 15 18 
0 18 47 35 
0 8 18 20 
0 9 25 41 
0 25 22 13 
0 9 14 14 
0 24 12 71 
0 10 27 19 
0 21 12 13 
0 12 29 9 
0 13 28 11 
0 15 12 22 
0 9 11 16 
0 17 14 33 
0 12 18 15 
0 10 6 13 
1 12 44 34 
1 9 20 31 
1 22 35 69 
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1 22 21 48 
1 13 21 57 
1 11 21 32 
1 10 27 33 
1 11 17 12 
1 9 31 20 
1 37 27 43 
1 14 12 53 
1 9 12 23 
1 14 17 26 
1 13 15 26 
1 16 12 25 
1 20 18 18 
1 9 24 15 
1 10 9 48 
1 11 21 34 
1 6 13 45 
1 8 12 12 
1 9 19 25 
1 12 15 11 
1 13 34 12 
1 17 18 14 
1 7 25 49 
1 9 14 16 
1 10 33 16 
1 9 14 21 
1 11 22 17 
2 13 29 80 
2 12 29 69 
2 25 24 44 
2 20 20 17 
2 12 25 31 
2 18 24 23 
2 14 18 50 
2 14 30 22 
2 21 24 42 
2 16 23 18 
2 14 25 45 
2 10 50 22 
2 18 8 25 
2 12 26 12 
2 12 17 20 
2 15 17 19 
2 18 25 63 
2 9 14 14 



140 

2 12 33 27 
2 18 16 15 
2 11 36 12 
2 17 21 10 
2 18 31 23 
2 11 54 42 
2 20 31 12 
2 17 12 9 
2 17 11 26 
2 7 31 18 
2 11 17 25 
2 10 17 31 

 

 

TABLE E.2 

EASE OF TASKS RATED BY FOUR SUBJECTS 

Ease of tasks 
Humanoid 

# Subject0 
 

Subject1 
 

Subject2 
 

Subject3 

0 1 3 2 4 
0 1 1 3 2 
0 1 2 1 2 
0 1 2 2 2 
0 1 2 1 1 
0 1 2 3 3 
0 1 1 1 1 
0 1 2 1 1 
0 1 1 2 1 
0 1 2 1 2 
0 1 1 1 1 
0 1 1 3 1 
0 1 1 3 1 
0 1 2 1 1 
0 1 1 2 1 
0 1 2 2 2 
0 1 1 2 1 
0 1 2 2 2 
0 1 1 1 1 
0 1 1 1 1 
0 1 1 2 2 
0 1 2 3 1 
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0 1 1 1 1 
0 1 2 1 2 
0 1 2 1 1 
0 1 1 5 1 
0 1 1 1 1 
0 1 1 3 2 
0 1 1 1 1 
0 1 1 3 1 
1 1 3 2 2 
1 1 2 3 2 
1 1 2 2 4 
1 1 1 1 2 
1 1 1 1 2 
1 1 1 3 2 
1 1 2 1 4 
1 1 1 2 1 
1 1 2 1 1 
1 2 1 2 3 
1 1 1 1 3 
1 1 1 2 1 
1 1 1 1 1 
1 1 1 1 2 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 3 2 
1 1 1 1 1 
1 1 1 1 2 
1 1 1 1 2 
1 1 1 1 2 
1 1 1 1 1 
1 1 2 1 2 
1 1 1 1 1 
1 1 1 4 3 
1 1 1 1 1 
1 1 2 4 1 
1 1 1 3 1 
1 1 2 5 1 
2 1 2 2 3 
2 1 2 2 2 
2 1 1 2 3 
2 1 2 3 1 
2 1 1 1 3 
2 1 2 2 2 
2 1 1 1 3 
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2 1 2 1 2 
2 1 1 3 2 
2 1 1 2 2 
2 1 2 1 2 
2 1 2 1 1 
2 1 1 1 2 
2 1 1 3 1 
2 1 1 1 1 
2 1 1 3 1 
2 1 2 1 2 
2 1 1 2 1 
2 1 1 1 1 
2 1 1 1 2 
2 1 2 1 3 
2 1 1 1 2 
2 1 2 1 2 
2 1 3 1 3 
2 1 2 1 2 
2 1 1 1 2 
2 1 1 3 1 
2 1 2 1 2 
2 1 1 1 2 
2 1 1 4 2 
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Appendix F: A Two Link Motion Model in VRML 

 

 We have developed LowerLink (Parent) and HigherLink (Child) links (Two links have 

same length of D = 3 units) with rotation angle of θ1 and θ2 separately in VRML using the 

Transform and Script nodes.  In VRML Y axis points upward and X axis points toward right; the 

shape LowerLink coordinate has been translated 1.5 units in Y direction and set the point (0, -

1.5, 0) in LowerLink coordinate as LowerLink rotation center, then rotate this coordinate around 

the rotation center -90° to set LowerLink to its initial position with θ1 = 0 as shown in Figure 

F.1. These steps are shown as the first two rows of plots in Figure F.2. 

 Based on this Parent link coordinate, a Child link shape HigherLink has been created and 

its coordinate has been translated 3 units along Y’ direction and its rotation center set as the point 

(0, -1.5, 0) in HigherLink coordinate.  These steps are shown as the last row of plots in Figure 

F.2.   Figure F.3 shows the VRML code to accomplish this. 

 

  

Figure F.1. Rotation moment of Parent and Child links 

 

θ1=sin(t) 

θ2 = sin(2t) 

Parent link rotation center 

Children link rotation center
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Figure F.2. Setting up the coordinates of Parent and Child links. 

 

 

 



145 

F.1: Code to Define the Motion for TwoLinks in VRML 

 In VRML, JavaScript has been used to set two links in motion. Figure F.3 shows use of 

transform nodes to define and position the Parent and child links according to the sequence 

shown in Figure F.2. 

 

 

Figure F.3. VRML to define and position the Parent and child links 

 

F.2 Rotation for LowerLink 

 Function set_fraction(fraction)  defined in MOVE1.js has fraction of time as an input 

parameter.  
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 function set_fraction(fraction) { 

 value_changed[0] = 0;          

 value_changed[1] = 0;   

 value_changed[2] = 1.0;        

 value_changed[3] = -1.57 + Math.sin(fraction*6.28);  

 } 

 These array values define the rotation values of the LowerLink coordinate. First three 

values define that the rotation axes is Z axes. In the last equation value_changed[3] = -1.57 to set 

the LowerLink -90 degree so that the LowerLink will start from the horizontal position when the 

sine values of time parameter are zero. Math.sin(fraction*6.28) sets the rotation angle. Thus the 

LowerLink coordinate will rotate around z axes with (0, -1.5, and 0) as the center of rotation 

shown in Figure F.4.   

 

 

Figure F.4. Rotation of LowerLink coordinate 
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# Script in VRML to set LowerLink rotation 

  DEF Mover Script { 

   url "MOVE1.js" 

   # Event1 to set LowerLink rotation angle 

   eventIn  SFFloat set_fraction 

   eventOut SFRotation value_changed 

    } 

  ROUTE Clock.fraction_changed TO Mover.set_fraction 

  ROUTE Mover.value_changed    TO LowerLink.set_rotation   

 Clock node sends the time changed event by route into eventIn set_fraction defined in 

Script node Mover. A function defined in JavaScript MOVE1.js with same name as the eventIn 

set_fraction is called and assigns its array value_changed value to eventOut value_changed.  

Then the Script node Mover sends this array value changed event into Transform node 

LowerLink by route to modify its rotation angle. 

  

 F.3 Motion for HigherLink  

 The Shape HigherLink is pinned to the end of the LowerLink and is also rotating in the 

X-Y plane with angle of θ2 from the axis that LowerLink lies on set by the following array 

values.  

 Function set_fractionTop(fraction) defines the rotation for HigherLink.  

 function set_fractionTop(fraction) { 

 value_changedTop[0] = 0;          

 value_changedTop[1] = 0;   
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 value_changedTop[2] = 1.0;        

 value_changedTop[3] = -Math.sin(2*fraction * 6.28 ) ;    

 }  

 These array values define the rotation values of the HigherLink coordinate. The last array 

value sets the HigherLink rotation angle from the axis that LowerLink lies on. Figure F.5 shows 

one position of HigherLink coordinate. 

 

 

 

 

 

 

   

Figure F.5. Motion of HigherLink coordinate 

 

# Script in VRML to set HigherLink rotation 

  DEF Mover Script { 

   url "MOVE1.js"

 ……………………………………………………………………………………… 

   # Event2 to set HigherLink rotation angle 

   eventIn  SFFloat set_fractionTop 

   eventOut SFRotation value_changedTop 

  }     
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  ROUTE Clock.fraction_changed TO Mover.set_fractionTop 

  ROUTE Mover.value_changedTop TO HigherLink.set_rotation 
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Appendix G: Time and Probability Plot for Three Humanoids Controlled by 

Subject 0  

 

TABLE G.1 

TIME FOR THREE HUMANOIDS CONTROLLED BY SUBJECT 0 

 
hn0 (sec) log-hn0 hn1 (sec) log-hn1 hn2 (sec) log-hn2 

9 0.95424 12 1.07918 13 1.11394 
16 1.20412 9 0.95424 12 1.07918 
33 1.51851 22 1.34242 25 1.39794 
14 1.14613 22 1.34242 20 1.30103 
15 1.17609 13 1.11394 12 1.07918 
20 1.30103 11 1.04139 18 1.25527 
8 0.90309 10 1.00000 14 1.14613 

11 1.04139 11 1.04139 14 1.14613 
29 1.46240 9 0.95424 21 1.32222 
14 1.14613 37 1.56820 16 1.20412 
13 1.11394 14 1.14613 14 1.14613 
13 1.11394 9 0.95424 10 1.00000 
14 1.14613 14 1.14613 18 1.25527 
9 0.95424 13 1.11394 12 1.07918 

14 1.14613 16 1.20412 12 1.07918 
18 1.25527 20 1.30103 15 1.17609 
8 0.90309 9 0.95424 18 1.25527 
9 0.95424 10 1.00000 9 0.95424 

25 1.39794 11 1.04139 12 1.07918 
9 0.95424 6 0.77815 18 1.25527 

24 1.38021 8 0.90309 11 1.04139 
10 1.00000 9 0.95424 17 1.23045 
21 1.32222 12 1.07918 18 1.25527 
12 1.07918 13 1.11394 11 1.04139 
13 1.11394 17 1.23045 20 1.30103 
15 1.17609 7 0.84510 17 1.23045 
9 0.95424 9 0.95424 17 1.23045 

17 1.23045 10 1.00000 7 0.84510 
12 1.07918 9 0.95424 11 1.04139 
10 1.00000 11 1.04139 10 1.00000 
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Figure G.1. Probability plot of time log transformed for humanoid 0 controlled by subject 0 

 

log-hn1

Pe
rc

en
t

1.61.41.21.00.80.6

99

95

90

80

70

60
50
40
30

20

10

5

1

Mean 1.072
StDev 0.1647
N 30
RJ 0.967
P-Value 0.072

Probability Plot of log-hn1
Normal 

 
 

Figure G.2. Probability plot of time log transformed for humanoid 1 controlled by subject 0 



152 

 

log-hn2

Pe
rc

en
t

1.51.41.31.21.11.00.90.8

99

95

90

80

70

60
50
40
30

20

10

5

1

Mean 1.151
StDev 0.1250
N 30
RJ 0.991
P-Value >0.100

Probability Plot of log-hn2
Normal 

 
 

Figure G.3. Probability plot of time log transformed for humanoid 2 controlled by subject 0 

 

One-way ANOVA: log-time versus hns 
Source  DF      SS      MS     F      P

hns      2  0.1087  0.0543  2.32  0.105

Error   87  2.0417  0.0235

Total   89  2.1504

S = 0.1532   R-Sq = 5.05%   R-Sq(adj) = 2.87%

                           Individual 95% CIs For Mean Based on

                           Pooled StDev

Level   N    Mean   StDev  -------+---------+---------+---------+--

0      30  1.1376  0.1663               (-----------*----------)

1      30  1.0718  0.1647  (----------*----------)

2      30  1.1514  0.1250                  (----------*----------)

                           -------+---------+---------+---------+--

                                1.050     1.100     1.150     1.200

 
 

Figure G.4. ANOVA test of mean time difference between three humanoids controlled by 
subject 0.  
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One-way ANOVA: rate by subject1 versus humanoids 
Source     DF      SS     MS     F      P

humanoids   2   0.556  0.278  0.89  0.415

Error      87  27.233  0.313

Total      89  27.789

                           Individual 95% CIs For Mean Based on

                           Pooled StDev

Level   N    Mean   StDev  -------+---------+---------+---------+--

0      30  1.4667  0.5713             (-------------*------------)

1      30  1.3000  0.5350  (-------------*------------)

2      30  1.4667  0.5713             (-------------*------------)

                           -------+---------+---------+---------+--

                                1.20      1.35      1.50      1.65

 

Figure G.5. ANOVA test of ease of task between three humanoids rated by subject 1.   

 

One-way ANOVA: wrist-5%-steer versus subjects 
Source    DF     SS    MS    F      P

subjects   3   64.4  21.5  1.69  0.181

Error     56  712.9  12.7

Total     59  777.3

                           Individual 95% CIs For Mean Based on

                           Pooled StDev

Level   N     Mean  StDev  ---------+---------+---------+---------+

0      15  -12.767  3.373        (--------*--------)

1      15  -11.160  2.260                (--------*--------)

2      15  -13.907  3.664  (--------*---------)

3      15  -13.413  4.584     (--------*--------)

                           ---------+---------+---------+---------+

                                -14.0     -12.0     -10.0      -8.0

 

Figure G.6. ANOVA test of wrist angles of humanoid 0 controlled by four subjects at reaching 

steering wheel position. 


