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As technology becomes integrated into everyday life, the relationship between the 

human and machine must be kept in a balance.  Not only does the technology have to 

perform its intended function, but it must do so in accordance with the dynamic 

parameters of the complex use environment, in a way that does not encumber the user 

either physically or mentally. 

The dissertation explores the challenges of such a scenario through an analysis of 

three core facets:  Affordances, or the user interface cues that allow an intuitive means of 

operating a device; the aspect of simplicity and its effect on the use factors of the 

technology (while something might seem to be simple, it may actually be complex to 

use); and cognitive load in terms of user impact, as a result of utilizing the technology.  

These illustrate the challenges inherent in understanding the facets fundamental to 

human- machine interaction in a complex environment. 

The three factors will be explored first through an historical analysis of the work 

in each aspect.  The theories at hand will be utilized to inform the creation of iterative 

generations of wearable sensory systems.  By utilizing the systems in the field of dance, 
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the theoretical aspects of the core factors can be gauged by actual implementation.  Each 

implementation will be compared side by side to gauge differences in terms of movement 

dynamics and efficacy of execution. 

The study will reveal that the three core factors of affordance, simplicity and 

cognitive load combine synergistically to create a foundational methodology for seamless 

integration of technology in a complex use scenario.  Furthermore, the facets of 

interoperability between devices in a complex use environment will be illustrated through 

the theory of intra-interactivity.  Finally, the dissertation will illustrate the advantages of 

passive user interaction and its necessity in relation to the factor of cognitive load. 
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INTRODUCTION 

 

 The integration of technology into everyday life is occurring at an unprecedented 

pace.  As technology increasingly becomes an integral aspect of all facets of society it 

becomes even more important to realize the possible consequences that can result.  

Added complexity correlates to an influx of variables that can affect the ultimate 

outcome.  For instance, the act of rolling down a window of a car, while seemingly a 

simple process, becomes a decidedly convoluted task when the conventional switches and 

levers are replaced instead with an interface that requires the driver to navigate an on-

screen display.  The driver’s action is obfuscated by the addition of layers between the 

cause and effect.  While initially a simple task, the addition of technological layers 

actually serves to complicate the process.  The convergence of technology often results in 

unintended consequences.  Factors not foreseen during the initial design of the product 

can reveal themselves during actual use of the product.  While the idea of combining a 

telephone with a global location device, a music and video player and a camera might at 

first seem like the holy grail of mobile electronic devices, the market is littered with such 

devices that either fail to perform satisfactorily for each function or the integration is such 

that actual use of the device is encumbered. Such factors can range from inconveniences 

to major failures in functionality.  In the wrong circumstances, however, even a minor 

inconvenience can quickly escalate into something much more drastic.  The interface 
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between the device and the user is key, whether the interaction is based on a software or 

physical interface. 

 A cursory glance around will illustrate the increasing integration of technology 

into surprising aspects of everyday society.  People walk around equipped with iPods and 

other music players that, while single tasked, contain fully enclosed computing systems.  

Bluetooth headsets dangle from ears in a variety of situations from business to dining at a 

restaurant.  While the use of such technologies in certain contexts might be questionable 

in terms of tact, its presence cannot be questioned.   Disturbingly, the integration of the 

technologies has been developed based on a task oriented focus rather than with an eye to 

its impact on the surroundings along with interplay on other technologies being used.  

The iPhone, for instance, combines much of the functionality of a tablet computer with 

the features of the iPod and that of a traditional cellular phone (Apple 2010).  In terms of 

dissonance of the technology from the surrounding environment, the iPhone provides an 

excellent example in which the user is not only engaged in her audio environment, but in 

addition, the user can also be immersed in a web browsing or chat session.  However, the 

user’s ability to perceive or interact with her surrounding decreases dramatically with 

each additional function that further divides the user’s perceptual sphere. As such, user 

response to such technologies has increasingly been focused on personal surroundings 

rather than any wider scope of view.  An example would be a student, for instance, who 

answers and then converses on a cell phone in the middle of a lecture class.  The same 

student, perhaps having conversed via instant message during the course of the lecture, 

sees little difference between the user contexts of the two uses of technology despite 
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being in a broader social context in which such behavior is not allowed or is 

inappropriate.   

 The blame for the apparent seeming lack of common sense can be placed on the 

student, but can also serve to illustrate a lack of focus on the situational awareness impact 

of any particular technology.  Each discrete electronic device functions of its own accord 

rather than as part of a cohesive larger technological system.  The current method of 

technological development in which each item is developed individually stands in stark 

contrast to how most technologies are actually used.  The user model needs to be 

examined in the broader context of use rather than in a narrow application scenario.   

 The scenario taken to broader contexts has many outcomes that can adversely 

impact not only the user, but also others who are impacted indirectly from the use of the 

technology.  A driver, for instance, who utilizes mobile and personal audio technologies 

while operating a vehicle is arguably less capable of driving than one who is not 

encumbered by such distractions.  In fact, research by David Strayer of the University of 

Utah, discussed below, indicates that in such a case the driver’s response levels are in fact 

equivalent to being under the influence of alcohol (Strayer and Drews 2006).  While the 

driver might theoretically have both hands free to operate the steering wheel, the impact 

on situational awareness is profound and in need of further analysis.  By incapacitating 

the ability to process information due to dividing the attention in too many directions, 

situational awareness of the present operation is directly impacted and as a result can 

yield unpredictable consequences. 

 As technology’s role increases, its possible consequences have to be examined not 

only in terms of the design aspect, but also in terms of the way that the technology will be 
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used.  The increased aspects of integration call for a revision of the paradigm in which 

systems are evaluated.  Rather than follow existing models, new methods of evaluation 

combining psychological, aesthetic and physical implementation elements have to be 

combined in a way that is extensible to new approaches.  Especially in fields in which the 

effects of technology have not been fully evaluated, the new multi-disciplinary approach 

is essential to properly assess implementation.  

 The core issue is cognitive load for the user in the context of multiple 

simultaneous activities.  Many factors combine to create the level of impact on situational 

awareness for the user.  Whether those factors constitute physical form, use methods, or 

more abstract cognitive loads, the variables contribute to the impact on the user’s ability 

to do other tasks simultaneously.   Since the simulation of real use scenarios is fraught 

with variables that are difficult to control, a more specific context is necessary to first 

understand the foundational aspects that impact situational awareness.  Factors that might 

seem unrelated in another context might directly affect awareness when placed in the 

proper context.  The challenge is to understand which human variables are affected when 

they must interact with simultaneous loads on cognitive awareness.  It is with that 

thought in mind that the field of dance comes into focus. 

 Dance as a field focuses on the training of the physical being into an instrument 

with which to convey expressions through a foundation of movement vocabulary and 

technique.  Through years of intense training and technique, a dancer is trained to 

recognize the smallest shifts in balance and center of gravity which allows her to convert 

the shifts into movement expressions that flow with the inertia of the body as well as 

embody the choreography.  The result is the seemingly effortless movement that is 
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associated with professional dance.  In many ways, dance is also a microcosm from 

which the rigors and stresses of everyday life can be extrapolated.  Taken by itself, the 

expression makes little sense.  When in the context of situational awareness and cognitive 

load, the idea becomes clearer.  The requirements of technological incorporation into the 

field of dance in many ways magnify the issues seen in everyday technological 

incorporations, both in terms of physical and mental aspects.   The following section will 

begin to explore the concept of dance in terms of physical constraints of technology in 

relation to cognitive awareness for the user.    

 Movement, in terms of dance vocabulary, is a union of mental and physical 

functions.  The mind must know the exact position of the muscles and limbs while 

understanding the weight of the physical performer, in order to initiate and execute the 

specific movements.  During movement, the dancer is in a mental state where the actual 

task is not consciously being continually executed.  Rather, the movement is embodied in 

the muscle memory of the performer, and the mind simply guides the body in transition 

from one state to another.  The graceful integration of mental and physical function in 

order to fully embody the movement also requires that the performer retain the proper 

mindset to execute the movement in the first place.  A spectator taking flash photography, 

for instance, can endanger the performer; a flash takes them out of the movement 

mentally and also affects the performer’s ability to understand the physical nature of the 

surroundings.  Likewise, an element of the costume, if it snags or impedes the natural 

movement of the performer, can result in injury to the dancer. 

 The delicate balance between physical and mental combined with the implicit 

physical nature of the field creates a natural environment in which the above issues can 
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be explored.  Physical integration of technology into the clothing of a dancer, for 

instance, needs to take into consideration the inherent nature of movement.  The physical 

embodiment of the object, must not impede the performer’s execution of the movement.  

To “impede,” in the current context, can mean physically impacting the dancer by 

causing discomfort or pain when attempting to perform the movement.  An object placed 

on the body, for instance, can jab or create restriction in the physical movement.  The 

weight of a system can cause the delicate center of gravity of the performer to be thrown 

off, thereby resulting in the performer losing her well trained sense of weight and 

distribution of it during movement.  For instance, if a heavy object shifts during a jump, 

the resulting shift in inertia can result in the performer landing improperly and possibly 

causing injury.   

 In terms of use aspects, any technological integration can negatively impact the 

situational awareness of the performer.  The first iteration of the Automated Body 

system, for instance, required the user to interact with a keypad while viewing the results 

through an eyepiece (Yeh 2001).  Obviously, the need to physically interact with specific 

devices to yield any result will cause the performer to change the way in which she 

performs the movement.  In effect, the act of physically interacting with the keyboard and 

resulting output restricted the dancer in the current example from doing much more than 

gesturing and walking around the space.  Not only can the performer not physically 

embody any movement vocabulary in this context, but the mental state in which normal 

dance movement is performed is never realized. 

 The perceptual awareness of the performer and comfort therein is essential to 

successful execution of movement.  The ‘energy’ described by the spectators of the 
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performer is created by the mental focus of the performer.  If a dancer has to continually 

focus on whether she is getting the proper inputs from the systems to get a theoretical 

desired result, the performance quality will suffer.  Likewise, disturbances of the physical 

perceptual awareness of the performer negatively impact the situational awareness of the 

performer’s surroundings.  In addition to the necessity for a performer to maintain 

situational awareness of herself and the execution of her own movements, the performer 

must also simultaneously be aware of the movement and location of her fellow 

performers in the physical space.  As such, a proper integration of technology requires 

that the performer not be removed, in terms of focus, from the present situation.  Rather, 

the technologies need to minimally disrupt the performer’s awareness level while being 

able to execute its intended task. 

 The current state of integration of dance and technology has been focused on 

creating specific results in performance.  The work at hand will consider the impact of 

technologies in terms of physical and cognitive load.  Technological implementations 

have been created in the context of realizing a specific style of visualization or 

interaction.  As such, many current instantiations have been focused more on the 

technological side rather than on their effect on the inherent nature of the field.  The 

results have been closer to performance art than fully realized movement pieces.  Many 

of the current works in the field have been criticized as being ‘disconnected’ with the 

technology and movement.  Rather than the two elements combining, the two are 

disjointed and seemingly separate.  The integration of technology into dance has been 

perceived as an unnecessary add-on rather than something that can enable the performer 
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to introduce possibilities that would not exist otherwise.  The challenge is the fine line 

between integration without encumbrance and integration without reason. 

More broadly, in order to fully explore the human factor changes in terms of 

movement while taking into consideration multiple simultaneous inputs and activities, a 

need exists to create the physical systems to explore how one physically interacts with the 

technologies in terms of movement.  It is in that way that the inherent relationship 

between the physical being and technological systems can be understood.  Additionally, 

to yield the desired results, we must explore methods of interaction that do not disrupt the 

embodiment of the movement while they retain the function of the technologies.  Where 

do assumptions of human factors break down when taken into the context of dance and 

movement?  Specifically, what factors allow a performer to embody the technology while 

not detracting from her ability to fully exist in the environment?   

 The integration of technology into the field of dance is an endeavor that brings 

together many disparate disciplines.  In terms of artistic implementation, the novelty of 

technological integration has itself been the main impetus of many performative1 

initiatives.   The resulting work has left many in the field of dance unclear as to the 

ultimate role of technological integration.  In many ways, the field mirrors the evolution 

of wearable computing.  Like ideal wearable computing, it is necessary for the 

technological system to function while not being the focal point of the performer. 

 The evolution of dance and technology in many ways parallels the integration of 

technology into everyday life.  In both instances, the technology should ideally function 

without impeding the progress of a task at hand.  Whether the task is physical or mental, 
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the systems should not increase the complexity of the required task.  The question of 

complexity versus simplicity in terms of physical and mental encumbrance is 

foundational to the scope of the research.  What is simplicity and complexity in the 

context of ubiquitous computing and more specifically, in terms of technological 

integration in dance?  Additionally, the requirements of the technology in terms of 

perceptual awareness and its effect on the user of the system bear analysis in terms of its 

effect when paired with the additional factors of user patterns, weight and affordances2 in 

consideration of use.  Do affordances that are commonly considered good user interface 

examples still hold true when applied to a body in motion?  Likewise, what aspects 

normally deemed non-intrusive becomes disruptive during movement?  What human 

factors inherently affect cognitive awareness of the use of a system and how can 

perceptual awareness be minimized in the context without detracting from the operation 

of the technological system? 

 The questions at hand will be explored through a multi-faceted approach in which 

1. simplicity versus complexity, 2.  perceptual awareness, and 3.  affordances in relation 

to movement vocabulary are first examined in terms of existing research.  The 

implications of the three factors are then extrapolated in order to better understand the 

requirements of seamlessly integrating technology into the field of dance.  In order to 

understand the broader ramifications, the theories will be coupled with technological 

 
1  Performative – a technologically mediated dance performance 
2 The word "affordance" was originally invented by the perceptual psychologist J. J. Gibson (1977, 1979) 
to refer to the actionable properties between the world and an actor (a person or animal). To Gibson, 
affordances are a relationship. They are a part of nature: they do not have to be visible, known, or desirable. 
Some affordances are yet to be discovered. Some are dangerous. I suspect that none of us know all the 
affordances of even everyday objects Norman, D. A. (2004). "Affordances and Design."   Retrieved 2/3, 
2010, from http://www.jnd.org/dn.mss/affordances_and.html. 
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implementations that work toward embodying the three core facets.  Insights revealed 

during the process of seamless integration of technologies into dance will also provide 

perspective on a broader scale.  The factors that affect perceptual awareness for the user 

will apply equally across multiple genres.  The challenge of balancing perceptual 

awareness with technological functionality is an aspect that will pertain to the greater 

context of ubiquitous computing.  Fundamentally, both aspects require the ability to 

seamlessly function with the user while being used in the context in which the level of 

situational awareness has to be maintained at a constant level.  As such, the insights 

provided by the research will serve to illuminate the core requirements of usability in a 

ubiquitous realm. 

 

 

Mapping 

 

 The preceding introduction has formed the foundation with which to instantiate 

the following portions of research.  The introduction provides a background on the use of 

technology in the context of a ubiquitous computing environment and specifically in the 

field of dance and technology.  The context of human machine interface and its relevance 

to a complex interaction environment reveals the need for a multi-disciplinary approach 

in which aspects of cognitive psychology, human factors, and functional characters of the 
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technological device are combined to provide a fuller understanding of the variables at 

play.   

The literature review portion of the work explores the existing work in the field, 

following the three aspects of the exploration.  The issues of cognitive psychology and its 

impact are explored for its implications of a complex usage environment, with particular 

attention being paid to the cognitive load of particular actions and situations.  The human 

factors aspect is explored through considering simplicity versus complexity, especially 

when taken in the context of a human interaction environment.  The question of physical 

impairment of any technological solution is analyzed through the theory of classic human 

computer interface (HCI) design, as well as evolving theories that focus on interaction in 

a rich environment.  Furthermore, the physical aspects of the technological designs are 

explored in terms of the interface characteristics and the inherent usage requirements of 

the field.  The work at hand will build upon the work on the Automated Body by the 

author in his earlier work (Yeh 2001).  As such, past implementations are explored to 

better understand the physical and technological implications in light of the core facets of 

simplicity versus complexity, affordances and perceptual awareness.  

The methods section explores the core concepts of cognitive load, physical 

impairment and interface characteristics and their inherent implications within 

themselves and in the broader context of the research.  The need for an objective 

assessment is illustrated in the context of the cognitive dissonance between the user’s 

conscious compensation for a physical impediment versus unconscious changes that can 

equally impact the user.  Ultimately, a method for exploration is realized with 

consideration of the multi-faceted requirements of both the field and research. 



 12

The experimental/instantiation section will instantiate the research queries as 

depicted in the methodology portion.  In effect, the experimental section will be broken 

up into several aspects, each detailing the construction and results of each iteration of 

research.  The first part will detail the findings of the Automated Body Project aspect of 

the research and illustrate directions of exploration for the subsequent iteration of 

research. Following the Automated Body section will be the analysis detailing the 

rationale and implementation of the first iteration of the Project Aurora system.  

Understanding the results and using them to inform the further refinement of the second 

generation Aurora system will comprise the results chapter.  The discoveries from the 

instantiation of the second generation system will lead the way for planning and possible 

implementation of a third generation of the Project in which the discoveries from the 

experimental data of the previous generations will be utilized in order to create a solution 

that attempts to answer many of the questions posed in the research. 

 The results chapter will analyze the findings from the multiple generations of 

research initiatives in an attempt to answer the unresolved questions.  As with any 

complex issue, additional questions may be generated as a result of the research.  

Questions might not be resolved by the research, but additional perspectives can be 

created that aid in illuminating the factors at play.  Ultimately, the goal is to foster 

research and dialog into the necessities of the evolving ubiquitous technological 

environment with consideration of the core usage needs of that field.  Additionally, the 

challenges therein will also illustrate the feasibility of approaches as well as hurdles that 

still have to be overcome.  Finally, the contribution to the infant field of ubiquitous 

computing will be the synergistic combination of the multiple disciplines in light of the 
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complex interaction and usage environment.  By additionally implementing the concepts 

rather than abstractly analyzing the issues at hand, a unique viewpoint can be achieved 

that provides real-world usage data from which to base future exploration into the field. 

 The conclusions chapter will seek to contextualize the findings of the research 

into the broader scope of ubiquitous computing.  The core factors of simplicity versus 

complexity, affordances and perceptual awareness are analyzed with the perceptive of the 

findings from the results chapter.  Inherently, the insights provided by the findings will 

illuminate the foundational requirements of seamless integration of technology.  

Furthermore, the research will help to define the core aspects necessary to achieve the 

integration of technology in a manner that does not impose cognitive load upon the user.  

Fundamentally, the core focus of the research at hand will be to better understand the 

facets of human machine interaction in a ubiquitous realm. 
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LITERATURE REVIEW 

 

 

The core issues of simplicity versus complexity, perceptual awareness, and 

affordances in the context of dance and technology derive from the widespread fields of 

cognitive psychology, engineering and the computer sciences, and the fine arts.  The 

analysis that follows examines works in each of the discrete fields in order to provide a 

background on the existing techniques and methods that contribute to the theories at 

hand.   

 

I.  Issues of simplicity in a complex environment 

 
 Simplicity in the realm of the complex interaction environment of ubiquitous 

computing is an issue that is decidedly not simple.  In the current context, “simplicity” 

embodies a combination of design considerations in which affordances for the user are 

executed in a way that enables seamless use in a rich environment.  As such, what is 

simple is actually fraught with complexity given the variables at hand.  Not only does the 

physical functionality of the system have to be considered, but the actual embodiment of 

the device as well as use and environmental factors all combine to create a complex and 

rich environment.  The following section will set forth some of the theories regarding 
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simplicity and design, and will reveal aspects of designing wearable devices for the body 

as discovered by several researchers in the field.   

 Donald Norman’s seminal text, The Design of Everyday Things, describes aspects 

of design in everyday life where various cues allow users to understand implicitly how to 

approach and utilize any particular object.  Those cues, called affordances, are in many 

ways common sense, but they are also crucial to making an item intuitively simple to use.  

The absence or misplacement of affordances creates confusion for the user and impedes 

the efficient use of the item.   An often-cited example is Norman’s description of glass 

doors which, because they do not obviously open in any direction, leave the user 

uncertain whether to push, pull, or twist the handle.  Norman’s concept of mapping, in 

which an action correlates to an obvious result, and feedback, in which the device 

responds accordingly to input, expands and focuses his core concept of affordances 

(Norman 1989). 

In terms of designing for a rich and complex interaction environment, affordances 

for the user are expanded upon by John Maeda of the MIT Media Lab in his work, The 

Laws of Simplicity (2006). Maeda lays out several core concepts that expand Norman’s 

core user interface theories and places them in context of design considerations.  By 

taking the issue of simplicity and expanding it to consider the complexities and possible 

fallacies in overly simplistic design, Maeda illustrates many of the challenges that face 

design in the context of ubiquitous computing.  A device that might make functional 

sense in design might completely fail to operate when the environmental variable comes 

into play.  Maeda suggests that simplicity has been achieved “when it is possible to 

reduce a system’s functionality without significant penalty” (Maeda 2006).  As can be 
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seen by the previous examples of current technological implementations in the field of 

dance, many of the solutions utilize components and systems that, as a whole, are 

conventional and borrowed from other industries.  As a result, compromises are made in 

terms of simplicity to achieve functionality.  The challenge is that while complex systems 

that utilize “cots” (cheap off the shelf) components can save in development cost and 

time, their inherent flexibility is limited due to the nature of the item itself.  As a result, 

the adaptability and viability of such systems when taken out of the single use context 

rapidly deteriorate in terms of usability. 

In light of creating technology for utilization in a rich complex environment, 

Maeda states, “Small things in the environment matter more when you are forced to pay 

attention to them” (Maeda 2006, p. 56).  This speaks directly to perceptual awareness and 

performance.  While something might go unnoticed in everyday wear, in performative 

conditions, expansive movement and execution of choreography might illustrate factors 

that can impede the flow of concentration and movement.  Something as simple as a 

persistent blinking light, for instance, if placed in the visual periphery of the wearer, can 

serve to distract the user from his or her task even though the same item, when taken out 

of the context, would likely make little difference.  

Maeda expands his earlier statement regarding perceptual distraction with the 

observation that “synthesizing the ambient experience of simplicity requires attention to 

everything that seemingly does not matter” (Maeda 2006, p.59) expands his earlier 

statement regarding perceptual distraction.  In a complex environment, even the simplest 

thing can serve to distract or disorient the user.  Since the smallest factor can have a 

ripple effect into something larger, all variables of the system and environment have to be 
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considered in order to create a device that embodies the theories of simplicity.  In the 

broader context, Maeda’s theories inform the requirements of creating solutions that 

focus on functionality without degradation of situational awareness. 

Maeda’s theories of simplicity center on the idea of the lack of disruption for the 

user when interacting with an electronic device.  In his book, Flow, Mihaly 

Csikszentmihalyi looks deeply into the human process in which the stream of thought, 

when unhindered by disruptive aspects, allows the user to be immersed in a state of mind 

that would not be possible otherwise.  Csikszentmihalyi’s description of the state in 

which the person is completely immersed in the activity of the moment is especially apt 

in the field of dance (Csikszentmihalyi 1990).  When performing movement 

choreography, a dancer is optimally not distracted by outside factors.  Rather, the quality 

of the performance, or the ‘energy’ of the performer as experienced by the audience has a 

direct correlation to the level of ‘flow’ that the performer is able to achieve during the 

performance.  If the performer is otherwise distracted -- either cognitively or physically -- 

the state of concentration is broken, and consequently, the result is immediately 

detrimental to the overall performance.  Likewise, the interruption of the performative 

state can have dire consequences in terms of physical movement and adjustment of 

momentum.  Since the nature of the dance field innately combines a balance between 

cognitive awareness and immersion into the physical state of movement, disruptions of 

the balance have a dramatic impact on the efficacy of any technological augmentation of 

the performer.  The following portion will focus on the nature of dance with 

technological mediation in order to illustrate the current initiatives in the field. 



 

II.  Aspects of Technology and Dance 

 
 The nature of movement in dance requires specialized solutions in order to 

properly integrate movement with technological elements.  Thus far, the technological 

solutions utilized in performative technologies have been adapted from other fields.  The 

methods employed vary widely in terms of design philosophy and implementation.  

Many are adapted from their original purposes to match specific needs of the 

performance.     

 The Vicon motion capture system, for instance, utilizes multiple video cameras to 

track the movements of the performer.  Though the use of small infrared beacons placed 

on the performer’s body and a large array of infrared transmitters/cameras, discrete points 

of illumination are identified by the computing systems and processed into movement 

data.  With systems that vary from eight to thirty two cameras, 

the Vicon system generates an enormous amount of data that 

needs to be processed in order to extrapolate the movement 

information  (Vicon 2006).  The physical infrastructure required 

to support the large number of cameras and cables results in the 

necessity for specialized facilities that have been calibrated for 

camera placement and angle.  Additionally, the placement of the 

components of the Vicon system necessitates a fixed movement area rather than a 

flexible architecture.   While the Vicon system is capable of extreme accuracy in 

movement tracking, the technical complexity introduced by the many elements and 

Illustration 1: Troika 
Ranch MidiDancer 
system (Coniglio 1989) 
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support infrastructure required for its use prohibit its adaptation to a more general use 

scenario.     

 Visual-based motion tracking systems begin with David Rokeby’s pioneering 

work with the VNS (Very Nervous System) in which objects behind a high contrast 

surface can be tracked.  Rather than tracking the subtle movement inflections of the 

performer, the system tracks rough approximations of 

location and movement of the performer relative to the 

view-field of the camera (Rokeby 2006).   As a result, 

the performer is limited to specific areas of space in 

which a reaction can take place. For instance, the 

performer has to step into a well-lit area and then 

generate enough inertial movement to create a 

sufficiently large change in the view field of the 

camera, triggering a response.   

 Troika Ranch pioneered the use of body-worn 

movement sensors with the MidiDancer system in 1989.  The system measures the 

flexion of the limbs with an array of discrete bend sensors, and wirelessly transmits the 

signal to a receiving computer (Coniglio 1989).  Of the solutions that are being discussed 

in this portion, the MidiDancer system is the only solution developed exclusively for use 

in movement performance.  Unlike the Vicon and VNS systems, the MidiDancer enables 

the free movement of the performer throughout the space.  However, its use of 

connections that are interspersed along the body results in a tangle of wires, which, if not 

properly harnessed, can create a physical impediment for the dancer.    

Illustration 2: Gypsy 5 Motion 
Capture system (Metamotion 
2006) 
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 The Gypsy 5 system combines motion capture technologies with onboard sensor 

systems in a rigid framework.  The structure is reminiscent of an erector set construction 

in that metal rods are joined together with bolts and swivels and connected to 

goniometers3 at the joints of the limbs and torso (Metamotion 2006).  The goniometers 

allow for the measurement of the flexion and extension of the limbs while the rigid 

framework enables the capability for extremely precise measurement due to the fact that 

the connections between each joint are connected with a physically rigid surface.  

However, the external surfaces and physical infrastructure of the connecting devices 

restrict the movement required by many aspects of foundational movement vocabulary.   

Illustration 3: Flavia Sparacino’s implementation of computer vision based tracking in Dance Space
(Sparacino 2000) 

      The methods listed above involve camera-based tracking, motion capture methods, 

rigid frameworks and onboard sensory systems.  The implementation of each method 

differs depending on the impetus for the research.  While only a brief overview, the 
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3 An instrument for measuring angles Merriam-Webster (2010). goniometer. Merriam-Webster Online 
Dictionary, Merriam-Webster Online. 
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aspects covered form a general viewpoint of the technological aspects in the field as a 

whole.   In her paper titled (Some) computer vision based interfaces for interactive art 

and entertainment installations, Flavia Sparacino details several of the methods listed 

above, along with the weaknesses of each, while introducing her preferred method of 

movement data acquisition (Sparacino 2001). 

 Sparacino’s preferred method derives from her conclusion that a vision based 

system like Vicon is most ideal for performative vision tracking.  The biggest drawback 

of the Vicon motion capture system, as she states, is its high price and infrastructure 

requirements.  Rather than relying on specialized cameras and physical markers, 

Sparacino’s approach relies heavily on software processing of a video image.  By 

combining computing vision techniques with kinematic models of human movement, 

heuristics can be implemented to track the movement of a person without the use of 

external implements (Sparacino 2001).  The approach allows the performer to be tracked 

without being encumbered by physical restraints.  By processing the full color data of the 

incoming video signal and recognizing and mapping various body parts to specific 

triggers, the dancer’s head, torso and limbs can be assigned to different responses such as 

visuals or music  (Sparacino 2001).  The result is a rough approximation of the 

movements of the dancer and can allow for a more precise interpretation of movement 

than Rokeby’s VNS, yet less precise than the video-based Vicon system.  By utilizing 

algorithms rather than physical markers, the system allows for implementation with fewer 

infrastructure needs than the comparable Vicon system.   

 Similar computer vision systems have been implemented in the commercial realm 

since the publication of Sparacino’s work.  Her pioneering collaboration with Chris Wren 



at the Massachusetts Institute of Technology in terms of computer vision algorithms have 

since yielded similar products in the marketplace like the EyeToy® for the  Sony 

Playstation 2.  Similar to Sparacino and Wren’s implementation, the EyeToy®  allows 

players to interact with the computer system, and in the case of the EyeToy®, control 

games and other software through interaction with the video camera (SCEI 2006). 

 While Sparacino’s solution enables more precise tracking than Rokeby’s system, 

the nature of visual approximation techniques without more precise markers inherently 

limits the accuracy of motion tracking.  Additionally, the system requires a stationary 

position for the visual acquisition element and thus is not readily adaptable for more 

general use outside the context of a specific space such as a theatre or a performance 

space.  While such limitations are somewhat acceptable in the experimental stage, the 

inherent requirement of a video camera to track the motion requires the presence of an 

external infrastructure.  As such, its use outside the realm of pre-existing movement 

space is severely limited and is not 

readily adaptable to more generalized 

applications. 

 Joseph Paradiso’s work with 

instrumented footwear extends from its 

use in gait analysis to the use of shoe 

embedded sensors to measure the 

movement of dancers in performance.  

In the article, Expressive Footwear for Computer-Augmented Dance Performance, 

Paradiso and Eric Hu focus on the implementation of embedding sensors inside a dance 

Illustration 4: Sneaker based Inertial sensor system
(Paradiso, Hu et al. 1998) 
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sneaker.  By measuring the flexion of the dancer’s foot in addition to the torsion aspects 

between the ball and heel of the foot, Paradiso and Hu in theory track the movement of 

the performer’s foot throughout the phrase.  In addition to the embedded sensors in the 

shoe, external measurement elements track the movement of the performer through the 

movement space (Paradiso and Hu 1997).  

 While the concept of sensor-based sneakers at first glance seems ideal in terms of 

measurement of the feet, the actual implementation of the device yields some lapses in 

design judgment.  The use of torsion sensors to evaluate the difference in bend between 

the ball and heel of the foot conflicts directly with human anatomy in which the foot is 

able to bend between the ball and heel in only an inward and outward fashion rather than 

side to side from the center of the foot (eOrthopod 2010).  Additionally, the requirement 

of extensive infrastructure to measure the location of the performer reduces the efficacy 

of only utilizing onboard sensory systems by introducing complexity into the system.     

The solutions detailed in this portion emanate from a variety of fields.  All have 

been employed by the field of dance and technology with varying success.  The various 

methods discussed embody certain advantages and disadvantages which, when compared 

to one another reveal the relative efficacy of each solution.  The degree of compromise 

that is inherent in the deployment of such technologies does much to illustrate the 

necessity of truly understanding the needs of the dance field.  Rather than constraining 

movement vocabulary to match the needs of the technological solution, a fundamental 

need exists to explore the requirements of the field, taking into consideration not only the 

technological requirements, but also the use methods of the systems.  By considering not 

only the technological, but also the cognitive and interface characteristics of the devices, 
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a more complete understanding of technological integration into movement exploration 

can be achieved. 

 

III. Comfort and the physical nature of wearable computing 

 
To encumber the performer with technology would defeat the point of the 

technology being present in the first place.  If the perceptual awareness of the performer 

has to be minimal in order to achieve the minimum disruption to the performative nature 

of the choreographed work, the technology must not be implemented for its own sake; 

rather, it must be added only when it can enhance rather than detract.  Bodine and 

Gemperle’s work, Effects of Functionality on Perceived Comfort of Wearables (2003), 

sheds much light on the issue of physical comfort and wearable computing platforms.  

Bodine and Gemperle’s statement reflects much of what id discussed earlier eith the 

works of Maeda:  

The most salient idea was the notion that a wearable tool must negotiate a trade-

off between functionality and burden. Many times, people told us that a wearable 

or portable tool must have maximum usefulness in a form with minimum bulk and 

weight (Bodine and Gemperle 2003, p.1). 

Bodine and Gemperle’s research reveals that despite many of the current bulky body-

worn systems in existence, the desire of the user is for a system that is inherently simple 

to use, yet unobtrusive both physically and perceptually. 

 The correlation between functionality and physical design is also illustrated 

through Bodine and Gemperle’s work.  Their research finds that 
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…functionality is indeed a factor of the perceived comfort of wearable artifacts. 

This has important implications for the design of all kinds of wearable systems. 

The function of any wearable tool must outweigh any physical or social 

discomfort felt in wearing it, and less desirable devices may meet with higher 

standards for comfort and fit (Bodine and Gemperle 2003, p.4). 

Contrary to expectations, research reveals that the user’s perception of the comfort of the 

wearable device is directly related to the perceived functionality of the device.  That is, if 

the device is perceived to perform a more complex task, then it can be more cumbersome 

and still be perceived as equal in comfort to a simpler device that might be perceived to 

perform with lower functionality.  The question in this case is whether there are 

unperceived differences in physical response of the user due to the physical differences in 

the device.  While the user might perceive an increase in comfort as a result of the 

increased functionality, his or her physical response to the device might reveal otherwise. 

The disparity between perceived comfort and actual physical response and the need to 

quantify the difference is a topic that will be discussed in detail in the Methodology 

portion of this dissertation. 

 Bodine and Gemperle’s analysis of body placement and perceived comfort and 

function finds that “For some functions, one body location may be preferred over others. 

Overall acceptance of wearable devices will rely on both functionality and design for 

comfort, and so both must be considered early in the development process” (Bodine and 

Gemperle 2003, p.4).  The research reveals that rather than factors being considered in 

isolation, use factors must be considered inherently in the basic design process in order to 

create a system that can function in a physical environment without displacing variables 
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that might surround its use.  In many ways, Bodine and Gemperle’s work validates the 

theories postulated by Maeda yet offers surprising variations in which the user perception 

of the item correlates directly to the functionality of the item.  The issue of user 

perception as a variable which is subject to environmental factors will be further 

examined in David Strayer’s work in section four of the chapter.  

The work of Chris Baber and James Knight in the article Ergonomics of Wearable 

Computers (1999) does much to illustrate research findings regarding the physical nature 

of wearable computing platforms and their impact.  Baber and Knight state, “the 

environment in which a wearable computer is used can significantly alter the physical 

capacities and capabilities of the wearer” (Baber, Knight et al. 1999, p.1).  Baber and 

Knight’s research focuses on the physical limitations of wearable computers in terms of 

equipment size and physical situations in which users of the wearable (firefighters for 

example) have to be in unexpected situations in which delicate and obtrusive equipment 

will get in the way.  While Baber and Knight’s example is applied to firefighters, the 

same can be applied to dancers, who might drop on their sides or land violently on their 

torsos during the course of movement.  In the case of the dancer, for instance, bulky 

equipment can have unintended consequences in light of dramatic physical movement 

which can result in injury or impairment for the performer. 

The link between environmental factors and a user’s ability to focus on the task at 

hand, whether technological or environmental, is illustrated in Baber and Knight’s 

analysis: 
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 Factors arising from the environment can also have a bearing on the cognitive  

 functioning of the computer wearer, e.g., through competition for attention of 

 information in the environment and displayed on the computer…. (Baber, Knight 

et al. 1999, p.1). 

 

Although the wearer might be utilizing the wearable computing platform, it should not 

come at the cost of functionality in the surrounding environment.  Baber and Knight point 

out that environmental factors can influence a person’s use of the computer.  Likewise, 

however, the use of the system can also negatively impact the person’s awareness of their 

surroundings and their ability to interact with their environment.  In the realm of dance 

and technology, for instance, the lights of the stage, the pressure of performing in front of 

a live audience, and the execution of the choreography all take a toll on the cognitive 

awareness of the performer.   

 

 One way of considering the competing information demands is through the 

 concept of situation awareness, which has proved popular in ergonomics in 

 recent years. Endsley [7] proposed that situation awareness comprises at least 

 three components: (i) perception of elements in current situation; (ii) 

 comprehension of current situation; (iii) projection of future status 

  (Baber, Knight et al. 1999, p.1). 

 
 In Baber and Knight’s examples, the analysis of situational awareness comes from 

the user’s active, constant interplay with the wearable device.  The situational/perceptual 
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awareness is affected by not only the surroundings, but by the incoming information from 

the wearable system.  In the case of dance, since the system intentionally does not have 

any active feedback to the dancer, the dancer is mostly relieved from the cognitive load 

that would result from the constant stream of interaction required by a more conventional 

computing system.  However, according to Maeda’s assertions, a dancer may still feel 

some mental constraint caused by the knowledge that she is wearing the device. 

 The physical impact of any technological device worn by a person has to be 

evaluated not only by its physical dimensions, but also by its mass and inherent shape.  

As illustrated by the following examples from Baber and Knight, many physical 

characteristics of the technological system can have a cascading effect on the wellbeing 

of the wearer. 

 
 Adding a load to the body in the form of a wearable computer may significantly 

 affect many physical factors. The size, weight and position on the body of any 

 device will alter the mechanics of the musculoskeletal system with which it 

 interacts (Baber, Knight et al. 1999, p.1). 

Similarly, Baber and Knight further state that 

 …Any increase in weight can alter the position of the centre of mass (COM) of 

 that body part (unless the load is positioned at the COM), which will not only 

 affect the ability to move that body part but also its stability during movement 

  (Baber, Knight et al. 1999, p.2). 

They emphazize the physical harm that can be incurred as a result of improper 

positioning of mass on the body with their analysis: 
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 ...Obviously, heavier loads can be carried around the trunk rather than on the 

 head or arm. However, too great a load and inappropriate positioning can still 

 result in physically detrimental consequences. A load positioned around the hips 

 on a belt may cause tilting of the pelvic girdle which can place the lumbar spine 

 in a detrimental position, e.g., the wearer will adjust their posture to compensate 

 not simply for the weight of the device but also for any pressure on the hips or 

 stomach. Such adjustment of posture could be problematic in two ways: the 

 wearer might find that movements feel constrained, awkward or clumsy as they 

 try to compensate for the presence of the device, or prolonged adoption of specific 

 postures can lead to musculoskeletal problems (Baber, Knight et al. 1999, p.2). 

Additionally, they note that there may be other factors which accompany the technology: 

 … It must also be considered that the technology may be used in conjunction with 

 other equipment which must be taken into account when measuring mass 

 properties and moments of inertia (Baber, Knight et al. 1999, p.2).  

 
 The examples above illustrate that adding weight and consequently affecting the 

mechanics of the musculoskeletal system can have dire effects on the kinematics of 

movement.  In the case of dance, a dancer is trained for decades to understand every 

nuance of her movement and the resulting effect of any particular initiation.  Adding 

undue weight or encumbrance can offset the delicate balance of mechanics and result in 

miscues of movement or even injury.  The kinetics of movement are such that any weight 

not on the center of mass of the body can cause a slight shift that will build up over the 
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time of the movement.  Consequently, the effect will be exaggerated over the course of 

movement. 

 Baber and Knight’s examples also illustrate the importance of the proper 

placement of components worn on the body.  Especially in the field of dance, an object of 

enough mass placed in the wrong location can result in drastically unintended results, 

simply due to the nature of kinetic movement.  In the case of the wearable computing 

system for the dance environment, positioning and placement of the control unit on the 

system has to take into consideration inertial movement as well as physical constraints of 

the body.  In addition to the repercussions of weight discussed by Baber, the physical 

dimensions and placement of the components of the system are essential to ensure not 

only optimum comfort for the wearer, but also to prevent any encumbrances during 

movement or floor work.  The small of the back, for instance, offers a small area.  

However, the area available changes dramatically depending on the flexion of the spine 

and position of the torso, whether supine or upright. 

 The system meant for effective functionality on the body has to be considered as a 

whole, rather than its constituent parts.  It would not be effective to assess the inertial 

qualities of the arm portions and not consider the portions based on the torso.  Only if the 

system as a whole can function without introducing undue inertial or physical constraints 

to movement can it be effective in a performance situation.  A technological system that 

embodies the concepts of simplicity while taking into consideration the physical 

constraints of the human body’s kinetic platform will meet some of the foundational 

requirements of operating without negatively affecting the wearer’s perceptual, and 

consequently situational, awareness of both the task and the environment.  The following 
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section will explore the concepts of situational awareness in the context of interaction in a 

rich environment to aid in understanding the questions at hand. 
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IV.  Perceptual Awareness versus Situational Awareness  

 
 Interaction with technology is, in many ways, like aviation or driving.  Piloting an 

airplane, for instance, requires that the operator be constantly aware of multiple factors 

while operating the aircraft.  Likewise, a driver must be simultaneously aware of the 

vehicle’s gauges and the surrounding environment while navigating.  Both tasks require 

the user to be aware of multiple conditions in order to respond quickly to both internal 

and external information.   

 Full functionality in the realm of wearable computing traditionally relies on the 

attention of the operator to interact with the onboard software.  Much like the desktop 

computer, the traditional wearable computer requires the operator to input data via 

assorted keypads and cursor movement devices.  Output is directed at the user in the form 

of visual displays and auditory feedback.  However, when wearable technology is pushed 

past the current paradigm of the input/output of information and into a more independent 

and ubiquitous context, the major assumptions of the present model come into question.   

 With wearable computing, and specifically in the application of wearable 

technologies to kinesthetic movement, critical factors like awareness, interaction 

methodology, and overall mental load come into play.  The capability of operating  

and/or interacting with any technological systems brings about similar requirements in 

terms of simultaneous cognitive involvement, especially in the context of ubiquitous 
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computing, where the user interaction with the technological system must blend 

seamlessly into the natural activity of the user.  

 Cognitive involvement in terms of conscious effort and parallel awareness of 

surrounding factors is encompassed by situational and perceptual awareness variables.  

Despite their sometimes interchangeable use, situational and perceptual awareness differ 

in several foundational aspects.  To better explore the factors that influence situational 

and perceptual levels in users, the differences between the two must first be clarified.  

 Situational awareness is an aspect of cognizance that is often used in reference to 

scenarios like piloting an aircraft, where the operator has to be aware of multiple factors 

while simultaneously being able to execute her required task.  Mica Endsley, in her 

seminal paper, Design and Evaluation for situation awareness enhancement (1988) 

defines situational awareness as “the perception of the elements in the environment 

within a volume of time and space, the comprehension of their meaning and the 

projection of their status in the near future” (Endsley 1988, p.1). In essence, an operator 

in a complex task has to maintain awareness at all times of multiple variables in the 

surrounding environment while engaging in the primary activity at hand.  Situations can 

range from the dramatic - - the aforementioned airline pilot -- to something as mundane 

as operating a cell phone on a busy street.  In the first instance, the pilot has to be able to 

be aware of the variables coming from both the instruments of his aircraft to the 

environment surrounding the aircraft while maintaining operating control of the aircraft.  

The person using a cell phone on the street in theory has to be cognizant of other people 

around them as well as being aware of the traffic and other aspects that might threaten the 

well-being of the operator during the use of the device.  When situational awareness fails 
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in terms of factors not being recognized or processed, undesirable consequences can 

result.  Inherently, the level of awareness leads to the aspect of perceptual awareness. 

 Perceptual awareness is the level of cognitive awareness necessary to perceive 

and process tasks or interruptions.  That is, perceptual awareness deals with the 

cognizance, or recognition of an item or task in terms both the physical and the mental.  

The idea of awareness is core to the concept of perceptual awareness.  What does it mean 

to be aware of something?  At what threshold is a task or item perceived?  Perceptual 

awareness in many ways forms the foundation of the factors that create situational 

awareness.  An item first has to be perceived before it can be deemed a factor in the 

multi-sensory input essential for effectual situational awareness.   

 In the context of perceptive awareness in the realm of kinesthetic movement, the 

work of Shaun Gallagher (2003), in which he analyzes the interrelationship of 

proprioception and awareness, helps to clarify the essential link between the two 

variables.  In addition, by understanding how bodily self-awareness contributes to 

perceptual awareness, the foundational elements that contribute to or detract from 

situational awareness can be further established.  

  Proprioception (awareness of aspects of the body whether in the physical or 

conscious realm) is analyzed by Gallagher in terms of proprioceptive information and 

awareness. Rather than a element that is actively perceived, Gallagher argues that 

proprioceptive awareness is actually an element of non-perceptual awareness rather than 

that of perceptual (Gallagher 2003).  The fine line between perceptible and imperceptible 

has dramatic ramifications in terms of how one approaches the mind-body connection, 

and additionally reflects upon the part played by self-awareness of the body and body 
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consciousness in determining how the physical being interacts with any external object or 

input.   

 Personal experience through immersion in movement studies has shown that often 

proprioception does not correlate to actual physical location of a limb.  While the mind 

might be telling the body that a leg or foot is inclined at a certain angle, in reality, that 

limb might be drastically different than the ‘perceived’ position.  Rather than a direct 

physical perception, the correlation between proprioception and actual embodiment is 

based on physical cues and cognitive interpretation of those cues.  One does not 

consciously inform an arm to move a certain degree, for instance.  Rather, the arm moves 

according to the feedback from the muscles and often from the visual tracking of the 

movement.  As such, once the limb is at rest, the proprioception of the location of the 

limb can vary from the initial resting position of the appendage.  

 As the foundation for his analysis, Gallagher employs Shoemaker’s object 

perception model which defines perception as being created from a relationship “to an 

object, or to some state of affairs that ultimately depends on an experience that is directed 

at one or more objects” (Gallagher 2003, p.2).  The fine line between perceptual 

awareness and proprioceptive awareness hinges on the fact that proprioceptive awareness 

does not require that it be ‘perceived’ per se. Proprioception is an underlying layer in 

which perceptual awareness is informed.  Proprioception allows for the fact that, since 

the body is not innately aware of exact locations and angles of portions of the body once 

they have passed the threshold of perception, in theory, systems can be designed that 

reduce the cognitive load to such an extent that it cannot only fall beneath the cognitive 
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workload required in situational awareness, but also can, at times, be at or below the level 

of perceptual awareness.     

 Helen Johnson and Patrick Haggard further expand on the issues of 

proprioception and cognitive awareness in their paper, Motor awareness without 

perceptual awareness (2005).   Through experiments in which test subjects are asked to 

reach toward an object, the interrelationship of proprioception and cognitive awareness is 

assessed.  While the subject is reaching toward the object, the object is minutely moved 

from its original location.  Though the muscle response of the users adapts to the 

movement of the object, the actual perception of the users differs in terms of 

apprehending the movement.  When the movement is great enough to be perceived, 

Johnson and Haggard found that the users processed the movement as greater than that of 

the actual movement.  On the whole, however, the muscle movement adapted to the 

movement of the object at a level below that of perceptual awareness.  As such, at least in 

the context of the experiments performed, Johnson and Haggard conclude that motor 

awareness can in fact be disassociated from perceptual awareness.    Additionally, when 

the level of perceptual awareness is first broached, a person’s perception of the actual 

movement is an exaggerated proportion of the actual physical movement (Johnson and 

Haggard 2005).  This would seem to indicate that perceptual awareness is linked to a 

level of proprioceptive awareness that once triggered, incorporates other sensory cues to 

assess the present situation. Rather than a conscious reaction, the visceral response is 

rooted more on the intuitive rather than cognitive level. The increase in mental load 

associated with perceptual awareness of an activity and the shift in perception from 
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muscle activity to awareness can be seen as factors in how cognitive processes function 

in terms of awareness. 

 The relationship between perception and awareness is crucial to thinking about 

how one comes to understand the surrounding environment, and consequently any 

interaction with external inputs and incorporations.  Phillip Merikle (1992) explores the 

issue further in his work on the sometimes subtle variations between perception with 

awareness versus perception without awareness.  Rather than focus on the physical aspect 

of perceptual awareness, Merikle explores the cognitive aspects of awareness, and asks 

whether awareness is possible without perception.  In his paper, Merikle notes the 

challenges inherent in evaluating unconscious perceptual influence on the conscious.  

Since the measurement is that of something that is implicitly subjective, it is challenging 

to develop a methodology that can objectively quantify the research results.  Merikle 

works through the quandary by focusing on the research that approaches the issue from 

distinct perspectives and extrapolating the inherent similarities of each conclusion 

(Merikle 1992).  Through  analyzing the methods of analysis in which the inherently 

subjective assessment is quantified in several distinct experimental methodologies, 

Merikle is able to demonstrate the quantifiable difference in the performance of  tasks 

when perceptual versus nonperceptual factors are varied (Merikle 1992).      

 Merikle and Joordens further explore the issue of unconscious perception in their 

paper, Parallels between perception without Attention and Perception without awareness 

(1997).   Merikle’s earlier review of unconscious perception or perception without 

awareness demonstrates the link between unconscious perception and an eventual 

outcome.  Here, Merikle and Joordens expand upon their earlier research by exploring 
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whether the unconscious perception phenomenon is one that only occurs under laboratory 

conditions or whether it is in fact, the same as “perception without attention” (Merikle 

and Joordens 1997).  Merikle and Joodens state that: 

When the level of activation exceeds the awareness  level, a stimulus is 

consciously perceived. However, if a unit of information in  memory is activated 

by a stimulus but the level of activation is insufficient to exceed the awareness 

level, then the stimulus is still perceived but perception is not accompanied by the 

subjective experience of perceiving (Merikle and Joordens 1997, p.15).    

In essence, Merikle and Joordens discover that the underlying process that involves 

perception without awareness and perception without attention are one and the same.  

Inherently, the link between the two allows for a better understanding of how one 

perceives input from the surroundings.  The process in which understanding takes place 

despite not paying attention is essentially the same as the cognitive process that occurs 

when an event is perceived without one’s conscious awareness.  Additionally, the 

interrelationship has dramatic ramifications in terms of design for on-body technology.  

Especially for seamless integration of technology on the wearer without perceptual 

awareness of its existence, the instrumental work by Merikle and Joordens aid in 

understanding exactly how the cognitive aspects of the process function.   

 The discussion of perceptual awareness forms a cornerstone for the analysis of its 

role in situational awareness.  As discussed earlier, situational awareness is the ability to 

process surrounding variables from both internal and external factors while being able to 

enact a certain activity.  Situational awareness is limited by the inherent cognitive load 

limit, due to which one can only process a certain number of inputs before becoming 
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overloaded and being unable to properly execute the activity.  As the work of Merikle 

and Joordens illustrates, perception without attention is for all intents and purposes the 

same activity as perception without awareness.  The issue lies in the attempt to minimize 

distracting factors for the user, allowing for proper situational awareness while being able 

to execute the activity.  Perceptual awareness plays a foundational role in producing the 

cues read by the mind to form a complete picture of the surrounding conditions.  The next 

section focuses on the aspects of situational awareness in terms of cognitive load.  In 

many ways, previous theories on the reduction of cognitive load have come into question 

as recent research has shown surprising results in terms of distractions from areas meant 

to reduce cognitive load.  The surprising findings have broad implications in wearable 

and ubiquitous computing in that many of the design elements hinge on traditional ideas 

behind  user interface and consequently user interaction.  The findings from situational 

awareness researchers call into question many assumptions while simultaneously 

illustrating a way to understand more clearly the role of cognitive load and its delicate 

relationship with situational awareness. 

INTERACTION IN A COMPLEX ENVIRONMENT  
 
 In their paper, The ironies of vehicle feedback in design, Guy Walker, Neville 

Stanton and Mark Young (2006) explore the design trends of the auto industry in relation 

to traditional interface mechanisms and their impact on driver situational awareness.  

Although innovations in technology have allowed many industries to focus more on the 

user interface, the trend in the automotive industry, though inclusive of new technologies, 

has increasingly made an interface that is abstracted for the user.  That is, the driver 
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increasingly is removed physically from the physical sensations of driving, often in the 

name of comfort (Walker, Stanton et al. 2006).  The problem is that the inherent act of 

driving requires a certain level of situational awareness in order for the driver to make a 

valid judgment in terms of the surrounding conditions.  When coupled with reduced road 

noise and interfaces that have no mechanical connection with the road surface, 

undesirable consequences can result.  For example, a car that is so insulated from the 

surface condition of the road due to its “smooth handling characteristics” may 

inadvertently cause the driver to be unaware of hazardous road or driving conditions.  

The vehicle may have no traction between the tires and the road and the driver might not 

be aware until the loss of control.  The tactile feedback offered by steering wheels and 

audible noise of the road aids the driver in determining the condition of the car through 

variable conditions (Walker, Stanton et al. 2006).   Once those variables are removed, the 

operator is forced to operate in essentially a sensory bubble.  

 Walker, Stanton and Young discover that in addition to the findings above, their 

experiments illustrate that drivers are extremely sensitive to even a small change in their 

environment (Walker, Stanton et al. 2006).  As such, inadequately tested modifications of 

the control and feedback system (the function of which is to reduce the complexity of 

driving to a relatively simple task) can result in the elimination of direct control by the 

driver, with enormous potential hazards. 

 In addition to the consideration of car ergonomics by Walker et al., David Strayer 

and Frank Drews explore the influence of multi-tasking on the ability to drive an 

automobile.  The paper, Multi-tasking in the Automobile (2006), addresses the issue of 

incorporating technology into an environment in which situational awareness depends 
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heavily on the cognitive load of the driver.  The study in many ways contradicts many 

presuppositions of human computer interaction.  Specifically, Strayer and Drews focus 

on the influence of cell phones on the situational awareness of the driver.  Especially 

significant in light of legislation mandating the use of hands free headsets with cell 

phones, Strayer and Drews set out to explore whether headsets can make a difference in 

the situational awareness of the driver by  comparing the use of a cell phone with or 

without a headset, and investigating whether other variables involved with cell phone use 

-- number dialing, for instance -- come into play (Strayer and Drews 2006).  The result of 

the experiments stands in stark contrast to the assumptions of the cell phone industry.  

Rather than headsets reducing the distraction level of cell phones, Strayer and Drews find 

that the level of distraction from both methods of use is essentially identical.  In addition, 

the reaction times of participants using cell phones, whether hand held or hands free, is 

identical to drivers with a .08 alcohol level in their bloodstreams (Strayer and Drews 

2006).  The mental distraction caused by cell phone use results in drivers performing as if 

under the influence of alcohol.  The law of unintended consequences helps to illustrate 

the unknown variables that occur when a new item is added to a complex system.  

Though the addition of a hands free headset would logically seem to reduce the 

distraction level of drivers, the multifaceted variables present in the complex environment 

of operating a vehicle cause it to hinder just as much as the device on which it is trying to 

improve.  In such complex and evolving environments, traditional human computer 

interface laws break down and create the need for new research better suited for the 

complex environment of ubiquitous computing.        
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 In terms of technological integration into a field in which awareness of the 

physical surroundings is paramount to both safety and physical execution of the 

movement, the impact of feedback in terms of situational awareness is crucial.  In the 

world of technological integration into performative movement, factors that impact 

situational awareness for the performer or physically constrain natural movement can 

have a dramatic impact on the execution of the movement.  In addition, inertial factors 

caused by the addition of such systems can cause undue shifting of weight as a result of 

the mass of the technological system.  Consequently, the addition of technological 

systems to such a balance of variables must first take the whole into consideration since 

changing any single variable can have a cascade effect through the system as a whole.  
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V. Historical Analysis  

 
A discussion of the integration of technology into the broader context of society 

would be remiss if it did not take into consideration the use factors that inherently affect 

its design.  The combination of human factors with the efficacy of the design creates 

myriad variables which can aid as well as impede the intended use of the device.  As seen 

in the previous section, however, proper operation of a device may also prevent the 

operator from completing other necessary tasks such as navigating the environment or 

operating a vehicle.  As such, the design of technological devices increasingly has to take 

into consideration the factor of use not only in its own right but also in terms of its 

potential impact on other aspects of operation. 

 The process of exploring the interrelationship of complexity versus simplicity in 

the context of ubiquitous computing is one that is fraught with questions that can be 

answered only through actual implementation and use.  David Strayer’s research into the 

impact of mobile phones in driving is an excellent example of how unintended 

consequences can come into play despite human factors research indicating contrary 

results.  Logic and human factors research dictate that a cell phone user will be more 

capable of operating a vehicle when wearing a hands-free headset rather than using one 

hand to hold the device.  However, Strayer’s research indicates that contrary to the 

expectations, the impact of a cell phone conversation while operating a vehicle creates a 
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similar impact in response time whether or not  the driver utilizes a hands-free headset 

(Strayer and Drews 2006).   

 Strayer’s discovery strongly indicates that the factors of perceptual awareness in 

terms of the driver’s situational awareness are negatively affected by the use of the 

mobile devices despite the change in physical encumbrance through the use of the hands-

free headset.  As such, considerations of design cannot only take the physical and 

aesthetic elements into account.  Rather, the cognitive load involved in the process – 

engaging in a conversation on the telephone, for instance -- drastically impacts the 

driver’s ability to properly focus on the task at hand.  The issue of cognitive load and its 

impact on situational awareness has been extensively researched for the aerospace and 

aviation industries.  Hendy’s analysis of the negative impact on situational awareness in 

relationship to workload, while focusing on pilots and the information level in aircraft 

cockpits, still allows excellent insight into the limits of  human ability to process 

information while simultaneously carrying out a task (Hendy 1995).  The fact that each 

situation involves an operator-- a pilot or a driver --allows many of the insights to be 

shared.  Similar to the pilot in the cockpit, the constant deluge of information and sensory 

inputs that come with the increasingly dense integration of ubiquitous technologies 

creates many of the same factors that impact the pilot’s ability to operate the aircraft.  

Likewise, the dense flow of sensory input can create an informational overload whether a 

user is operating a vehicle or crossing the street.  The challenge is to enable the proper 

operation of the information devices while simultaneously avoiding any encumbrance 

that might result in the inability of the operator to accomplish the task as intended.   
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  The challenge at hand involves the multiple aspects that come into play when 

perceptual awareness of the actual operation of the device can inherently impede the 

operator from completing the task effectively.  How can a device be designed to integrate 

seamlessly into a workflow without negatively impacting the perceptual awareness of the 

user, while simultaneously allowing an effective operation of the device in a way that is 

faithful to its intended function?  Other than to not have a device in the first place, it is 

clear that any effective solution must first take into consideration the multiple factors of 

mental, physical and functional aspects.  In addition, the interplay of variables that can 

lead to unintended consequences must be considered in any use scenario in terms of 

design. While a device can operate effectively while the operator is at rest or solely 

focusing on the operation of said device, how do the factors change once the environment 

of operation shifts into that of a multi-use context?  That is, the consequences that might 

result from a combination of physical, mental or environmental variables that can 

negatively impact the user as a result of or related to the operation of the device.    

 The relationship of technology and dance has traditionally been tenuous at best 

and mostly nonexistent at worst.  Much of the historical work has involved performing 

simultaneously with the technological event or using the technology as a background to 

the actual physical event.  In essence, the technology has traditionally served as a 

supplementary element to the actual dance performance.  The traditional method of 

approaching dance and technology avoided the factors of perceptual awareness and its 

impact on situational awareness that increased technological integration might create.   

 Early attempts at integrating technology into the dancer’s body often involved 

several methods in which the perceptual impact of the technology on the performer is not 
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considered.  Rather, the very feat of integrating technology into movement is what was 

focused upon in the early initiatives.  The use of motion capture systems to record the 

dancer’s movement via optical markers or magnetic inductance transceivers, for instance, 

focuses more on the tracking of the movement for later analysis and processing than on 

the execution by the performer of any performance elements.  Likewise, early attempts at 

integrating sensory systems onto the dancer’s body illustrate not only the encumbering 

nature of the technological devices, but also the limits of technology at the time.  The 

MidiDancer from Troika Ranch, for instance, incorporates multiple bend sensors onto the 

performer’s body.  Each sensor is accompanied by a trailing cable which results in a 

bundle of wires that not only affect the kinesthetics of the performer’s body, but also 

impedes free range of movement (Coniglio 1989).   

 The Automated Body Project implemented by the author and Yacov Sharir in 

2001 created a system that incorporated the bend sensors similar to the early work of 

Troika Ranch in a form factor that is integrated and wearable on the body (Sharir 2001).  

In addition, inertial sensing accelerometers allowed for the on-body tracking of the 

performer’s movements.  However, the individual connection of each sensing element 

creates myriad cabling onboard the body, which must be individually routed to the 

processing unit.  As a result, the movement of the performer is rather limited in that only 

arm bends and walking are feasible.  Dynamic movement for the performer wearing the 

system is not feasible due to the bulk of the systems onboard the body as well as the 

routing of the cables from each sensing element.  However, the system does enable it to 

be untethered to any external system (Yeh 2001).   



 In the case of the Automated Body system, the performer, despite the physically 

impeding nature of the technological system, is able to execute choreography designed 

within the limits of the system, and can perform and interact with visual effects designed 

to be generated and controlled by the performer.  The performer in the Automated Body 

instance has to be aware of the visual elements that he is generating while simultaneously 

being able to interact with the elements in real time and executing the choreography of 

the piece.  In essence, the performer has to control the system to generate the desired 

visuals for the correct portion of the piece while simultaneously being able to effectively 

perform in a way that brings together the visual and movement for the audience.   

 The multi-layered aspects of live 

performance in terms of the performer’s situational 

awareness creates an avenue of inquiry into the 

facets of situational awareness and the impact of 

perceptual awareness due to the physical and 

mental complexity of the situation.  In terms of the 

performer, how does the foundational situation of 

performing the choreography become affected by 

the necessity of striking a key in order to execute 

the next visual?  Simultaneously, how does the 

performer react to the visual elements in a way that 

still allows him to maintain the flow of the 

performance?  Likewise, what kind of performative challenge does the performer face in 

light of operating the technological system while interacting with the visuals?  Can the 

Illustration 5: Automated Body 
System 
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performer effectively execute movement while being consciously aware of so many 

variables? 

 In the case of the first performance of the Automated Body system, Lullaby, the 

answer is no.  Rather than executing the brunt of physical movements directly, the 

performer wearing the technological system interacts with a dancer not wearing any 

technological element.  The second dancer interacts indirectly with the visuals that are 

generated by the first performer.  The first performer in turn observes the visuals on the 

projection and the movements of the second dancer and controls the visualizations to 

correspond to the movements of that dancer.  In essence, the technologically enabled 

Illustration 6: Second Lullaby Dancer interacts with elements generated by first performer
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performer acts as an onstage remote control to parlay the performance visuals to the other 

performer. 

 The direct link between performer and exhibition variables in terms of the 

combination of visual and movement elements was not achieved in the Automated Body.  

Rather, the performance was designed to work with the limitations imposed by the 

technology.  The physical bulk of the initial Automated Body system prohibited any true 

exploration of the performer’s perceptual awareness in light of interacting and controlling 

technological and visual elements.   The lessons from the first iterations of the 

Automated Body Project are numerous and enlightening in terms of factors that affect the 

performer both physically and mentally.  Especially in the design process of a system that 

is intended for use in such purposes, such variables have to be addressed in order to 

achieve a clear interaction between performer and the choreography in which the subtle 

elements of performance are preserved rather than subsumed by the integration of 

technology.   

TRANSITION 

The path from the Automated Body project to the instantiation of the Project 

Aurora philosophy is covered with increasing refinements that explore both the needs of 

the performer and their interaction with the technology’s effect on the inherent nature of 

performance.  As indicated earlier, the Automated Body Project failed to achieve a direct 

performer to visual interaction.  Rather, interaction was achieved through a third person 

activating and controlling the visuals while watching the action of the performer and that 

of the graphic representations on the screen.  In addition, the initial Automated Body 

system was composed of numerous bulky components like a Sony VAIO C1VN Picture 
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Book computer, USB Hub, and other system components needed to facilitate the wireless 

communications between the wearer and central controlling computer.  The custom data 

acquisition system and accompanying routing of the sensors presented a morass of 

cabling which became a sizable impediment to natural movement for the wearer and 

precluded much of the natural dance vocabulary.  The individual system components  

combined to create a wearable that was not only cumbersome, but also fraught with 

weight and movement challenges (Yeh 2001).   

The first iteration of the Automated Body system encompassed a technological 

solution created in the time-frame necessary to meet a performance deadline.  While 

thought was put into the inherent requirements of body worn technology, sacrifices were 

made with the use of some off the shelf components as well as a minimal level of 

component miniaturization.  The initial Automated Body system was more of a working 

prototype for exploration than a full realization of the synergistic requirements for the 

integration of technology into performance.  The compromises therein inherently limited 

the system to more of a research example to inform future evolutions of the system.  The 

consequent generations of the Automated Body system began by analyzing lessons 

gleaned from the use of the initial Automated Body system and the use scenarios of the 

performance realm in order to better understand the human / machine interaction and the 

interfaces required thereof.  Consequently, a progressive exploration of the human 

machine interface in the context of performative scenarios began with the subsequent 

iterations of the Automated Body research initiative. 

In addition to the necessity of self sufficiency in which the third party mediation 

is removed from the interaction, an exploration of the needs of the human computer 

interaction brings the preliminary work of the Automated Body closer to the focus of the 

current analysis.  In the context of exploring the inherent necessities of creating 
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technology that can actualize and embody perceptual factors, a progressive understanding 

of increasing integration both technologically and in terms of implementation is a prudent 

basis for background.  As such, the subsequent analysis of the evolutionary steps of the 

Automated Body system will do much to illustrate the foundational concepts that inform 

the Project Aurora philosophy.   

  Designing a system that is intended to be implemented in a period of months for 

a constantly shifting application is a dilemma that is fraught with challenges.  Since the 

inherent nature of choreography evolves as the piece is created, technological integration 

and its role in the eventual performance is a factor that also has to evolve with the needs 

of performance.  The timelines involved with direct performative implementation are 

major factors in the later shift toward more concentrated research and development and 

away from the constant evolving needs of performance.  In the Automated Body series of 

wearables, however, the implementation was dictated by the needs and timetables of the 

performance.  Inherently the processes of development and creation take place 

simultaneously.  The technological challenge of designing and implementing a new 

system correlates directly with the demands of a performance schedule.  As the schedule 

of performance requires a fully functional system, the revisions of the Automated Body 

system make for an interesting study into the nature of technological and artistic 

collaboration.  Since one cannot fulfill its goals without the other in the current context, 

creation, design and implementation have to be in constant communication with the 

artistic process.  The technological implementation of the system is weighed against the 

demands of performance and the necessity to have a working system.  As will be 

illustrated, each iteration has a performative component in which the system is utilized in 

live performance.  The live performance factor is informative in illuminating the 

weaknesses of the particular instantiation of the technology as well as in demonstrating 
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the aspects of the system that have improved from the previous iteration.  Together the 

Automated Body iterations can do much to form the foundation for understanding the 

core factors that are the focus of the Project Aurora initiative.  With Project Aurora’s 

focus on the human computer interface and perceptual use factors of the technology, the 

progressions of the Automated Body systems will serve to inform the thought process 

and philosophical considerations of the current initiative. 

There is a fine line between technological mediation and a technology demo.  In 

the world of dance, one can very easily shift to the latter at the cost of the former.  By 

catering to the demands and limitations of technology, the artistic factors are often 

sacrificed in the name of time or lack of knowledge.  Unfortunately the result is often that 

the artistic component is compromised in order to achieve what is perceived as 

innovative solely based on the technological component.  However, the technological 

component also suffers by being unresponsive to the needs of the use scenario.  By 

compromising the inherent demands of the use scenario, the technological integration 

does not benefit from learning from the collaboration.  Rather, the technological factor 

often forces the other components to adapt to its limitations.  Technology should not be 

used for its own sake, but rather, for the goal of augmenting and enhancing what is 

already possible.  The goal of seamless integration would not be possible unless the 

technological factor can work along side the artistic process.   

The portion that follows documents the major milestones of the subsequent 

Automated Body systems.  The phases of development progress incrementally and at 

times they cater to the demands of performance, while at others they focus on 

technological research.   
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Automated Body 1.0.15 

 

 The immediate consideration after the first phase of the Automated Body system 

was to develop an intermediate solution to conveying the sensor data to the body-worn 

laptop computer without the need for the then-current Digital Acquisition Unit and 

Peripheral Interface Matrix Processor subsystems that were on the back of the user.  The 

two systems worked to acquire and process the sensor data which was then sent to the on- 

body notebook computer.   In order to maintain performative capability while the sensor 

subsection was being redesigned to be more compact, an intermediate input system was 

developed to supplement the requirements of the system.   

 Artists who delve into technologically mediated performances often employ 

backup systems in case the technology inexplicably fails during performance.  During 

such times, the backup systems are employed to allow the performance to take place 

without a visible interruption to the audience.  The backup systems of the Automated 

Body Project were often inspired by similar systems used in the aerospace industry.  As 

such they were often derivative of the main system or of similar function due to parallel 

development and simultaneous alternate technological exploration.  In the case of the 

1.0.15 iteration of the Automated Body system, the subsystem was derived from a backup 

system that utilized a modified gaming controller to USB interface system.  It was 

realized that while the joystick interface did not allow for as many interfaces as the main 

Automated Body system, it did allow for four resistive inputs as well as 8 on/off inputs to 

the computer.  Similar to the sensors that measure limb flexion on the body-worn system, 

the four resistive inputs allow for a portion of the flex sensing resistors on the body to be 

measured.  While the main Automated Body system utilized a significantly higher 

number, the reduced number would greatly reduce wiring and enable a simpler interface 
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from the body to the computer.  In addition, the on/off inputs enable the performer to 

trigger specific events, much like a keyboard.  In the instance of the Automated Body, the 

on/off trigger later led to the development of the matrix input interface entitled Blinky. 

  While the gaming interfaced based iteration of the Automated Body system 

significantly reduced the number of available sensory inputs as well as a loss of 

acceleration inputs, it worked well with the requirements of Yacov Sharir’s Lullaby.  The 

performance, which first utilized the initial Automated Body system, employed arm 

gestures to control the virtual human visual with an on-body keyboard backup system.  

The revision allowed the DAU subsystem to be temporarily eliminated and required far 

fewer sensors on the body to achieve the same purpose.  The simpler interface also 

greatly reduced the physical bulk of the system on the back of the body.  The 

accompanying power supply and the distributed USB system were no longer necessary.  

In addition, the power distribution system was greatly simplified and sourced solely from 

the Sony C1VN Picturebook.  The use of the alternative input mechanism also allowed 

the development team additional time to implement needed changes to the main wearable 

system as well as to research alternative methods of system layout and design. 

 

 

Automated Body 1.0.25 

 

 The question of seamless integration begs the question of the amount of 

integration versus the elimination of functionality.  Ideally, a system can exist where one 

can retain full functionality while having as small a physical footprint and power 

requirement as possible.  Given the time constraints involved, the process of development 

is further restricted.  Version 1.0.25 sought to remove the entire laptop component of the 



system while integrating a revised version of the DAU subsystem.  In order to eliminate 

the laptop, a bridge between physical Ethernet and the 802.11b networks had to be 

utilized.  In many ways, using minimal software, a laptop computer can serve as a bridge 

between the wired and wireless networks.  Since the wired and wireless interfaces coexist 

on the computer, the software serves as a bucket brigade in conveying packets back and 

forth from the wired Ethernet interface to the wireless 802.11b network.  Since the 

options available with the laptop computer were no longer possible with the 1.0.25 

version of the system, an embedded data processing subsystem had to be incorporated 

into the Automated Body. 

In the Automated Body 1.0.25 revision of the system, the digital acquisition 

subsystem had to be enhanced to not only acquire the data from the sensors, but also 

process and transmit the data onto the wired Ethernet network onboard the body.   

The onboard processing and transmission of the enhanced DAU was accomplished 

through the use of a single board computer.  At a fraction of the size and power 

requirement of a full laptop computer, the single board computer, in this case the TiNI 

from Dallas Semiconductor, served as the platform to acquire and process sensory data 

and pass the data 

through the Ethernet 

connection (Maxim 

Integrated Products 

2008).  The TiNI 

greatly enabled the Automated Body system to be simplified when compared to the 

original instantiation and allowed for the elimination of half of the functionality of the 

laptop.  The elimination of the laptop, however, also precluded the use of the interim 

Illustration 7:  TiNI Single Board Computer
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gaming-interface-and-sensor-based solution utilized in the preceding version of the 

system.   

The single board computer on the system enabled only the acquisition, processing 

and transmission of the data on a wired network.  In order to transmit the data wirelessly, 

a bridge from wired Ethernet to wireless Ethernet was utilized to perform the operation.  

The ORiNOCO was an embedded solution that was 

designed initially to allow computers with only wired 

Ethernet interfaces to access a wireless network (Wireless 

2005).  Due to its small size, it was readily adaptable to 

on-body use.  In order to enable the small form factor of 

the device, the ORiNOCO incorporated a single board 

computer based on the PowerPC processor as the core of 

its architecture.  While the PowerPC processor was 

relatively power efficient for processors of its generation, when compared to architectures 

meant for mobile embedded applications, the processor consumed a significantly large 

amount of power.  Consequently, the ORiNOCO, with its highly integrated nature (for 

the time) and desktop-enhancing design purpose, resulted in a considerable increase in 

the power requirement of the overall system.  While the TiNI subsystem had significantly 

lower power requirements than the preceding laptop-based system, the addition of the 

ORiNOCO wireless bridge increased the overall power draw to a significant percentage 

of the original system.  Whereas the original DAU power supply was capable of 

powering the initial system for hours, the same supply when used with both the DAU and 

ORiNOCO resulted in only fifteen minutes of usable battery life.  As a result, the power 

supply had to be significantly increased in capacity to accommodate the addition of the 

wireless Ethernet Bridge.   

Illustration 8:  ORiNOCO 
Ethernet to Wireless bridge 
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Though the 1.0.25 revision of the Automated Body system had issues with the 

power consumption of the system, its reduction in size also brought with it some 

significant advantages.  The decrease in the overall size of the system enabled the 

performer for the first time to wear the system and interact directly with the visual 

images.  Rather than being a ‘puppet master’ of sorts, the performer could interact and 

control the dynamics of the performance through their movements.  While direct control 

was theoretically possible with the initial instantiation of the Automated Body system, 

the cumbersome nature of the technology precluded much free movement of the body.  

As such, it made more sense for the wearer to control the visualizations while watching 

both the dancer and the projected visuals. 

The change in interaction from indirect to direct significantly impacted the nature 

of the performance itself.  Much of the nuance of the relationship between the visual and 

performer, when mediated through a third party, becomes muddied and unclear.  The 

performer not only has to interpret the movements of the visual projections, but also to 

anticipate the reaction and interpretation of the person who is generating the reactions of 

the visual projections.  From a performative perspective, the presence of a third person on 

stage whose main purpose is to observe and activate the visual responses significantly 

detracts from the inherent relationship between the performer and the visual 

representation with which they are, in theory, interacting.   

When the mediating factor is removed, the performer is free to interact directly 

with the visual responses of the system.  The essential cause and effect nature of 

interactive performance is achieved through the direct interaction between the performer 

and the resulting reaction.  This allows the performer to learn the behavior of the visual 

representation and craft the movement to generate the desired response from the virtual 

counterpart, and it also allows for the actual interaction to take place.  Whereas the 



 58

mediated performance scenario visually might appear to be similar with the visual 

representation responding to the performer’s movements, the responses in that instance 

are decided by a fellow performer.  Conversely, in the direct interaction between the 

performer and visual representation, the responses from the visual counterpart are due 

directly to the interactions with the actual performer.  As such, reactions are not mediated 

by anything but the behavior algorithms inherent in the programming of the visual 

representations.  The shift in reaction from a human to algorithmic response can result in 

interactions and interpretations of movement in ways that yield unexpected and 

surprising visualizations.  While the behavior of any one algorithm in response to a given 

input can be predicted, that behavior, when modified by the addition other algorithms, 

quickly becomes less predictable as each algorithm reacts to reactions created by other 

algorithms based on the input.  As such, reactions can be created that are not previously 

programmed into the behavior due to the myriad interactions between the various 

algorithms.  In a way, the reactive visual effects take on a life of their own. 

 

Automated Body 1.0.35 

  

 The 1.0.25 iteration of the Automated Body system eliminated the onboard 

notebook computer and introduced a revision of the DAU system that incorporated a 

single board computer as well as the Ethernet to wireless bridge.  The next revision 

sought to further reduce the component count of the system and improve the usable 

battery life of the system.  Using a modified ORiNOCO bridge, the 1.0.35 revision of the 

Automated Body integrated the bridge with a miniaturized version of the DAU 

subsystem.  The integration allowed for the elimination of the bulk of the ORiNOCO 

bridge and simplified routing for power and data.  Additionally, the incorporation of the 



components into a single unit increased the durability of the system by reducing the 

number of external routing of data and power lines.   

 Incorporation and integration comes often comes at a price.  The higher level of 

integration often places a higher demand on system components.  External factors like 

heat and radio interference can often play a role in reducing the efficacy of integrated 

solutions.  As the Automated Body 1.0.35 system was being implemented, unexpected 

failures of major system components created significant obstacles for usage in real-time 

performance.  On repeated instances, the TiNI single board computer, upon system start, 

lost its firmware programming without warning.  On embedded systems like the single 

board computer TiNI, the system software, or firmware, is the fundamental code that 

instructs the system on its functionality.  Without a viable firmware, the system cannot 

complete even the most basic function.  In theory, it was possible that either heat or the 

radio transmissions of the ORiNOCO wireless bridge caused the corruption of the system 

firmware.  At the time, however, the short development time between system design and 

deployment precluded a proper failure analysis. 

 The high power demands of the 

ORiNOCO unit also necessitated the addition of 

a self-contained gel cell lead-acid battery.  

Similar to the chemistry of the batteries used in 

cars and UPS (Uninterruptible Power Supply) 

units, a lead-acid battery is capable of high 

amounts of power storage while being relatively 

simple to charge and store.  The gel cell battery has an added advantage in that the acid in 

the battery is a semi-solid gel and thus would not be prone to the acid leakage to which 

liquid based lead-acid batteries are susceptible (Noonan 2003).   Lead-acid batteries, 

Illustration 9:  Gel cell battery pack 
(Noonan 2003) 
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however, have the disadvantages of weight and dangers of short circuit.  If a fuse is not a 

part of the power delivery system in a short circuit situation, the lead-acid battery, with 

its sulfuric acid base, will quickly generate volatile gases like hydrogen and oxygen and 

consequently explode.  While such a scenario would be undesirable, a catastrophic failure 

of the battery would be disastrous on a body-worn scenario.  In actual use, failures were 

encountered in which the fuse was repetitively ruptured in response to short circuits in the 

system.    

 The failures of the 1.0.35 system illustrated the need for an embedded system that 

was capable of withstanding high temperature operation while being exposed to powerful 

radio frequencies.  Subsequent failure analysis indicated that the malfunction of the 

single board TiNI computer was due to the volatile nature of the onboard firmware 

storage system.   Current embedded systems utilize EEPROM technology which is 

similar to the storage found on USB Flash Drives.  The TiNI, however, utilized SRAM 

which is memory storage that is powered by a battery.  Any fluctuation, such as shock or 

electrical interference in delivering power to the unit, would cause a loss of the data (Litt 

2008).  Because of the volatile nature of SRAM, the TiNI was especially susceptible to 

changes in environmental and usage conditions.  In addition, the lead-acid battery was a 

compromise that was made in order to enable a functioning system that met the time 

constraints imposed by the performance.  The volatility of the power source and dangers 

of failure made its continued use unwise and illustrated the need for an alternative power 

source.   

 Despite its functionality issues, the 1.0.35 revision was showcased at multiple 

events including performances and lecture/demonstrations in the United Kingdom as well 

as an exhibition of work in Costa Rica.  In Costa Rica, the restaged performances of 

Yacov Sharir’s Lullaby allowed the performer to directly interact with the visual 
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projections of the virtual human.  The Costa Rica performance also featured the use of 

the Automated Body system with Laura Cannon, a Sharir & Bustamante Danceworks 

dancer who had no previous experience using the wearable system.  As such, the 

performance illustrated aspects of the system that were conducive to the dynamics of 

performance as well as the aspects that encumbered the movement of the performer. 

 

Automated Body 1.0.54  

 The next iteration of the Automated Body system focused on increasing the power 

efficiency of the system while increasing reliability.  The TiNI and the ORiNOCO 

components of the previous system proved to be problematic in both arenas.  While the 

ORiNOCO served as a reliable means of data communication, its power draw, at close to 

1 AMP, significantly reduced available avenues of size reduction.  To give a comparison, 

a GSM based cellular phone, for instance, consumes 275 milliamps during a voice 

conversation (Szepesi 2002).  The ORiNOCO, at nearly four times the power 

requirements of the example, illustrates the challenge of its integration into a mobile 

environment.   

 In order for the Automated Body system to evolve into a more power efficient and 

reliable model, fundamental aspects of the control systems had to be changed.  The issues 

with the TiNI single board computer detailed in the previous section necessitated the 

search for an alternate processing system that would be more resilient to external factors.  

In addition, the ORiNOCO’s high power demands required a shift to a lower powered 

wireless data interface.  While the Automated Body system had evolved significantly 

since the initial implementation, the changes had been only to the data acquisition and 

control systems.   As a whole, the body-worn sensor array had remained unchanged since 

the first instantiation of the system.  Therefore, the change in the single board computer 
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component had to be compatible with the preceding system in terms of electrical 

interface to the sensor array.  The compatibility issues meant that the new control system 

had to roughly comply with the form factor of the preceding system and thus limited the 

degree of size reduction.   

 The first step in implementing the new system design was to eliminate the TiNI in 

favor of a more highly integrated microcontroller based system.  Compared to general 

purpose microprocessors like those found in computers, a microcontroller is highly 

integrated with features that are designed for communication with circuits and 

peripherals.  Microcontrollers offer significant advantages in terms of power 

consumption and physical size (Parallax 2004) when compared to general purpose 

microprocessors.    Microcontrollers are used in many everyday items that require high 

reliability and ease of implementation.  In many ways, they reduce the need for custom 

circuitry to create a design feature.  Instead of designing a circuit for each purpose, a 

microcontroller can be programmed to adapt to different tasks dynamically.  In addition, 

the power consumption of microcontrollers can be thousands of times lower than full 

scale microprocessors.  In many ways, the task of sensor data acquisition, processing and 

transmission is better suited to the microcontroller than a more complex system like the 

TiNI which embeds a Java-language interpreter and larger amounts of memory (Maxim 

Integrated Products 2008).  Rather than having onboard storage in the megabytes or 

gigabytes, microcontrollers often have firmware programming that totals only a few 

bytes, with total memory space of the device in the kilobytes.  The simpler approach not 

only enables better efficiency with less overhead, but also opens up possibilities of 

integration not possible with single board computer implementations. 

 On the Automated Body 1.0.35, the ORiNOCO bridge provided a robust 802.11b 

wireless to Ethernet interface at the cost of high power consumption.  In order to reduce 
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the power consumption of the wireless data transmission aspect of the system, the 

Ethernet network that was utilized on the Automated Body 1.0.35 was superseded by the 

more direct RS-232 serial interface.  While Ethernet is the standard in networking 

computers, the RS-232 serial interface requires a less involved physical interface to 

interface two devices.  As such, the adoption of the RS-232 protocol for intra-device 

communications readily matched the shift of system specifications from the TiNI single 

board computer to the microcontroller-based architecture. The RS-232 serial interface is 

often used on personal computers to connect lower speed peripherals like mice and 

modems (Strangio 1993).  While largely supplanted by the newer USB specification on 

current computer systems, the serial interface nonetheless provides a simple and reliable 

means of inter-device communication.  In the embedded space, the serial interface 

provides a comparatively simple means of communication when compared to the USB 

specification.  While the USB specification is also a serial-based protocol, it requires 

additional interface elements as well as interface circuitry to facilitate communication.  

The shift to RS-232 based serial communications also allowed for the elimination of the 

ORiNOCO in favor of a serial to wireless system that was based on the 900 MHZ 

transmission spectrum. The 912 MHz radio frequency transceiver’s credit card sized 

profile was significantly smaller than the paperback-book sized ORiNOCO.  In addition, 

the power consumption level of thirty milliamps was over thirty times less than the 

ORiNOCO Ethernet bridge.   

 The use of the microcontroller-based processing system combined with the 912 

MHz RF Transceiver enabled a significantly lower power profile on version 1.0.54 of the 

Automated Body system.  The lower profile of the system also allowed the lead-acid 

power cell to be replaced with a standard nine-volt battery.  Despite the nine-volt 

battery’s significantly lower capacity of 500 milliamp hours compared to the lead-acid 



cell’s battery’s 1.3 Amp hour power capacity, the reduced power requirements of the 

system components allowed a runtime of over fifteen hours 

of continuous use (Techlib.com 2008).  When compared to 

the one hour run time of the preceding TiNI / ORiNOCO 

based system, the fifteen hour use capability was a significant 

improvement.  Additionally, the size reduction of the radio 

frequency transceiver and microcontroller allowed for a much 

shorter height profile of the system.  The major limiting 

factor in size reduction at the time was the connector 

interface from the control system to the sensor array on the 

body.  As the sensor array interface was designed for the original Automated Body 

processing system, it was inherently designed for a direct-connect topology and as such, 

required a direct connection to the control system for each sensor.  Coupled with power 

and data line requirements, the interconnection quickly became not only cumbersome in 

terms of size, but also limiting in terms of size reduction. 

Illustration 10: 912 MHz 
RF Transceiver (Parallax 
2008) 

 

 UNINTENDED CONSEQUENCES 

 

 The Automated Body 1.0.54 system was extremely informative in terms of its 

unintended consequences.  While the system performed properly at the development lab 

in the basement of the Winship building on the University of Texas campus, the same 

was not true when the system was activated in the actual performance space.  During 

development, it was not realized that the system, which was built and tested in the 

equipment cages and open basement areas of the building, was isolated from external 

radio frequency interference.  The steel equipment cages, while serving as a secure 
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development location, also served as a Faraday cage. Faraday cages in essence are 

structures with openings that are smaller than the wavelengths of the signals being 

transmitted.  As such , the Faraday cage would preclude the passage of radio frequencies 

beyond its boundaries (Davis 1995).  The steel equipment enclosures functioned as 

Faraday cages by precluding the penetration of external transmissions into the enclosure, 

and thus provided a relatively clear radio space during the experiments.  As a result, the 

radio transceiver functioned properly during the experimental runs performed in the 

development area.  The minimal signal rejection capabilities of the RF Transceiver 

compounded the signal issues by not being able to discern its own transmissions from 

external sources.  However, due to the unique environmental nature of the development 

area, the ability for stray radio frequencies to significantly interfere with the data link was 

not discovered until deployment.   

 Version 1.0.54 was utilized in a performance with fellow dance/technology 

researchers, Curtis Bahn and Tomi Hahn.  The piece, Streams, featured a duet with 

Yacov Sharir and Tomi Hahn.  The two performers each wore a wearable technology 

performance system; Sharir with the Automated Body system and Hahn with the 

transducer-based sensory MIDI system that was co-developed by Bahn and Hahn.  

Unbeknownst to either team, Bahn and Hahn’s system utilized a much more powerful 

transmitter that operated at the same frequency as the Automated Body system.  

Combined with the interference from other radio generating sources in the area, the 

Automated Body system was unable to receive coherent data.  Rather, the incoming data 

signal from the Automated Body system devolved into gibberish and was not only 

unusable, but caused spurious responses from the visualization computer.  The resulting 

interference caused the radio link to be terminated completely in order to proceed with 

the needs of the performance. 
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 Automated Body version 1.0.54 illustrated the need for a data link that was not 

only impervious to external interference, but also capable of adapting to signal integrity 

issues at a level not visible to data being transmitted.  The shift from 802.11b to the 900 

MHz transceiver, though significant in power savings and physical form factor, sacrificed 

signal integrity and robustness.  The problems seen with the newer transceiver would 

have been rectified to a great extent by the inherent nature of the 802.11b wireless 

protocol.  The Digital Spread Spectrum (DSSS) nature of the 802.11b signal, in which a 

wide swath of the spectrum is utilized simultaneously, would have ensured that data 

would have been able to be sent and received even with interference issues 

(Intelligraphics.com 1995).   The unintended consequences of a change of components 

resulted in the loss of robustness and basic functionality of the system in a performance 

environment.  It is illustrative of how seemingly unrelated factors can result in an 

unexpected result when placed into an environment different than that in which it is 

developed.  As such, the failure of the 1.0.54 Automated Body system is informative in 

its demonstration of the ways in which use factors and environmental variables can 

drastically affect the functionality of any technology that is developed without 

considering all the external variables and the greater context in which it might operate. 

  

 

Automated Body 1.0.75– 1.0.85 - Transitional Challenges 

 

Experience gained from version 1.0.54 of the Automated Body system illustrated 

the need for a robust means of wireless communications.  Despite the improvements in 

the component integration of the system, the addition of the 900 MHz transceiver proved 

to be a major design flaw.  The susceptibility of the unit to external radio interference and 
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lack of data signal integrity resulted in the system’s failure during use.  While 802.11b or 

WiFi had performed reliably in previous iterations of the system, its high power 

consumption along with the conversion of the system toward the microcontroller based 

architecture necessitated a shift toward a simple, yet robust communications solution in 

version 1.0.75 of the system.  While 802.11b, when compared to the 900 MHz 

transceiver has a significantly more robust radio interface, the protocol itself is not 

without its own inherent flaws.  The flaws of DSSS based 802.11b Wi-Fi, as indicated 

below, serve to inform the decision to shift to the FHSS based Bluetooth wireless 

transmission system. 

IEEE 802.11b Wi-Fi utilizes the 2.4 GHz spectrum for its radio transmissions.  

While 802.11 had been successfully utilized in the previous iterations of the system, it is 

not without inherent susceptibilities to interference.  The protocol utilizes DSSS 

transmission technologies to ensure reliable communications.  DSSS or Digital Spread 

Spectrum, broadcasts data along all portions of the utilized radio spectrum in order to 

have the widest signal available for data transmission (Intelligraphics.com 1995).  The 

problem with 802.11b is that interference can occur at 2.4 GHz when objects like 

cordless phones and microwaves are operated.  Since microwave ovens also operate at 

the 2.4 GHz spectrum, their use can lead to substantially degraded data transmission 

speeds.  In a test by Jim Geier of Wi-Fi Planet, a loss of 75% to 85%  was observed in 

worst-case scenarios when operating a microwave oven with concurrent Wi-Fi data 

transmissions (Geier 2003).  Additionally, Geier discovered that significant signal 

interference still occurred when the source of radio interference was located at a 

significant distance from the transmitted and receiver.  Interference in areas of weaker 

signal reception was significantly exacerbated with the presence of the radio interference 

when compared to interference during strong radio reception. Given that the wearable 
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performance system relies on a consistent data stream from the wearer, such interference 

can significantly impact the functionality of the system during use. 

While one would not expect a microwave oven to be operated during a 

performance, the issue of radio interference does illustrate the challenge inherent in 

utilizing data communications that are absolutely reliant on wireless communications.  

Wifi 802.11 utilizes the DSSS method of transmission in which data packets is 

transmitted through a wide swath of the radio spectrum being utilized.  Conversely 

FHSS, or Frequency Hopping Spread Spectrum, used in an alternative wireless protocol, 

Bluetooth,  broadcasts data packets through its utilized radio spectrum through a constant 

variance of frequency (Schwartz 2001).  In theory, a FHSS transmission methodology 

would be less susceptible to radio interference since the data transverses the different 

portion of the radio frequency rather than utilizing all portions of the utilized radio 

spectrum as in the case of DSSS.  As such, interference in one portion of the spectrum 

would affect the FHSS signal only for the fraction of time in which the signal is utilizing 

that portion.  When compared to DSSS where all portions of the allocated spectrum are 

simultaneously utilized, FHSS offers more resilience to radio interference in the utilized 

frequencies.  While 802.11 initially had implementations that utilized either FHSS or 

DSSS, the 802.11b specification that was later adopted for widespread use standardized 

the DSSS method of transmission (Intelligraphics.com 1995). 

Bluetooth is a protocol that was initially created as a means to create a personal 

area network to allow portable devices like a cellular phone to communicate with 

peripherals like headsets and other devices (GSMFavorites.com 2003).  Bluetooth is 

similar to 802.11 in that it utilizes the 2.4 GHz spectrum.  However, unlike 802.11, the 

Bluetooth protocol utilizes the aforementioned FHSS transmission methodology rather 

than DSSS.  The DSSS transmission mechanism is more complex than the FHSS in that 
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it is capable of higher throughput.  Conversely, the FHSS with the FSK encoding method 

utilized in Bluetooth is simpler than the comparable DSSS with QPSK encoding and 

while not as capable of high throughput, is more power efficient and most significantly, 

more resistant to radio noise interference (Wireless 2000). 

The combined benefits of power saving and resistance to radio frequency 

interference were crucial to the choice to adopt Bluetooth for the 1.0.75 version of the 

Automated Body system.  Additionally, the Bluetooth specification included a protocol 

layer for communication with peripheral devices using the serial port profile 

(Bluetooth.com 2008).  Since the serial interface enables a simple physical and software 

interface between embedded devices, the incorporation of the Serial Port Profile or SPP 

in the Bluetooth specification greatly eased the complexity of integration.  Whereas the 

ORiNOCO Ethernet to wireless bridge required that the data be transmitted on a physical 

Ethernet-based infrastructure before being relayed wirelessly, the SPP specification 

allowed for a direct method of transmission.  By cutting out the intermediate translation, 

more reliability is achieved while latency of data transmission is simultaneously 

improved.  The direct point to point transmission methodology enabled by incorporating 

Bluetooth transceivers into the system not only enabled robustness with reduction of 

physical components, but also decreased the latency required for the system to process 

and convey the data to the radio transmitter.  While the inherent maximum data 

transmission rate of Bluetooth is significantly less than 802.11, the decrease in latency 

between data acquisition to transmission enabled a significantly faster overall response 

rate of the system.  As such, the decreased response rate enabled more subtlety of 

movement to be processed and transmitted in time to improve the synchronization 

between the wearer’s movement and the subsequent reaction. 
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The connection between latency and overall responsiveness of the system due to 

the wireless data link upgrade shows how seemingly unconnected aspects of the system 

and its technology can fundamentally impact the use factors of the system.  For instance, 

if a reaction to the movement of the user is delayed for a few milliseconds, the lag in 

response is perceptibly significant to the user.  Consequently, the wearer may have to 

slow down or exaggerate their movement to evoke the proper response from the system.  

While the pursuit of the wireless data system focused primarily on the data reliability of 

the device, its impact on the overall “feel” of the system due to the direct-connection 

methodology and consequent latency reduction is a factor that would otherwise be 

overlooked.  Furthermore, it illustrates the importance of understanding the intended use 

factors of technology while in its foundational design, as such aspects can significantly 

impact the eventual performance and usability of the resulting technology. 

As such, while a reliable wireless transmission system is essential to create a 

robust wearable system, the inherent need for non-invasive functionality requires a 

fundamental insight into the system as a whole.  Inherent needs of the technology must be 

balanced with an eye toward use constrictions in order to formulate a cohesive 

understanding of what is required as a whole.  The ideation that seemingly unconnected 

factors can significantly impact the overall result is fundamental to the focus of the 

engineering and design at hand.  Components cannot be merely added or subtracted 

without first analyzing the impact one, two or more steps down the chain.  Additionally, 

the individual aspects of the system have to be evaluated in their relationship to other 

components and also to the system as a whole.  The insight needed to fully understand 

the intended consequences of the interrelationship between different aspects of the 

system can only be realized by taking the measure of the component’s role in the system 

as a whole.   
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 The goal of designing a system from the ground up that addresses the issues 

presented by the first few iterations of the Automated Body system is inherently 

integrated with exploring the perceptual impact of the addition of technological elements 

into a complex environment.  In order to achieve a methodology of design that can allow 

complex technological function while ensuring a negligible impact on the perceptual 

focus of the wearer that is cognizant of physical, mental and situational factors, a number 

of multi-layered variables have to be explored and understood.  In terms of design, much 

of what is assumed has to be questioned in light of the inherent interaction with the 

complex environment and operational requirements of the arena. 

BLENDING TECHNOLOGY AND DANCE 

 

.  In order to provide context in the coming work, a perspective on the 

function/use of technology in dance is in order.  The interactions between the creative 

and technical aspects of the dance performance collaborate in a manner that differs 

dramatically from conventional performance.  The nature of choreography in traditional 

dance is a dynamic relationship between choreographer and dancer.  The role of the 

performer has been referred to by some choreographers as “paint on the palette” that can 

be used to create the vision of the piece.  Depending on the choreographer, the level of 

involvement by the dancer can vary dramatically from active participant in the artistic 

creation to a more passive role in which the movements of the choreography are 

rehearsed and perfected, but otherwise are unaltered by the performer.  

The relationship between choreography, dance and technology is one that has 

been forged through the process of development.  As the fundamental process of creating 
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dance pieces can vary widely depending on the individual, the application of the 

technological element creates a scenario in which it can be used as simply another piece 

of the performance or in a manner that integrates the technology fully into the process of 

creation.  In terms of performance, technology should not be used for its own sake, but 

rather, to enable the artist to create something not otherwise possible.  With dance and 

technology, the “artist” blurs the traditional roles of choreographer, and dancer as well as 

additional participants from the technological realm.    The nature of successful artistic 

and technological collaboration necessitates the involvement of all aspects of the creative 

elements in each step of the process.   

The creation of the piece Lullaby for the Automated Body Project is an excellent 

example to illustrate the nature of collaboration in dance and technology.  The conception 

of the work began as a series of meetings between the choreographer, Yacov Sharir, Wei 

Yeh as the technical lead for the team, and engineers Andrew Litt and Michael 

Leibowitz.  In addition, programmers Brandon Wiley and Chris Brown as well as visual 

artist Anita Pantin were present at the meetings.  The initial series of meetings established 

goals for each major portion of the project.  The technical team, for instance, was 

assigned the task of creation of the wearable computer in a manner that suited the needs 

of the performance being conceived.  Likewise, the software team devised methods of 

communication on the wearable system in order to translate the movements of the wearer 

into a visual response on a remote computer system.   

Anita Pantin and Yacov Sharir worked with the software team to create the 

visuals that would function properly with the software system being created.  As each 

phase of the project evolved, unexpected changes would often require the other aspects to 

adjust accordingly.  The initial Automated Body hardware system, for instance, changed 

radically from conception to eventual implementation.  Along the development process, 
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the software, choreographic and visualization aspects adapted to the dynamic evolution of 

the hardware.  The movement capabilities of the performer hinged on the physical 

dimensions of the hardware system and as such, choreographic work during the process 

would shift to accommodate the physical bulk and flexibility (or lack of it) of the system.  

Likewise, the visual effects had to conform to the capabilities of the visualization system 

created by the software team.  In order for each individual element to properly perform its 

task, it must take into account each other aspect of the whole.   

Through the conception, development and eventual performance, the individual 

elements of the Automated Body project evolved dramatically in lockstep with one 

another.  A change in one element would result in shifts down the line to the other 

components.  In essence, all members of the team participated in the creative process that 

ultimately resulted in the piece, Lullaby.  By understanding the needs of the performance 

from the artistic, technological and physical level, the work itself became a study in 

blending of perspectives to accomplish a common goal.   

As illustrated with the method of collaboration in the Automated Body, the role of 

artist in the instance shifts dramatically from its traditional embodiment.  The definition 

of user also bears clarification in the context of dance and technology.  In a traditional 

human computer interface, the user is the person that operates and interacts with the 

computer system.  Within the context of dance and technology, the role of user varies 

depending on the frame of reference.  For instance, the choreographer can be said to be 

the user since he or she sets the movement phrase on the dancer.  Likewise, the visual 

artist can also be termed a user of the system due to his or her use of the wearable system 

as the generative component of the visual effects.  In the context of affordances, 

simplicity versus complexity and perceptual impact, the role of user is the person that 

directly wears, utilizes and interacts with the technologically augmented garment.  The 
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three core factors directly impact the wearer’s uses of the technology and any subsequent 

impact such technology might impose.   
 

 The following section will describe the methodology with which the investigation 

will proceed.  The Literature Review has illustrated the multi-faceted nature of the 

question.  Rather than utilizing one avenue of investigation, research into ubiquitous 

computing and user interaction in a complex environment necessitates a multi-

disciplinary approach in order to fully realize many of the interlinked issues at hand.  In 

order to fully understand the environmental requirements, an objective method of 

measurement has to be utilized alongside the implicitly subjective field of user 

experience.  As will be illustrated, users often do not realize physical changes that might 

impact themselves or variables in their environment.  As such, a methodology designed 

to illustrate the sometimes subtle factors is essential to properly understand the 

complexities of a ubiquitous computing environment. 

 Performance with the integration of technology allows the creative team to 

explore artistic possibilities not otherwise possible.  A duet, for instance is traditionally 

defined as a performance between two dancers.  In Lullaby, the boundaries between the 

virtual and actual are transcended as the solo dancer interacts and dances with her virtual 

counterpart.   The use of a scrim allows the audience to visually experience the blending 

between the virtual and actual. The virtual three-dimensional figure reacts to the 

movements of the physical dancer.  The dancer, in turn reacts accordingly to the 

movements of her virtual counterpart.  The live nature of the performance creates another 

layer in which the duet between the performer and the virtual counterpart can change 
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dynamically depending on the nuances of the movements between the virtual and actual 

performers.  As such, no two performances are identical.  Rather, the dynamics of the 

interaction between the two elements depend solely on how the movements are executed 

by the performer.  Conversely, if the virtual counterpart is a pre-recorded video of a 

virtual counterpart, each performance will closely correlate in terms of execution since 

the movements will be choreographed to the video.  Likewise, the dynamic nature of the 

performance that is created through technological integration would be absent.   

Technology should not be used for its own sake. Like any other element of a 

performance, its role must be clearly understood in order to be effective.  By utilizing the 

technology in a live performance, the immediacy of the interaction can be readily 

apparent.  The active creation of the artistic performance is akin to watching an artist 

paint.  Both depend on the action of the artist or performer to execute the creation of the 

art work.  Rather than a static work that is rehearsed and executed at each showing, the 

performative nature of technologically augmented performance allows the dance piece to 

become a living work.  As the interactions between the physical performer and virtual 

counterpart build into larger consequences, the story that is told can dramatically shift.  In 

essence, technologically augmented dance transcends conventional performance and 

creates a novel medium that blends the interactive nature of the technological realm with 

the traditional craft of story telling through dance.  By allowing permutations of the story 

each time it is told, the nature of technologically augmented performance enables the 

artistic vision to manifest in a living and dynamic format.  
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METHODS 

 

I.  Methodology of Design 

 

 The methodology of design in a ubiquitous computing environment has to 

consider not only the human factors, physical as well as mental, but also the design of the 

object itself and its interaction with other devices in the surrounding environment.  

Establishing such a methodology requires an examination of the assumptions in human 

computer interaction in the broader scope of rich and complex interfacing and usage.   

With the theoretical basis of this type of human technology theory still in its infancy, an 

applied approach is required to gauge the validity of assumptions.   

 As applied to the field of dance and technology, a dialog is required between the 

end user and the technological aspect of the design in order for it to be possible to create 

a design that can embody the human elements of the field as well as technological aspects 

of the craft.  Consequently, any exploration must entail a progression of steps in which 

theories are explored, implemented and then tested in actual use.  Only by following a 

logical progression and evolution can a lucid understanding of the requirements be 

obtained.  

 The work explores the evolution of the hardware systems designed, implemented 

and tested as part of the collaboration between the author and the department of Theatre 

and Dance over a period of six years.  As part of the Project Aurora research initiative, 
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the theories embodied by cognitive psychology, human computer interaction/interface 

design, and industrial design are put into practice in order to gain perspective on the 

challenges of incorporating technologies into an environment in which the smallest 

disruption of the ‘flow’ can result in dramatic unintended consequences.   

The core questions that serve as the basis for research are as follows.  First, what 

is the crucial balance of simplicity versus complexity that will enable technological 

mediation without distracting the user from the fundamental task at hand?  Second, what 

is the threshold beyond which perceptual awareness of the technological mediation 

adversely affects the user in both physical and cognitive aspects?  Third, what are the 

user interface affordances, or everyday life cues, that are necessary to conform to the 

necessities of the first two questions while still fulfilling the operational purpose of the 

technology?  In a complex interaction environment, the three core issues are inextricably 

linked.  One factor hinges on the implementation of the other and so forth.  As the three 

core factors are considered, inevitably, each begins to affect the other, sometimes 

adversely.  The task at hand is to identify the balancing factor between the three in which 

all three are adequately explored so that the fundamental issues at hand are fully 

understood.       

The methodology focuses on examining the core questions in the context of dance 

and technology through the evolutionary research in which each iteration successively 

leads to the next.  Accordingly, the discoveries from each phase aid in informing the 

changes for the next.  Each phase reflects upon the three core questions and examines the 

impact and significance of the implementation in that context.   
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The Automated Body Project in 2001 began the progression of research iterations 

that proceeded linearly through each project phase.  The phases were each individually 

implemented in order to fully explore the implications of each particular stage.  Through 

each phase, the logic behind the design was deconstructed in light of the human computer 

interface theories, in terms of cognitive load, perceptual awareness and physical design 

aspects of complexity versus simplicity.  The implementation phase also explored the 

evolving efficacy of the technological solutions as approaches were tested in the light of 

actual use and implementation.  The goal of understanding each aspect of the evolution 

was also accompanied by the analysis of the validity of interaction and psychological 

theories when applied to the use scenario. 

As the initial exploration into the core questions of simplicity versus complexity, 

perceptual awareness and affordances, the Automated Body phase examined the core 

questions through the use of available technologies and standard components in order to 

understand the nature of the technologies at the time. The instantiation of research that 

began with the Automated Body Project first explored the requirements of technology in 

the field of dance.  The first few implementations of the wearable performance systems in 

the initial exploration were to identify needs of the field through the use of conventional 

methods and components.  Similar to any field, the area of dance has specific needs to 

which any implementation has to conform in order to be effectively utilized.  Such needs 

can be revealed by analyzing existing methods of construction and working from the 

existing methods to extrapolate foundational requirements.   

The field of dance requires that any physical addition to the performer conform to 

certain foundational requirements.  Due to the inherent physical nature of the field, many 
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of the factors and requirements associated with the arena of sports also apply to the field 

of dance. In these terms, technology can be integrated into many elements that are 

intrinsic to the dance, including, for example, apparel.  Apparel is technology in the most 

elemental terms.  In terms of the dancer’s needs, the material has to be breathable and 

conducive to thermal transfer.  Additionally, fasteners for the apparel have to remain 

clasped despite a wide range of physical movement.   Whether the addition is of a 

technological or conventional nature, whatever technological addition is made to apparel 

must not physically impede the movement of the performer.  Rather, the apparel has to 

adjust to the physical movement of the performer regardless of the type of movement 

required.   

The needs of the dance field are illustrated in the traditional attire of dancers.  In 

ballet, for instance, form fitting leotards and unitards allow for the performer to be 

sheathed in a comfortable material which, while it conforms, also allows for an 

unconstricted full range of movement.  Modern and Jazz movement utilize tight fitting 

athletic pants that can stretch with movement while surrounding the legs snugly.  Both 

instances achieve a similar result in that they allow the performer to freely move while 

still allowing for the effective conduction of heat and body moisture.  Both methods also 

utilize a minimal amount of fasteners to maintain body contact.  The leotard, for instance, 

utilizes straps and the inherent elasticity of the material to maintain its conformity to the 

wearer’s body.   In many ways, adaptability of the apparel to movement in terms of 

enabling it without physical constraint and hindrance is of utmost importance. 

Similar to other research initiatives in that existing technologies are adapted for 

use in the field of dance, the implementations in the Automated Body Project phase 
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allowed an exploration into how traditional technologies can be adapted for use in the 

applied environment.  The efficacy of the solutions to the nature of the field also clarified 

the fallacies of the application of industry-standard technologies to the use scenario.  In 

addition, the discoveries as a result of the initial exploration with the aspects of the 

Automated Body Project will inform the next phase of exploration.   

The second major phase of investigation explores the findings of the first few 

generations of the system.  The first generation revealed aspects of adaptability of 

conventional and available technologies in terms of their usability and efficacy in light of 

a complex interactive scenario.  Whereas the initial exploration into aspects of cognitive 

load, physical impediment, and interface characteristics worked with components that are 

relatively available, the second phase integrates experimental materials and components 

that are not readily available.   

Materials such as conductive textiles and fibers present a revolutionary shift in 

terms of technological evolution.  Whereas traditional electronics are encased in rigid 

frameworks composed of plastics, metals, or similar materials, developments of 

electronics with electrically conductive fibers, textiles and elastomers enable a radical 

shift in the boundaries of what is traditionally possible.  In addition, developments in 

flexible substrates with polymer and organic bases inherently allow electronic 

components to be developed in such a way that allows its integration into materials 

traditionally not conducive to technological assimilation.   

The advanced materials allow for the instantiation of systems that explores the 

realizations of the first phase of the research project and informs the creation of 

technological devices that allow the questions at hand to be more fully explored.  By 
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eliminating the constrictions of technology, the issues of perceptual awareness and its 

effect on the situational awareness of the performer can be explored.  Additionally, 

devices are created as part of the exploration to reflect the questions of complexity versus 

simplicity of design in a complex interaction environment.   
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II.  Assessment 

 

In order to more accurately gauge the efficacy of the systems built utilizing the 

advanced materials, the technologically enhanced wearable systems are assessed 

throughout the course of choreography as part of validation in every aspect of 

development.  The testing methodology cannot rely solely on the perceptions of the 

performer.  As Strayer discovered in his work, the use of mobile phones while driving, 

whether with or without headset, has similarly negative impacts on the response time of 

the driver, regardless of whether the driver perceptually noticed any difference in his or 

her own response to input (Strayer and Drews 2006).   Additionally, Strayer’s research 

reveals that the impact on the driver’s response time is significant enough to equate to the 

physiological response time of a driver under the influence of alcohol (Strayer and Drews 

2006). 

Strayer’s research and its implications inform much of how the physiological and 

perceptual impact of any technological integration in a complex environment has to be 

assessed.  The very nature of the complex operational environment negates all but the 

most obvious distractors of the operator.  Rather, the more subtle influences of the 

technology on the wearer have to be gauged and determined through methods external to 

the perceptions of the user as well as from the user’s own eyes.  As Strayer’s research 

indicates, the more subtle variances in response by the user are such that the user is often 

unable to recognize any changes from the norm.   



 83

The act of sweeping an arm, for instance, may be impacted negatively by the 

inclusion of technology.  The arm may be slowed or the inertia changed, but the wearer’s 

mind compensates without the wearer’s perception.  The issue of the wearer’s adjusting 

without conscious knowledge lies at the core of the necessity to gauge perceptual impact 

of any system.  In order to gauge the response to and perceptual impact of any 

implementation of technology, an external method that does not alter the immediate 

physical surrounding of the user has to be utilized. 

In many ways, video is a viable method for use in detailing the impacts on the 

user due to the addition of technology.  Whereas in the past video recording has been 

plagued by relatively low resolution and resulting difficulty in perceiving nuances, the 

recent introduction of high definition video recording in the form of HDV and other 

similar formats enables highly detailed monitoring and gauging of video input while 

allowing the camera to be kept at a discreet distance from the performer.  The high 

resolution of the HD image (1920x1080) is greater than the pixel depth of a 2 megapixel 

(1600x1200) digital camera (B&H 2006).  As such, data collected using the high 

definition equipment will essentially allow the recording of 30 high-resolution still 

images per second.   

Still images extracted from high definition video enables timing comparisons of 

down to 1/30th of a second.  From the minute scale, differences and compensations in 

movement, whether as a result of the technological integration or from random variation, 

can be detailed.  If the variations of movement fall within the scale of the random 

variations, an extrapolation can be made as to the impact of technological integration.  By 

utilizing repetition of movement over a series of choreographic phrases, the similarities 
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and differences of each instantiation can be averaged out to obtain an overall assessment 

of changes both in timing and execution. In order to aid the objective assessment of the 

movement, the movement is performed in front of a grid to clarify subtle differences in 

movement execution. Movement sequences are executed both in profile and with the 

performer facing the camera.  The two different angles provide additional perspective in 

assessing the variances of movement between the different instantiations. 

The development of a series of performances allows the exploration of the 

wearable systems in actual use.  Since the movement in the performances is created both 

with and without the technology being integrated, the development process provides an 

ideal method of assessing the differences between technological mediation and natural 

movement.  Since standard dance attire, whether a leotard, or tights and shirt, is designed 

to be comfortable and conform to the movement of the wearer, subtle hindrances to 

movement can be readily identified. The iterative process of choreography and the 

creation of the performances illustrate the challenges of the technological integration into 

movement.  In addition, the aspects of physical hindrance revealed during the 

development of a piece aid the overall refinement of the technological integration. 

  The timing and execution of responses to external input both in terms of physical 

and cognitive load reveal physiological impact and its effect on perceptual response.  For 

instance, if the execution of the choreography is altered due to the addition of music in 

both the technological and non technological instances, interpretation of the physiological 

“weight” of the equipment can be assessed.  Additionally, changes in timing indicate the 

physical impact of the technological instantiation whether such changes are actually 

perceptible to the wearer.  Much like Strayer’s instances where cell phone users 
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responded similarly to those driving while drunk despite their own perceptions to the 

contrary, the physiological changes as a result of technological integration can be 

illustrated though the non-perceptual, but physically measurable changes in response.  By 

comparing the same movement phrase performed in multiple iterations of the wearable 

system with the movement performed in a baseline conventional garment, the impact of 

technological integration can be readily identified.  The video analysis of the movement 

phrase performed in different instantiations of the wearable system can reveal 

discrepancies.  Variances in execution illustrates whether the performer is affected in 

terms of timing or movement dynamics.   Likewise, physical encumbrance can manifest 

either in the pace of execution or in the movement dynamics.  Together, the two factors 

provide insight on the physical impact of the integrated technologies. 

The methods of evaluation detailed above inform the second phase of research.  

Whereas evaluation based solely on the user’s perception can only reveal details where 

the user is conscious of any changes, the use of external data gathering enables the 

implementation of a methodology that is independent from any subjective perception on 

the part of the user.  The objective assessment of the performer’s movement based on 

actual movement execution can serve to validate the subjective perception or can aid in 

determining aspects in which the user’s proprioception may differ dramatically from the 

actual execution of the movement. 

The most advanced instantiation of the research, entitled Project Aurora, builds 

upon the initial explorations of technological mediation.  Rather than utilizing standard 

and readily available materials, the initiative combines advanced material research in 

terms of electrically conductive textiles and polymers.  In addition, discoveries in 
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nanotechnology and embedded micro-machine techniques allows for the creation of a 

system that can implement the findings from the initial research phase.  By assessing the 

impact that technological integration can have on the human element, a better 

understanding can be reached about the feasibility of technological integration.  By 

utilizing the methods of assessment described above, the factors that impact the 

physiological aspects of a wearer can be objectively determined and used to inform the 

aspects of research.  The comparison of movement through video recording in the 

instantiations of the wearable systems allows the efficacy of the technological integration 

to be assessed.  Through consideration of the fundamental questions of simplicity versus 

complexity, perceptual awareness on the part of the wearer, and user interface 

affordances, the impact of technological integration can be evaluated based on the 

comparison between the two instances of the choreographic movement.  The variances 

between each instantiation help to identify the factors that affect the changes in 

movement dynamics.    As such, the complex interactive nature of the performance 

environment can do much to illuminate issues and challenges that face effective 

technological integration into those environments. 

The challenges of complexity versus simplicity when applied to a ubiquitous 

computing environment grow vastly more varied when combined with human factors.  

The issues of perceptual awareness and interruption of flow in the context of 

technological integration is fraught with unresolved questions.  The process of 

investigation and exploration will aid in revealing the multi-faceted aspects of the 

question as well as illuminating new insights into the matter.  As ubiquitous and ambient 

technologies evolve, a foundational understanding of the factors that have a crucial 
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impact on the efficacy of the technological solutions is essential to the field.  Only with a 

tested and valid understanding can the technologies be truly integrated. 

 

III.   Sites of Focus 

 

 The goal of research in terms of understanding influential factors that affect the 

efficacy of a technological solution in a ubiquitous computing environment can be 

derived from three main aspects.   The issue of cognitive load on the part of the 

participant brings up the sub issues of perceptual versus non-perceptual awareness.  The 

actually physical instantiation of the technology in terms of physical impairment on the 

wearer is an additional foundational factor.  Finally, the interface characteristics of the 

technology – how the user actually utilizes the technological solution in the circumstance, 

is another interrelated, yet separate area of focus.  Much like a row of dominoes, each 

factor cannot be considered by itself.  Changing one factor inherently will affect every 

other aspect of the whole.   

 Since we know that conscious perception does not always match the reality of 

movement, the factor of cognitive load, in light of such research, has to be considered 

outside the participant.  Rather than having the participant consciously gauge whether the 

technological system has any impact on their response time, a more objective assessment 

in which the response times can be measured and compared to actual physical response 

can be more conducive in deriving any potential negative impacts on cognitive load.  The 

proposed assessment in which high definition video is utilized to collect data on 
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variances in terms of movement dynamics and speed of execution informs the consequent 

evolution of the wearable systems in terms of revelations of the human computer 

interface.  By analyzing the execution of the same movement phrase performed in 

different instantiations of the wearable system, the variances of movement between each 

instance can be illustrated.  The angle of an arm or the bend of a torso, for instance, might 

vary depending on the garment being worn.  Likewise, given the same starting point, the 

performer might lag behind or be ahead of the other examples.  The juxtaposition of the 

movement phrase excerpts allows the discrepancies between each execution to be 

examined and serves to illustrate physical encumbrance upon the wearer. 

 The human computer interface is both software and physical hardware.  The 

second major site of investigation, physical impairment, is related to the first area in that 

physical impairment of the participant directly impacts cognitive load.  That is, a solution 

that causes the user to be conscious of carrying a device doubtlessly creates a cognitive 

load for that participant.  Likewise, the multi-faceted aspect of physical impairment in 

terms of weight, load, and physical aspects of the device can negatively detract from the 

task at hand.  The negative impact of physical impairment can be assessed by the 

participant up to the point where the physical impairment and the perceptual awareness of 

the impairment cross.  However, physical impairment, much like cognitive load cannot 

be subjectively assessed by the user past the threshold of conscious perceptibility.   

 The issue of conscious perceptibility applies to both the physical and usage 

aspects of the technological solution.  Whether or not a system, physically perceptible or 

not, can affect the user’s cognitive load is also directly influenced by the interface 

characteristics of the system.  The third site for assessment, the interface characteristic of 
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the system, delves into how the user actually utilizes the technology at hand.  Can a 

dancer, for instance, move freely throughout the choreography, or is she subject to 

interface requirements like that of a button push or mouse move?  How much conscious 

deviation from the task at hand does the technological system require from the user in 

order to operate effectively?  Additionally, does the efficacy of the interface depend on 

the physical deviation from the task by the performer or can such movement be aligned 

with the require tasks of the performer?   

    

 In light of the interface characteristics, the question of the efficacy of 

incorporation of the interface characteristics to the task at hand is also reflective of the 

nature of the field.  A performer cannot, for instance, pause completely in the middle of a 

movement phrase to press a key or manipulate the wearable system to create a certain 

result.  Likewise, any buttons, or other common computer interface techniques, are 

problematic when incorporated into an environment where the user is in a constant state 

of movement.  Alternative interface methods, such as gesture-based and flexion-

controlled, are incorporated into the wearable system in order to fully explore the 

implications of the interface characteristics in the rich environment.  Additionally, the 

efficacy of incorporation of gesture and flexion control into an active movement 

environment can be assessed by utilizing the high definition video images in which 

changes in momentum and physical characteristics of the performer can be gauged.  

Likewise, the unanswered question of cognitive load of the gesture-based controls is 

explored in light of the interface characteristics.   



 90

 Many of the foundational questions leading up to the three sites of cognitive load, 

physical impairment and interface characteristics have been initially explored with the 

Automated Body project.  The findings from the initial phase of investigation are 

analyzed in detail in the next section.  By working with available components and 

systems, the Automated Body phase explored aspects of physical impediment and 

interface characteristics of such equipment.  Interaction with the performer utilized 

miniature keyboards in the initial iterations and later utilized various methods of interface 

like modified gaming interfaces to achieve the human computer interface.   

 The first generation of exploration, especially in light of the major sites of 

exploration, can do much to inform crucial decisions in terms of designing and 

implementing iterations for the second phase of investigation.  Additionally, archival 

footage of rehearsals and performances utilizing the first iterations of the Automated 

Body system allow crucial areas of impediment and usability issues to be identified.  The 

areas of constraint identified in the Automated Body phase aid in informing the direction 

of the second phase of investigation with Project Aurora.   

 Building upon the discoveries of the Automated Body phase of research, Project 

Aurora sought to explore the core issues of cognitive load, physical impairment and 

interface characteristics.  The three core issues of simplicity versus complexity, 

affordance, and cognitive load form the basis of investigation.  Each core issue forms the 

foundation for an entire line of exploration.  Cognitive load is the degree by which a task 

requires focus from a user.  The amount of cognitive load is determined by the level of 

user involvement in the task.  In the current context of technological integration on the 

body, cognitive load is imposed by the physical encumbrance of the garment on the 
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wearer’s perceptual awareness.  By comparing the aspects of differentiation between 

iterative generations of the garment with a conventional baseline, the impact of the 

technology on the user in terms of cognitive load can be assessed.  Likewise, the factors 

of affordance and cognitive load of use are assessed through the usage of the wearable 

systems in choreography and performance.  As the method of interaction between the 

user and technology results in interruptions of the movement choreography, the interface 

between the user and system imposes a cognitive load for the user.  The use of 

affordances and distillation of a simple interface from a complex task allows for the 

comparison of affordance and simplicity versus complexity to be assessed between each 

generation of the wearable system.  By understanding the aspects of interface that create 

disruption to the flow of the user and implementing changes to hardware and software 

design in response to the findings, the aspects of affordance and simplicity versus 

complexity can be iteratively refined through each generation. 

 Overall, the investigation of the issues at hand does much to inform the core 

requirements of designing a technological system in a complex interaction environment.  

Since designing an electronic device to function of its own accord without consideration 

of external factors is problematic in a complex interaction environment, a proper 

methodology of design has to be realized in order for devices to reflect the needs of the 

environment in which they operate.  Consequently, the implementation and assessment of 

the iterations of the Project Aurora system not only illustrate the challenges in designing 

for a complex usage environment, but also demonstrate the practicalities of integrating a 

complex technological system into a likewise challenging environment.  In addition, the 

answers to the basic question of whether a technological system can actually be 
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integrated into a rich interaction environment without detracting from the fundamental 

task at hand is further elucidated by the research.  The efficacy of the implementation 

allows for a more thorough understanding of the foundational needs of the evolving arena 

of ubiquitous computing.   

 The next chapter focuses on the results from the research initiatives that spans the 

Automated Body phase to Project Aurora.  Through each phase of research, the core 

research questions of simplicity versus complexity, perceptual awareness and affordances 

are utilized as a focal point for the research.  Ultimately, the evolutionary nature of the 

research serves to inform each subsequent phase of research as the core questions at hand 

are refined and better understood.  Through the series of performances and choreographic 

works, the research can be assessed in an actual use scenario rather than being restricted 

to a strictly experimental setting.  Since the nature of ubiquitous computing inherently 

involves technological integration in a complex use environment, an actual use scenario 

is essential in order to properly assess and understand the needs of technology in the 

multi-faceted use environment.  As such, the microcosm of the dance space serves as the 

focused environment in which to better understand the core concepts at hand. 

 



  

 

 

EXPERIMENTATION 

 

I.  Interface  

 

An exercise once taught in Eric Gould’s Human Computer Interface class at the 

University of Texas at Austin was to have the class create the simplest interface they 

could imagine on a blank sheet of letter sized paper.  After minutes of struggling with the 

concept, the class would invariably come up with a myriad of drawings involving arrows, 

buttons, and diagrams 

resembling Byzantine gates.  

Each student expressed a 

strong belief that theirs, 

indeed, was the simplest 

interface possible and had 

many reasons with which to 

justify their belief.  The 

instructor would listen 

patiently to each student’s 

work and comment on the merits of their implementation.   

 
 
 
 

       . 

Illustration 11:  Gould's illustration of the simplest interface 
(Gould 1998) 
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After going through the group, the students finally asked Gould which 

implementation he thought was the definition of the simplest interface.  Gould, with nary 

a second glance, pulled out his own sheet of paper and quickly drew on it before passing 

it to the students to view.  As Gould’s rendition passed from student to student, looks of 

incredulity were apparent on each person’s face.  Eric Gould’s definition of the simplest 

interface was simply this: (as depicted in illustration 5) 

At first glance, the sheet of paper was blank.   A closer examination of the sheet 

revealed that a small dot had been drawn in the center of the page.  The simplest interface 

was not composed of buttons or menus, or any other element that one would ordinarily 

associate with a user interface.  Rather, the interface of a simple point on the sheet of 

paper reiterated to the class that the fundamental nature of interface does not have to be 

anything technical or complex.  Instead of complexity, the simplest interface can be 

something completely mundane, and yet, achieve the best interaction for the user.  The 

simple interface did not require the user to speak the same language or come from the 

same frame of reference.  Rather, the universal quality of a marking on a sheet of paper is 

able to convey something to anyone looking at it.  While the interpretation of the marking 

might differ from person to person, the inherent ability of the “interface” to function at 

such a simple level allows the viewer, and the student, to realize the fundamental nature 

of interaction. 

In a world of increasingly evolving interaction between society and technology, 

the preceding example teaches that inherent assumptions are not necessary the correct 

ways to approach a problem.  Rather, approaches have to be rethought from a 

fundamental level to gauge whether they might pertain in a new paradigm.  As the 

keyboard / monitor paradigm evolves toward methods of interaction that more resemble 

person to person communication, the communication methods between human and 
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machine must evolve in a way that allows the user to carry out their tasks while 

simultaneously utilizing the technology in a way that does not significantly impinge upon 

the user’s perceptual awareness of their surroundings and others around them.  

Simultaneously, the technology must not hinder the user’s ability to interact with the 

actual environment around the use scenario while retaining its inherent functionality.    

While such a goal is inherently limited by the nature of some activities, the functionality 

of any given device necessitates some level of involvement on the part of the user in 

order to properly operate.  As such, the intent is not to eliminate functionality at the cost 

of perceptive awareness, but rather, to understand the nature of awareness so that user 

disruption can be minimized while retaining the proper function of the device.   

 The challenge at hand is not only to identify the factors of user cognition, but also 

to investigate actual use scenarios in which the technology is tested under intensive 

usage.  The processes through which iterations of thought and design are implemented 

aid in the identification of conditions in which to gauge fallacies of thought as well as to 

explore veins that prove to be fruitful.   

 

FOUNDATIONAL SHIFTS AND THE PROJECT AURORA PHILOSOPHY 

 

 The Automated Body project reached a pivotal point after version 1.0.54, in 

which the basic approach toward on-body wearable technology was fundamentally 

rethought.  Previously, the fundamental assumptions for the Automated Body system 

presumed a wearable computing platform as the basis for the system.  Much of the 

presumption was based on collaborator Yacov Sharir’s previous experience and 

collaborative work with Flavia Sparacino at the MIT Media Lab.  While a wearable 

computing platform is capable of sensory input and processing, its general purpose 
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design inherently limits the level of customization to the system.  In the realm of 

performance systems, functionality and usability fundamentally outweigh overall 

capability   

With the revisions of the Automated Body system following 1.0.54, the team 

began to focus on identifying the fundamental needs of the performance environment and 

the unique requirements thereof.  The question of the very nature of technological 

integration into the field of dance had not been clearly quantified by the earlier iterations 

in that artistic expression had to be compromised to accommodate the requirements of the 

technology.  The inherent qualities of performance were being lost in the push for 

technological integration and as such, the performance as a whole suffered.  Previously, 

the focus of the team had been centered on the implementation of the most advanced 

technology into the system in the hopes of creating al more functional performance 

system overall.  As seen with the previous iterations of the system, advanced 

technologies often brought unintended consequences.  As such, the team focused 

onimplementing technology as needed with thought toward the usability and reliability of 

the component being considered.  Additionally, the fundamental assumptions of wearable 

systems were discarded and research was directed toward garments that are utilized in the 

field.  The leotard, though simple in appearance, is able to conform to the performer’s 

body without perceptual distraction to the wearer.  The performer is able to perform all 

the movements of dance while executing the dynamics required without impairment.  

Inherently, the leotard establishes a baseline to measure any technology that seeks to 

integrate with the wearer.  Should the technology impose restrictions of movement, 

whether by weight, or physical size, or by inflexibility of the physical components, it 

would be deemed detrimental to the perceptual arena of the wearer.  Consequently, the 



inherent challenge of creating technologies which can meet or exceed the requirements 

set forth by the baseline also presented the team with a clear technological goal. 

 

TEAM  

 

 In order to truly identify and understand the needs of a discipline, one should be 

closely involved with the field.  The shift of the project from the Automated Body 

initiative toward the Project Aurora philosophy required an insight that blended the 

artistic and athletic field of dance with the knowledge and background of engineering, 

human computer interface and technical expertise.  In order to blend the disciplines, the 

members of the development team each brought their unique perspectives to the task at 

hand.  While possessing some similarities in attributes, the three members of the Project 

Illustration 12: The Project Aurora Team - Shelley Hardin Wei Yeh Charlotte Craff 
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Aurora research initiative utilized disciplines and backgrounds from several disparate 

fields in order to approach the challenge at hand. 

 A hardware platform without well constructed software is in many ways worse 

than a system which has 

sub-par hardware, but 

excellent software.  

Whereas badly designed 

software can negate the 

best features of a well 

designed hardware 

system, the flaws of a 

sub-par hardware system 

can be masked and even 

improved upon by well 

designed system 

software.  As the system 

firmware controls the 

interaction of the 

hardware device with the 

user, many aspects of the 

machine to human 

interface can be designed 

to conform to the task at hand by the systems programmer.  As such, a background in the 

intended usage scenario can greatly aid the design and use factors of the overall system.   

Illustration 13: Shelley Hardin wearing the Slinky system and 
Charlotte Craff wearing the Ivy system at the 2004 Monaco Dance 
Forum.
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 Charlotte Craff, the systems programmer of the project, possesses an advanced 

background in computer graphics and programming.  In addition to serving an internship 

at Silicon Graphics Inc., a pioneer in 3D computer graphics and computer visualization, 

Charlotte focused on both Computer science and Dance while studying at the University 

of Texas at Austin.  The unique blend of software and dance aided her insight into the 

process and overall development cycle.  Her relationship to the system as both the 

programmer of the software and as a user provided Charlotte with the ability to perform 

improvements on the system concurrently with use.  By writing the core software that 

was responsive to her own movements during performance, Charlotte was able to 

leverage the synergistic relationship to achieve results that pushed both the software and 

hardware development to their limits. 

 Shelley Hardin, the systems engineer of the project, began her experimentation 

with robotic hardware early in high school and continued her work into her career at 

college.  While pursuing a BFA in Dance at the University of Texas, Shelley blended her 

talents as a dancer with the implementation of the hardware aspects of Project Aurora.  

Shelley’s involvement with the construction of the system allowed her to act as both 

principal choreographer and systems engineer for the project.  The combination allowed 

her to understand the capabilities of the system from the hardware perspective and fully 

utilize them in creating her choreography and in performance.  The integration of usage 

and design also allowed Shelley to not only conceptualize possible improvements for the 

system, but also to gauge the practicality and logistics required to execute the 

improvements. 

 In order for ubiquitous computing to truly integrate seamlessly with the human 

experience, technological factors that mediate the human-machine experience must be 

designed with the core factors of simplicity versus complexity, perceptual awareness and 
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user interface affordances in mind.   The author, as research lead for the project, 

combined his background in Engineering, HCI and Psychology with an intense multi-

year immersion into the field of dance.  The usage factors from the dance field were 

contextualized with human interface variables to gauge the interrelationship between the 

system and user.   As the senior engineer and programmer of the project, he was 

primarily involved in the research and implementation of viable new technologies into 

the system.  The involvement in the hardware, software and artistic output of the project 

allowed the author to evaluate possible avenues of exploration and new methods of 

implementation.  His immersion into the dance field through movement coursework and 

practice allowed for insight into the needs of the dancer and requirements for the 

technology.   

 

INSIGHT 

The redefined technological goal was also reached with the help of dancers not 

associated with the project.  In many ways, outside insight can help to illuminate aspects 

of an implementation that might not be obvious to those involved with its development.  

A former dancer in the Department of Theater and Dance, when told about the 

Automated Body project and the latest size reductions at the time, asked, “What if I 

wanted to roll on my back (Hiebner 2003)?”  Given the context of movement, it would 

have been impossible for the wearer to roll on her back or execute many other 

movements that would normally be required in dance vocabulary.  The insight from a 

performer not familiar with the work at hand was extremely enlightening in the flaws of 

the design approach.  While the Automated Body technology had been utilized 

successfully in performances, the movements in the performances were executed by 

dancers already familiar in utilizing technology in dance.  As such, they were often 
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cognizant of the limitations that the technology imposed on the dynamics of their 

movement and adjusted their performance accordingly.   

Unfortunately familiarity with the technologies involved in the performance also 

precludes the amount of useful information that can be attained through use in 

performance.  Dancers often have to perform in costumes for specific choreography.  The 

specialized costumes often create movement impediments in order to present the desired 

visual effect.  As such, dancers learn through rehearsals to compensate for the limitations 

imposed by the costumes.  An outfit might require more arm movement or a stronger leg 

kick to achieve the same result as unencumbered movement.  While visually the 

dynamics might appear to be similar, the speed and momentum with which the movement 

is performed is fundamentally altered by the restrictions.  The degree of compensation is 

similar with performers utilizing technologically enhanced wearable systems.  Since the 

performers inherently learn to limit their movement to that of the technological 

capabilities of the equipment, familiarity with performative systems can shift the 

perspective of the performer in terms of the actual hindrance imposed by the technology.   

The compensation of movement by the performer based on the restrictions of the 

technology can be seen in circumstances where the performer can perceive a readily 

available degree of movement while subconsciously doing much physical compensation 

in order to execute the movement.  The Gypsy 5 system depicted in Chapter 2, for 

instance, is one such example.  The system is composed of a rigid metal frame that 

surrounds the body.  Joints of the body are linked through actuators and hinges to the 

metal framework surrounding the body (Metamotion 2006).  While the system in theory 

can allow for a full range of movement, the movement is limited by the speed at which 

the linear potentiometers can extend and by the encoding capabilities of the rotating 

optical encoders of the Gypsy.  In order to assess use factors of the Gypsy system, the 
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author questioned a choreographer utilizing the Gypsy system during the 2002 Monaco 

Dance Forum.  The choreographer asserted that she felt completely at ease physically 

while utilizing the system.  Despite the performer’s assertions, however, her movement 

was notably slow and cautious and accompanied by the audible clicks of the equipment 

as she moved about the room.  In many ways, the chasm between perceptual and adaptive 

behavior speaks more directly to the performer’s capabilities than it does to those of the 

system.  The capability of the performer to adapt to physical restrictions poses a 

significant challenge in assessing the perceptual affects of any technological integration.  

A wearer can get “used” to many types of constrictions.  Whether such constrictions 

impose limitations for the wearer, and to what extent,  is the question at hand.  Inherently, 

even if a wearer is accustomed to utilizing a system, it does not mean that the system 

does not tax the user physically.  The use factor between the technology and the user is 

fundamentally altered in such instances.  The challenge at hand is to identify such 

adaptive behavior and note its effect on any results that might pertain.   

 



II.  Transitional Phase 

 
Table 1:  Depiction of the technical evolution of Project Aurora systems 

System Date Technical Goals Performance 

Outcome 

2001 
 
Explore the use of silk organza as both garment 
fabric and electrically conductive textile.   

Hardware 

exploration 

Shorty 

2002 
 
Expand exploration of silk organza as strips 
used along a conventional fabric substrate.  

Hardware 

Exploration 

Hoody 

2003 
 
Use of Aracon™ in conventional garment 
substrate 

Led Slinky  

v.1 

2003 
 
Enhance durability of conductive fiber material 
with elastomer sheathing. 

Torus Knot Stringy 

2003 
 
Implement elastomer sheathed Aracon™ in 
fabric.substrate.   
 
Implement gesture control along with motion 
tracking to interact with 2D visual projection. 

Led Slinky 

v.2 

2004 
 
Miniaturize Slinky components and enhance 
sensory functionality.   
 
Implement contextual gesture control which 
allows movements to be actively interpreted by 
onboard system.  

ShadowPuppets Ivy 

Rosy 2005 
 
Inter-system sharing of sensory information to 
allow enhanced contextual interpretation. 
 
Introduce intra-interaction to create complex 
mesh between visual elements, systems.  

Fire and Ice 
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The Automated Body system 1.0.75 marked a divergence from the Automated 

Body series of systems toward the use factor-focused Project Aurora research initiative.   

In previous iterations, the Automated Body focused mainly on creating technologies for 

use in performance with minimal thought on use factors other from functionality.  While 

the systems had been integrated and iteratively minimized through successive 

generations, the operating qualities of the system as a whole remained unchanged from its 

inception.  The foundational basis on wearable computing systems for the first iterations 

of the Automated Body system 

implicitly informed its 

technological specification and 

limited its use capabilities.  The 

shift of the focus from the 

technological to the human 

interface aspect of the challenge 

implicitly altered the systematic 

implementation of the wearable 

garment.  The usage of the term 

“garment” reflects the shift from a 

wearable computer toward an 

article of clothing.  To create and 

implement a wearable sensory 

system that has similar capability 

to the wearable computer-based 

system while retaining the same 

Illustration 14:  Yacov Sharir with 1.0.75 of the Automated 
Body System (Herrin 2001) 
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perceptual and physical aspects of everyday clothing is the core challenge of the Project 

Aurora initiative.     

 The first step toward the implementation of a system that embodies the qualities 

of an athletic garment with the capabilities of a motion tracking wearable computing 

platform is to identify the corollaries between the two seemingly unrelated areas.  In 

many ways, garments and technologies have many things in common.  Both utilize a 

substrate on which to place aspects of the whole.  In clothing, the substrate is a fabric 

whereas in electronics, it is a circuit board.  The pieces of the garment are interconnected 

throughout with threads that hem the edges and interweave in the material.  Likewise, the 

components of a circuit board are connected with electrically conductive metal wires that 

carry out the power and data signals throughout the circuit board.  The two fundamental 

similarities between the garment and electronic fields provide a clear aspect of research 

for the Project Aurora initiative. 

 The similarities between the garment and clothing disciplines help to illustrate the 

points of juncture between the two seemingly disparate practices.  The enhancements of 

the Automated Body system leading up to the 1.0.75 revision are paralleled with the 

redesign of the physical interconnections between each aspect of the system to 

accommodate the exploration of more exotic means of conducting data and signals 

throughout the body.  The following portion depicts the transition from the use of 

conventional metal wires to interlink system components to the use of conductive textiles 

and threads as the means of interconnection.  Conductive textiles inherently alter the 

nature of wearable technologies in that the electrical connections, rather than being 

conveyed with wires, are routed through the actual fibers of the garment.  As such, a 

fundamental shift can be achieved in the integration of the technologies onto the body.  
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Metal wires have an implicit ability to conduct electricity.  While it is annealable 

to form extremely fine gauges of wiring, metal is susceptible to breakage due to fatigue 

from flexing and other motions.  Like cotton threads, fine gauge metal wires can be 

woven into a garment. The interconnected wires in the garment, however, due to the 

inherent properties of the metal, will be susceptible to breakage over time.  However, for 

applications in which the wires form an interconnected mesh, minor breaks of the 

framework will still allow the garment as a whole to conduct electricity.   The lamé jacket 

from the sport of Fencing, for instance, is created with interwoven aluminum wires that 

can be used to electrically sense saber strikes when contacted (Fencing 2008).  The 

interwoven wires of the lamé illustrate an instance in which an electronic circuit is 

essentially created with clothing.  The aluminum wires of the lamé close a circuit with the 

metal tip of the fencing foil and, with a certain amount of pressure, trigger a hit on the 

opponent (Fencing 2008).   Since the interwoven metal wires on the garment combine as 

a whole to complete a circuit, minor breaks in the framework will not readily affect the 

functionality of the garment. 

 Interweaving fine metal wires with fabric is a technique that has been practiced 

for hundreds of years.  Silk organza, for instance, interweaves silk strands with filaments 

of metal wire to create an iridescent and often translucent fabric.  As the silk is woven in 

one direction and the metal wires in an exactly perpendicular, non- intersecting manner, 

silk organza can, in theory, be readily utilized for electronic means.  The particular way 

in which the wires are interwoven with the silk ensure that the metal strands never touch 

allows for discrete conduits to be created in the substrate of the fabric.  E. Rehmi Post 

and Maggie Orth’s foundational research into smart textiles at the MIT Media Laboratory 

depicted several methods in which silk organza can be utilized to create electronic 

circuits on the fabric substrate (Post and Orth 1997).  In Post and Orth’s research, 



electronic components were sewn directly onto the silk organza and electronic pathways 

were created through placement of organza strips selectively on a conventional fabric 

backing (Post and Orth 1997).  The method allowed for a circuit to be readily created 

while the fabric supporting surface allowed for minimal electrical short circuits.   

 Project Aurora’s exploration into silk organza took place simultaneously with the 

development of 1.0.75 through 1.0.85 of the Automated Body.  While the Automated 

Body required a system to be ready for performance usage at regular intervals, the Project 

Aurora research allowed for more technologically advanced conceptual work.  Since the 

methods utilized in the Automated Body relied on a point to point rather than point to 

multipoint methodology, where each sensor had a direct route back to the control unit, the 

existing framework made it difficult to deploy sensory systems onto a  conductive textile 

substrate.   The need for a simple electrical interface from the control system to the 

sensory elements on the body required a significant change in system infrastructure to 

transition to the use of conductive textiles.  As such, the Automated Body 1.0.85 served 

as a prototypical 

research vehicle for 

the initial Project 

Aurora 

implementation in 

terms of the 

interconnection 

substrate and interface.  

Automated Body 

1.0.85, in essence, was 

identical to the Project 
Illustration 15: Cable Television Network Topology (Sheldon 2001)
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Aurora Shorty system in all aspects except for the means of interconnecting system 

components.  The similarity between the two systems allowed the team to verify 

component functionality aside from issues that might have arisen from the exploratory 

use of the silk organza substrate.      

 

SHORTY 

The similarities between the 1.0.75/1.0.85 series of the Automated Body and the 

silk organza based Shorty system required the electrical components of both the 

Automated Body and the Project Aurora systems to be physically and electrically 

compatible.  The interconnection method of the series utilized magnetic clasps which 

allowed system components 

and sensory modules to be 

quickly placed and removed 

from each respective system.  

In addition to their purpose 

as physical fasteners, the 

magnetic clasps also served 

as electromagnetic filters to 

aid in preventing electrical 

interference from disrupting system operation.   

Illustration 16: Project Aurora's silk organza based  Shorty
system 

In order to implement a system that was amenable to the inherent nature of the 

silk organza material, in which conductivity traverses in only one direction, a simpler 

interconnection method had to be utilized.  Rather than having an individual connection 

from each discrete system component or sensor module to the control system, a simple 
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network was established in which only a single conductor was needed to interconnect all 

the system components.  The conductor allowed for system components to be daisy 

chained sequentially and thus greatly simplified system integration.  Rather than each 

sensor module requiring its direct connection back to the control unit, the new topology 

allowed for one sensor to be connected to the next and sequentially distributed 

throughout the body.  Visually, the topology is similar to that of a cable television system 

network in which each individual subscriber is served from a branch of the main line that 

passes closest to their location.  As such, the subscribers of the cable service can be 

served from the single main line originating from the cable company source.   

 Comparatively, the network topology of the preceding Automated Body systems 

more closely resembled the star topology of telephone networks, in which each line has 

its own discrete wiring back to the closest telephone company central office.  While the 

discretely wired points have greater redundancy in that a single point of failure does not 

cause the entire network to fail, star topology networks also require a significant increase 

in wiring infrastructure to implement the point to point network of the telephone system.   

Post and Orth utilized silk organza in strips which allowed for placement of 

system components and the organza strips as needed onto fabric substrates (Post and Orth 

1997).  The approach allowed Post and Orth to utilize the silk organza strips as textile 

based electrical writing and circuit substrate.  However, the material of the garment itself 

was largely composed of conventional fabric.  Project Aurora’s Shorty was designed to 

evaluate the challenges of utilizing the unique properties of silk organza.  By conforming 

the system’s design with the electrical tendencies of the fabric, circuit pathways were 

minimized and the natural conduits formed by the fabric could be utilized.  By utilizing 

silk organza as the primary fabric component of the garment, the team was able to 



quickly assess the inherent challenges of working with the material and better understand 

the intricacies of implementation. 

Many inherent challenges lie in the transition from electrical wiring to conductive 

textiles.  Whereas traditional soldering might be utilized in circuit board based 

applications, the high heat involved would cause the silk of the organza to vaporize.  

Since many heat-based methods of electronic fabrication would no longer be viable in the 

case of silk organza, the team had to identify alternative methods of production.  The 

connection between two different points, for example, can traditionally be implemented 

by soldering or crimping two pieces of wire together.  In order to create a resilient 

electrical bond between different pieces of organza, the team utilized conductive epoxy 

which allowed both a physical and an electrical connection.  Additionally, the two pieces 

of organza were sewn 

together to reinforce 

the adhesive.  The 

method allowed for 

disparate electrical 

portions of the 

garment to be readily 

interconnected.    

Shorty 

presented significant 

challenges both in 

fabrication and engineering.  Whereas clothing is cut and sewn with en eye toward the fit 

and finish of the eventual garment, Shorty required consideration of the layout of the silk 

organza fabric with respect to the requirements of the electrical aspects of the system.  As 

Illustration 17: Silk organza micrograph (Post and Orth 1997) 
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such, pieces of the fabric might have to be sewn in a particular orientation to allow for the 

correct electrical function of the system.  In addition, the methods of utilizing conductive 

epoxy at electrical junction points at times conflicted with the construction requirements 

of the garment.  The challenges of the construction of the garment required a close 

collaboration between the seamstress and the development team in order to rectify the 

changes required on either the electrical or fabrication aspects of the assembly process.   

The name Shorty is descriptive of the problems discovered with the garment 

during the testing process.  Since silk organza is composed of a cross weave, in which the 

fibers of silk and metal are interwoven, the fabric is prone to fraying if the edges are not 

properly closed off.  While hemming is sufficient to terminate thread fraying in most 

fabrics, the hems were not sufficient to eliminate stray strands of thread from forming on 

the garment.  While stray threads in conventional garment fabrication are a mundane 

occurrence with aesthetic consequences, their occurrence on the silk organza represented 

a significant challenge to the functionality of the system.  A single stray metal thread, if 

crossed into an improper location on the garment, would have caused a total system 

failure.  As an electrical short was located and rectified, another would often be created in 

the process of identifying the first.  The edges of the fabric were hemmed and then 

progressively reinforced with supporting fabric to aid in the structural integrity of the silk 

organza.   While the edge reinforcements on Shorty reduced the number of stray threads 

in the system, short circuits persisted throughout the system.  In practice, the system 

would function properly when initially activated, only to malfunction shortly thereafter 

due to movement by the user.  As the primary usage of the system involved movement 

analysis and tracking, the tendency of the system to generate short circuits during 

movement was a significant impediment to its actual implementation.  Additionally, the 

stiffness of the garment and surprising lack of breathability of the organza combined to 



create a suit not especially conducive to active movement.  While the silk organza itself is 

relatively permeable in a single layer, when combined into multiple layers, the material 

tended to insulate the wearer.  Unlike cotton based fabrics, the silk and metal composite 

organza exhibited a low degree of elasticity when warped.  As such, the garment tended 

to resist the wearer’s movements.  Despite its shortcomings, the Shorty system allowed 

tthe team to carry out their initial experimentation with conductive textiles.  While the 

system as a whole proved problematic in tests, it was sufficiently functional to provide 

the team with an insight into some of the challenges inherent in working with conductive 

textiles.         
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TOPOLOGY 

 

   The silk organza-based Shorty 

system illustrates some of the challenges 

inherent to the utilization of electrically 

conductive textiles.  As a material, 

conductive fibers serve as little more 

than an alternative means of electrical 

conduction.  The methods of data 

communication necessitate an efficient 

and reliable means of connectivity between the components of the system.  Unlike 

circuits composed of wires and metal paths on a circuit board, a fabric based substrate is 

limited by inherent physical factors.  The curve of a wearer’s arm, or the bend of their 

elbow, for instance, requires that the electrical layout of the sleeve to be such that 

Illustration 18:  Ribbon cable that is electrically 
similar in topology to silk organza (Peshkin 2006) 
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movement does not cause short circuits of the electrical signal.  Likewise, an overly 

complex electrical layout will be more susceptible to electrical interference as portions of 

the circuit are flexed or bent over other portions.  Additionally, the complex electrical 

layout would require an accordingly intricate placement of the electrical textiles on the 

garment.  As such, it is imperative that the process of design and placement of the 

electronic aspects of the system develops concurrently with the planning and fabrication 

of the garment.  

The suitability of a material as a conductor depends on its resistance to the flow of 

electricity.  In order for a conductive textile to be readily adaptable for use in electronic 

circuit applications, it must have an inherently low electrical resistance. The electrical 

resistance of the conductor has a direct effect on the functionality of the system and can 

corrupt crucial aspects like power and data signals.  Since the distances that span a 

wearable garment far exceed the size of most conventional circuit boards, the ability to 

faithfully conduct electrical signals over a long distance is a prerequisite for use.  A 

method of assessing the viability of any particular conductive textile is to perform a 

benchmark comparing the material’s electrical resistance to that of a known electric 

conductor conventionally utilized in electronic circuits.  For instance, silver, a metal with 

one of the highest electrical conductivities, has a resistance of  0.000944 Ohms per foot 

length of wire (Lucius 2007).  The low resistance readily allows long lengths of silver 

wire to interconnect circuits with minimal loss of power and data signal.  Conductive 

textiles commonly have comparatively higher resistance.  The metal fiber threads from 

Bekaert Metal Fibre Technologies, for instance, have a resistance of around ten Ohms per 

foot (Bekaert 2008).  The conductive fiber with the highest electrical conductivity 

achieves a resistance of about three Ohms per foot.  The significantly higher resistance of 
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current conductive textiles, especially when compared to a highly conductive material 

like silver, illustrates the significant challenge inherent in integration. 

 With the exception of super conductors, the resistance of any conductor increases 

incrementally with its length.  As such, the limiting factors of power and signal loss due 

to the resistance of the material directly affect the maximum possible length of the 

conductor.  For instance, sending five volts of power through fifteen feet of the three 

Ohm per foot conductive fiber would result in only three volts at the other end of the 

conductor.  Likewise, data signals, which are more sensitive to data path fluctuations and 

signal loss, would experience a compromise of integrity past a certain length of 

conductor.  As such, the design of any system would inherently have to consider the 

factors of conductor length both in terms of the signal and power requirements of the 

electrical paths.  A marginal signal will be more susceptible to variances in the integrity 

of the data path and consequently suffer from interference or inability of the data to be 

transmitted.  

 Project Aurora’s experimentation with silk organza with the Shorty system 

illustrates the challenges inherent in the utilization of conductive textiles compared to 

conventional conductors.  The properties of the material in terms of malleability and 

electrical conductivity are crucial factors that contribute to its viability.  Whereas 

conventional conductors can be specified according to the application, conductive textiles 

and threads are often limited in terms of variability.  Material that conforms to the 

electrical specifications required by the system is often unavailable.  As such, portions of 

the electrical layout often had to be modified in order to utilize the material.  The 

physical nature of silk organza limits its integration with strips of the material that is 

sewn as needed onto the fabric of the garment.  While the attachment method suffices 

with garments composed of thick fabrics, the method quickly falls short with garments 
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designed to conform to the body.  Garments like leotards conform exactly to the bends 

and twists of the wearer and require the material utilized on the garment to exhibit the 

same elasticity and flexibility as the underlying garment.  The silk organza strips, which 

electrically resemble ribbon cable, inherently function in a straight line.  Unlike ribbon 

cable, where each conductor is individually isolated from the other, the conductors in silk 

organza are separated only by the spacing in the weave.  Conductors in the fabric are 

prone to connecting at the edges of the fabric where distension can naturally occur.  The 

conductors in the fabric convey electricity only in the direction perpendicular to the 

weave of the silk.  Deviating from the axis of the conductors by cutting a curve, for 

instance, would electrically disconnect the portions of the fabric not cut along the straight 

line.  As such, the material can only be divided into straight strips to maintain its 

electrical functionality. 

Illustration 19: Silk organza based Hoody system
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HOODY   

 The limitations imposed by the utilization of silk organza as the fabric substrate of 

Shorty led the team to reevaluate its use of the material and create a system designed to 

use silk organza only where necessary.  Rather than using broad pieces of silk organza, 

the new system, Hoody, incorporated thin strips that served as fabric-like material which 

could be sewn directly into the surface of the fabric.  In essence, the silk organza served 

as a flexible conductive conduit to interconnect system components and sensor modules.  

The Hoody system built upon the Shorty system in terms of electrical system 

infrastructure.  While Shorty demonstrated the theoretical efficacy of utilizing a broad 

swath of silk organza as discrete electrical conduits, the approach proved to be 

problematic. Though the formation of electrical conduits that utilize the inherent 

properties of silk organza seems to exemplify simplicity, imperfections in the fabric 

render the theory difficult to implement on a consistent basis.  As such, an alternative 

method of implementation was sought to utilize the material.  Rather than forming the 

electrical conduits on the fabric itself, as in the case of Shorty, the Hoody system created 

physical channels between the signals by separating the material into discrete strips, and 

sought to further expand the exploration of the material by determining its efficacy when 

utilized in an isolated embedded setting.   

 Shorty illustrated the physical limitations of silk organza in terms of its abilities to 

conform to the movements of the wearer’s body.  The very nature of silk organza’s 

composition precludes it from significant amounts of distension.  Rather, the silk and 

metal composite create a fabric that is light, but relatively stiff.  While the silk strands 

alone can distend up to twenty percent of their length without breakage, their 

combination with the perpendicular metal thread significantly reduces their ability to 

conform their shape to an object (Beach 2007).  The Hoody system’s usage of silk 
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organza in narrow strips allowed for the major conductive pathways to be routed as 

needed throughout the system.  However, the width of the silk organza strips nonetheless 

precluded complex routing of the circuitry throughout the garment.  Unless backed by a 

substantial fabric layer on both sides, the silk organza strips would short with one another 

upon contact and pressure.  While the silk organza strips functioned as major pathways 

for the system, their efficacy fell short of usage as circuit interconnect pathways.  In 

addition, the fabric covering, necessary to prevent the silk organza strips from shorting, 

imposed a significant challenge in terms of bulk and weight.  Due to the restrictions of 

the material, traditional conductors had to be utilized on the Hoody system in the areas 

past the power and data distribution points.                

 While the fundamental efficacy of silk organza as an introductory exploration into 

conductive textiles was tested with the Shorty and the Hoody systems, the experiments 

revealed a need for a more versatile conductive textile substrate.  Silk organza imposed 

restrictions both on implementation of the garment and electrical design of the system.  

Since the material can only serve as an electrical conduit when cut into a straight line, 

integration into garments proved to be problematic.  Additionally, the tendency of the 

material to be somewhat too conductive, in terms of shorting with another portion of the 

organza, proved to be challenging and required additional conventional material to 

mitigate.  The insulating fabric layers imposed physical bulk and were an impediment to 

a conduit that was already sizable as compared to conventional wire conductors.  As 

such, the rationale for the use of silk organza becomes dubious as the material not only 

poses serious disadvantages, but has few advantages even when compared to an 

infrastructure composed of copper wiring.  While the material is in theory more 

malleable, the advantage is outweighed by the inflexibility to fully conform to the 

contours of the garment.   
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Materials 

 

 Silk organza is an interesting instance of a material being repurposed for a task 

that is significantly different than its original intent.  As such, it is in some ways well-

suited for Project Aurora and in other ways very challenging to use.  Silk organza is not a 

true conductive fabric in that it is not composed of conductive fibers.  Rather, the 

material, composed of interwoven strands of metal and silk, conducts electricity through 

its metal wire component.  While it is a textile that conducts electricity, the use of actual 

metal wires in its construction precludes it from being truly a conductive textile.  Rather, 

the material is susceptible to the physical limitations of the metal thread.   

 In order to truly be considered a suitable material for garments, conductive 

textiles must possess the capability to be processed similarly to conventional fabric.  The 

material ideally should be washable repeatedly and exhibit similar physical capabilities to 

its conventional counterpart.  For instance, conductive elastic should exhibit a similar 

ductility to its traditional counterpart.  Likewise, conductive thread should be readily 

machine sew-able and consequently feasible to adapt to any type of garment.  Silk 

organza, in the realm of conductive textiles, requires many adjustments to accommodate 

its use.  The experimentation utilizing silk organza with Shorty and Hoody clearly 

indicates the difficulties of integrating the material into a production system.  

Furthermore, the challenges presented by both systems clearly indicated the need for a 

conductive fiber that more closely resembles many of the aspects of conventional textiles.  

The qualities of malleability, washability and general similarity to conventional textiles 

are crucial for ease of use and integration.  Rather than altering fundamental aspects of 
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garment making to adapt to the material, the conductive textile should allow conventional 

techniques to be utilized for its integration.   

 As seen with silk organza, textiles created with metal threads inherit the qualities 

of the metal used.  As the proportion of metal increases on the fabric, it accordingly 

exhibits the physical qualities of the component.  In order to exhibit similar qualities to 

conventional textiles, conductive fibers should have their conventional counterpart or 

equivalent as a basis.  A physical composition based on fibers utilized in conventional 

textiles would allow an established production method to be applied to the material.  

Likewise, the known aspects of the material would allow for the application of the fabric 

to the appropriate usage scenario.  For instance, a nylon-like material can be used in 

instances where it is appropriate to utilize a synthetic fabric that exhibits pliant 

tendencies.  The correlative factors between conventional and conductive textiles are 

crucial in order for the two to be used interchangeably in garment design.   

While the preceding discussion depicts the ideal scenario with conductive textiles, 

the capability of conductive fibers and textiles to emulate conventional materials is 

inherently limited to the current state of art.  As seen in the discussion regarding electrical 

resistance in the preceding Topology portion, the current state of art is hindered by the 

resistance of the material when compared to a highly conductive metal.  Additionally, the 

existence of materials that are capable of integration with conductive materials, yet able 

to retain their resiliency and fundamental qualities, remain sparse.  In many instances, 

conventional fibers are not able to withstand the process of merging the fiber with the 

conductive material.  Often such processes involve high temperatures or chemical 

processes that fundamentally alter the properties of the original fiber.  In addition, the 

blended fiber often can lose its original physical properties.  A cotton fiber embedded 

with conductive metal particles, for instance, can lose much of its inherent properties of 
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elasticity and flexibility.  The increased rigidity of the resulting thread also would 

preclude its use in many aspects of conventional garment fabrication.     

The challenge of creating a material that exhibits qualities similar to conventional 

fibers, yet is capable of high electrical conductivity, is illustrated in part by the sparse 

number of manufacturers in the field.  The selection is further reduced due to the 

materials’ high resistance, material composition or a combination of factors.  Even 

among the small number of viable representatives, a manufacturer capable of producing a 

low resistance conductive fiber with the qualities of conventional textiles is rare.  Given 

the lack of selection, the task nonetheless is to gauge the properties of the materials that 

are available and evaluate their efficacy in the intended application.  Inherently, the 

challenge lies in utilizing the most suitable materials from the current state of art to 

explore the feasibility of available options.  

The work with the Shorty and Hoody systems illustrated the need for a more 

suitable conductive textile.  The efficacy of silk organza in the use scenario presented 

many logistical issues.  In addition, the bulk of the silk organza, once reinforced to 

prevent electrical shorting, negated many of the advantages of adopting the material in 

the first place.  Consequently, the team reexamined how conductive textiles could be 

integrated into the garment in order to establish a set of criteria with which to identify a 

replacement material.  Primarily, the inability of the silk organza to be contoured to the 

garment was a major impediment.  In addition, the width of the strips required to 

establish a reliable electrical pathway with the organza presented problems not only in 

terms of placement, but also in the resiliency of the resulting garment.  Shorty illustrated 

the flaws in implementing a garment utilizing the silk organza as a substrate.  Not only 

were flaws in the fabric exacerbated, but the overall rigidity of the resulting garment 

precluded use in a physically vigorous setting. 



 

 

SLINKY V.1 

 

In order to gauge the nature of usage in terms of use factors and its 

interrelationship with perceptual awareness, the physical shift from conventional to 

technologically augmented garments must be minimal.  As there are perceptual 

differences between conventional garments composed of disparate textiles, the shift to 

technological augmentation has to be based on the technological variables rather than 

dissimilar types of fabrics.  The perceptual changes between distinct garments can be 

minimized through the use of identical garments as the basis of work.  By eliminating the 

variability of the form and fit of the garment, 

perceptual shifts caused by the integration of 

technological augmentation can be readily 

identified.  

A long sleeve leotard by Bloch was 

chosen as the basis for the next generation 

system.  As the leotard is readily available, 

comparisons can be made between iterations 

augmented with a technological system 

versus leotards that are unmodified.  Using a 

leotard as a basis is also ideal for work with 

dancers in that the leotard is the de facto standard of the dance world.  Dancers utilize 

leotards in their classes from the very beginning of their training.  As such, the dancers 

are especially apt to notice changes in the dynamics and nuances of the garment as it 

Illustration 20: Long sleeve leotard by 
Bloch (Supply 2008) 

 121



 122

adjusts to their movement.  Inherently, a leotard is worn for its ability to conform to the 

wearer’s body and enable a full range of movement.  The French, for instance, refer to 

the leotard as ‘justaucorps’ or just the body (HarperCollins 2007).  In theory, the leotard 

would impose the least physical encumbrance of any garment.  A long sleeve leotard was 

chosen to accommodate the mounting of the sensory aspects of the system along the 

limbs of the body.       

 In order to augment the leotard with the technological enhancements, an 

interconnection was needed that could conform to the movements of the performer and 

adjust as needed to the dynamics of the fabric substrate.  As the leotard is composed of an 

elastic material, the interconnecting method would have to expand and contract in 

accordance with the underlying fabric substrate.  Rather than utilizing strips of 

conductive textile as in the case of silk organza, a more direct method of tunneling 

through the fabric of the leotard would allow for a more streamlined and imperceptible 

method of routing power and data throughout the garment.  In essence, the conductive 

fiber would become a part of the fabric.   

 

Integration 

 

 Kevlar™ is a synthetic fiber that is well known for its strength to weight ratio.  

The fiber is often utilized in instances where strength and light weight are of utmost 

importance.  In addition to its common use as the material for bulletproof vests, Kevlar™ 

is used in the fan casings of  jet engines to prevent the errant turbine fan blade from 

exiting the jet housing in the case of failure (Evans and Ward 2002).  In such an instance, 

the Kevlar™ jacket would have to withstand the strike of a titanium fan blade traveling at 

an extremely high speed.  The use in the extreme conditions of a jet engine fan case and 
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ability to withstand a strike of a broken turbine fan blade illustrates to some extent, the 

strength of the material.  In terms of the present instance, Kevlar™ also serves as the 

chemical basis for Aracon™, a conductive fiber produced by the DuPont Company.  

Aracon™ is created through a blend of conductive particles with the composition of 

Kevlar™ to form a synthetic fiber that exhibits the qualities of Kevlar™ while adding the 

capability to conduct electricity.  The ability and electrical qualities of Aracon™ to 

conduct electricity depend on the type of metal particles incorporated into the 

composition of the fiber.    

 Aracon™ is composed of strands of fiber rather than a swatch of fabric as in the 

case of silk organza.  As a synthetic composite fiber with metal particles for conductivity, 

Aracon™ is not susceptible to the fatigue qualities of metal.  Rather, its bend capabilities 

resemble that of conventional thread and can be flexed an indefinite amount of times 

without breakage.  The textile-like quality of the fiber allows it to be readily integrated 

into conventional fabrics.  As such, Aracon™ would, in theory, fulfill many of the 

requirements necessary to integrate an electronic network onto the body.   

 The leotard-based Slinky system utilizes Aracon™ for not only the electrical 

interconnect throughout the garment, but also for the intricate pathways between some of 

the major discrete components of the system.  By utilizing the conductive fiber as the 

substrate upon which to base the electronic pathways of the system, a significant 

improvement in flexibility can be achieved.  Conventional methods, on the other hand, 

would require the use of more rigid wiring and circuit boards to compose the overall 

system.  While some circuit boards are utilized on the Slinky system, the substrates are 

utilized to accommodate the mounting of the smaller surface-mounted devices which, due 

to their minute size, would be significantly less amenable to interconnection with 

conductive textiles.  
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 The textile-like attributes of the Aracon™ enable a significant level of integration 

of the fiber with the textile of the suit.  Major electrical pathways can be incorporated 

into the preexisting seams of the garment and routed according to the needs of the 

electrical system.  The conductive fiber interconnections utilized between the sensor 

modules and major nodes of the system serve to preserve the nuance of the original 

garment while enabling the technological augmentation.  The level of integration between 

the conductive fiber and underlying fabric enables the data and power pathways to be 

connected to the necessary aspects of the system without the need for modification of the 

underlying structure of the garment.  When compared to the previous silk organza 

iterations of the system, the ability to create an on-body wearable sensory system without 

disrupting the fundamental qualities of the garment is a significant advance. 

 Previous to the Slinky system, technological implementations precluded much 

consideration of the core questions of simplicity versus complexity, perceptual awareness 

and user affordances.  In many ways, the focus was more on the fundamental 

functionality of the system rather than qualities of usability.  As such, the performative 

nature of the choreography had to often be adapted to the technical limitations of the 

system.  The technologically augmented garments often restricted full range of motion 

and consequently affected the performance.  The factors of technological and physical 

encumbrance combined to create a less than ideal performance platform for the wearer. 

 The consideration of simplicity versus complexity is apt when taken into context 

of the initial Automated Body systems.  The star topology of the network necessitated a 

myriad of wiring from each discrete point back to the processing unit.  The result was a 

bulk of cabling that was routed throughout the body.  In addition to creating a physical 

impairment for the wearer, the cabling also added multiple points of failure in which a 

line could easily entangled with another object.  In comparison, the tree topology of the 
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later systems enabled significantly less cabling to support the system infrastructure.  The 

additional advantage is that the tree topology allows for the electrical interconnections to 

be made in the system without the necessity of a discrete trunk connection for each point.  

In addition to allowing the simplification of the system topology, the new network 

structure also greatly enabled the shift from conventional interconnection methods to the 

use of conductive fibers with the system.   

 The incorporation of Aracon™ fibers into the Slinky system greatly enabled the 

shift to a system that did not physically encumber the wearer.  The fabric-like qualities of 

the conductive fiber allowed the unobtrusive incorporation of the material into the fabric 

of the garment.  The use of the fiber between the discrete sensory nodes and the data 

acquisition aspects of the systems allowed for a resilient connection that greatly enhanced 

the pliability of the garment.  Simultaneously, the miniaturization of the major systems of 

the body greatly enables sensory elements to be incorporated without much disruption to 

the surrounding substrate.  When combined with the tree network topology in which 

individual aspects of the system are distributed from a central trunk, the conductive 

thread enables the creation of a system that not only integrates completely into the fabric 

of the garment, but also enables unencumbered movement by the wearer.  By reducing 

the wearable system to aspects that are visible only upon close examination, the wearer is 

in theory physically free to execute the movements necessary to choreography. 

 

III.  Affordances 

 The interaction between the user and machine is an aspect that is often overlooked 

in electronics development.  A well engineered piece of hardware with a poor interface 

will most likely be perceived more poorly than a mediocre piece of hardware with an 
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excellent interface.  Ultimately, the interface is the method by which the device 

communicates and interacts with the user, and as such, is the determining factor of the 

success of the device.  In essence, as the personality of the device, the interface is the 

crucial link between the functions of the device and the operator.  A function is only 

useful if it can be readily accessible when needed.  The degree of interaction reflects 

directly on the cognitive load of the user.  As such, the method by which the user 

interfaces with the system and its subsequent response plays a crucial role in the overall 

functionality and viability of the system.   

 The initial iterations of the Automated Body system utilized a combination of 

keystrokes on the arm-worn keyboard and trigger points on bend sensors to control and 

activate the interactive visuals.  While the method sufficed for the intended 

choreography, the interaction between the wearer and the system required the user to 

enact a sequence, whether through movement or keystroke, to initiate and control the 

graphical interaction.  As such, the control mechanism precluded the wearer from 

engaging in the movement of the choreography while controlling the visualization.  

Additionally, the trigger points served as initiation points for the visual during which only 

a certain set of variables can be controlled by the wearer.  The wearer has to consciously 

react to the visuals being projected on screen and react accordingly through a key press or 

flex of the limb to get the desired reaction.   

 The problem of generating explicit interactions during movement choreography is 

obvious.  Imagine a dancer engaging in a leap, only to suddenly halt their movement to 

press a key on their arm or do a sharp bend of the elbow.  The immediate reaction of the 

viewer is that of cognitive dissonance as the flow of the movement is interrupted in order 

to generate the desired visual effect.  While the latter movement of the limb can in theory 

be incorporated into the choreography, it is nonetheless a definitive movement amongst a 
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stream of implicit action.  Unfortunately, the disruption of movement detracts from the 

choreography and regardless of the visuals employed, results in a compromise of the 

performance.  The thought process in which the performer performs the choreography, 

then stops to trigger the visual effects and follows with an interaction with the visual 

effect, generates not only a significant mental load, but also fundamentally impedes the 

flow of the choreography.  The problem is further exacerbated by the need for the 

performer to interact with the generated visual effect through additional keystrokes or 

gestures. 

 In order to fully execute the physical dynamics of choreography, a dancer must 

enter into a cognitive flow.  The flow allows the movement to take place without 

conscious thought about what to do next.  While choreography is initially taught and set 

upon the dancer, the process by which the piece is learned enables the movement to be 

executed through muscle memory.  By allowing the performer into the mental space 

where they are in the cognitive flow of the movement, the performance is able to reach 

the dynamics and nuances necessary to fully execute choreography.  Conversely, if the 

performer is simultaneously cognizant about the choreography and the needed interaction 

with the wearable system, the internal process reveals itself in the dynamics of the 

movement.  The disruption in the flow of the movement is apparent to the viewer as the 

nuances of performance are affected by the shift in thought of the performer. 

 In order for the cognitive flow of the performer to be maintained throughout the 

choreography, a shift has to be made from explicit to implicit interaction.  The direct 

input / reaction paradigm utilized in the previous iteration is, in many ways, mutually 

exclusive with the process of dynamic execution of choreography.  In order for the 

performance to reach the full dynamics of both the technological and artistic aspects of 

the process, a balance has to be achieved that allows the movement to take place while 
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enabling the full functionality of the technological aspects of the whole.  At the same 

point, however, the choreography must be set with thought as to how integration with 

technology can benefit or detract from the desired outcome.  In many ways, the processes 

are inextricably linked.  Even with an implicit response interface to the system, the 

choreography must correlate with the desired movement with the visual effects generated 

as a result.  Much like the choreography of a duet, the two elements must create a 

relationship that makes sense visually as well as artistically.  

 

IMPLEMENTATION 

 

 The integration of conductive fibers into the Slinky system not only enabled the 

use of interconnection methods previously unavailable, but also allowed for the 

incorporation of significantly more integrated circuitry into the garment.  The textile 

allowed for the qualities of the foundational garment to be preserved while enabling the 

wearer to have a full range of movement in the garment.  Through the use of simple 

gestures, an implicit interface is established between the system and wearer.   When 

compared to the more direct interaction between the wearer and the input mechanisms in 

previous iterations of the system, the simple gesture-based interface allows for the 

movement to be more readily incorporated into the choreography.  While not a fully 

implicit interface, in which the system can readily interpret the movement without any 

clues from the user, the gesture-based interaction allows for a more subtle form of 

communication between the wearer and the garment.  Conversely, the interaction 

between the wearer and system in early iterations of the Automated Body system often 

required the wearer to directly input commands into the system, either through a key 



command or a sharp bend of a limb.  The Slinky gesture-based interface, which was 

designed with the intended use of performance and dance movement in mind, bases many 

of its gesture commands on movement from dance vocabulary.  By basing the method of 

communication on the same foundation as the movement, interaction between the wearer 

and technology can better blend into the flow of the choreography.   A small swirl of the 

wrist might trigger a swirling stream of particles, for instance, while also initiating a 

larger movement of the arms.  A feedback between the performer and the visualization is 

established as the kinetics of the resulting visuals reacts directly to the dynamics of the 

performer’s movements.    
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EXECUTION 

 

 The implementation of Aracon™ into 

the substrate of Slinky enabled the wearer of 

the garment to have a full range of 

movement.  In addition to the on-body 

systems, the conductive fiber 

interconnections spanning the body had to 

endure the duress of dynamic physical use.  

In contrast to traditional garments, clothing 

meant for physical movement has to 

withstand the stresses of use during which the garment might be stretched, impacted or 

Illustration 21:  Slinky incorporated the 
conductive fiber Aracon™ into the 
fundamental aspects of the garment. 
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saturated with moisture.  As such, the systems integrated onboard the body must 

necessarily be able to resist such rigors of use.  Since the previous iterations of the on-

body systems utilized electronics and interconnects mounted atop the fabric of the 

garment, moisture from the wearer was not an issue.  The form factor of the previous 

systems as an overlying garment above other layers of clothing also precluded the 

problem.  In terms of interconnects, the surface structure of the previous iterations 

prevented direct interaction with the wearer.  While the electronic elements of the system 

are insulated from the shocks and environmental factors of use, the Slinky system places 

the system components in extreme proximity to the skin of the wearer.    

 The Slinky system, prototyped and constructed in the fall of 2003, was created to 

explore the efficacy of conductive fibers in a highly integrated wearable environment.  

Through the use of Aracon™ conductive fibers, a high level integration of system 

components was possible.  Compared to the difficulties encountered with the preceding 

Shorty and Hoody systems, the Slinky system performed relatively flawlessly during the 

months of testing and choreographic work leading up to Project Aurora’s inaugural piece, 

Led.   The system enabled the exploration of the gesture control mechanism and allowed 

for the dynamics of full performative movement. 

   

UNINTENDED CONSEQUENCES 

 

Experimentation with any new material can yield unexpected results.  Regardless 

of the specifications of the product or results from controlled circumstances, unexpected 

behaviors can result from a particular instance of use.  The radio frequency transceiver, 

for instance, utilized in version 1.0.54 of the Automated Body, functioned perfectly in all 

test circumstances until actually used for performance.  Likewise, the silk organza 
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utilized in Shorty was in theory suitable for the application, but proved otherwise in 

actual implementation.  The unintended consequences as a result of the introduction of 

variables to the whole can lead to seemingly illogical failures.  Additionally, factors that 

at first seem to be wholly unrelated can, in hindsight, be prognosticators of failures to 

come. 

The Aracon™ utilized in the Slinky system with Kevlar™ as its chemical base 

was considered by the team to be one of the strongest components of the entire system.  

The strength of the material when compared to the cotton Lycra™ blend of the leotard is 

such that the structural integrity of the garment will, in theory, fail before the Aracon™ 

fibers.  The months of successful use of the Slinky system illustrated to the team the 

efficacy of the conductive fiber in the garment.  The dancer was able to fully execute the 

dynamics of the choreography without being physically encumbered by the suit. 

After a few months of use, the dancer indicated some discomfort in terms of 

scratchiness from the fabric of the garment.  Close examination of the garment seemed to 

rectify the problem without identification of the cause.  As use of the garment continued, 

the irritation returned periodically, but sporadically.  As such, the problem was thought to 

be due to normal wear and tear on the fabric of the garment.  Given the nature of 

movement, natural aspects of the leotard can get worn down over time.  With the 

sporadic nature of the problem and no signs really visible as to any failures, the 

consensus at the time, especially given the flawless performance of the system, was that 

the problem existed with the material of the leotard. 

In hindsight, the symptoms experienced by the wearer should have been an early 

indicator of things to come.  The irritation problem was soon followed by a sporadic drop 

in the data connection between the sensory subsystem and the on-body processing unit.  

The drop in the on-body data network indicated that a structural flaw had occurred 
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somewhere in the fabric substrate of the garment.  Given the integrated nature of the 

conductive fibers, identification of the location of the failure proved to be problematic.   

While the failure analysis was ongoing, the garment was continually utilized in 

artistic development of the choreography.  Given that the troubles at the time were 

sporadic and did not impede the overall functionality of the system, continued use of the 

system aided in establishing the key points of failure.  Diagnosis of the suit proved 

challenging in that the failure of the system occurred only during use.  When tested in the 

lab environment, the major components of the suit were all verified to be performing 

nominally.  Data drop outs from the system would occur sporadically during some 

movements.  Over time, the general area of failure on the garment could be identified by 

locating the placement of data integrity issues.  As such, the use of the system helped to 

identify the activities that triggered the most points of system malfunction. 

Use of the version one Slinky system ended when the performer reported the 

feeling of ants while wearing the suit during a preview performance.  While seemingly 

nonsensical, the tingling sensation is a major indicator of electrical current leakage from 

the system.  Though the conductive fibers directing data and power throughout the 

system were isolated in the fabric of the garment, the unmistakable signs of electrical 

shock revealed that the insulating structure had been compromised somewhere in the 

body of the garment.  The tingling sensation was exacerbated by the physical exertions of 

the performer.  As the dancer performed the movements of the choreography, her 

exertions caused perspiration that increased the conductivity of her skin.  Consequently, 

what began as a minor itch quickly became the feeling of fire ants crawling on the body.  

The issue became so serious that the garment had to be quickly disabled and removed 

from the performer immediately following the performance. 
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FAILURE ANALYSIS 

 

 In order to fully identify the points of failure in the system, the Slinky system had 

to be disassembled and the electrical pathways partly deconstructed.  The pathways 

through the fabric of the garment were uncovered to assess the state of the conductive 

fibers.  In the initial construction of the Slinky system, conductive fibers were woven into 

the fabric substrate of the leotard to construct the electrical pathways necessary for 

system functionality.  In order to accommodate the elasticity of the material, the fibers 

were incorporated in a zig-zag fashion, so that they could straighten when stretched and 

bend when relaxed.  The zig-zag allowed the non-elastic conductive fibers to be readily 

incorporated onto an elastic surface. 

 The idea of utilizing a zig-zag pattern to accommodate an underlying elastic base 

is a common practice in the garment industry.  For the most part, the method allows an 

otherwise non-elastic material to lengthen and shorten according to the attached elastic 

layer.  The failure analysis of the version one Slinky system revealed flaws in the 

conventional zig-zag method.  While the conductive fiber pathways were encapsulated 

into the fabric of garment by secondary layer of conventional thread, the peaks and 

troughs of the zig-zag pattern left a small portion of conductive fiber exposed.  The 

textile was initially exposed to allow the fiber to have some room to distribute evenly 

throughout the garment.  The method functioned properly for a period of time and the 

theory behind the implementation seemed sound.  However, while the fiber redistributed 

itself along the garment, it did so somewhat unevenly, in that portions of the zig-zag peak 

and trough points had a small loop of conductive fiber exposed.  Over time, the small 

loops of Aracon™ began to abrade against themselves during use, causing an unexpected 

problem in the structural integrity of the material.  Though Aracon™, with the chemical 
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base of Kevlar™, is considered to be one of the strongest known materials, its strength in 

this case was a drawback.  The abrasion of Aracon™ fiber against another strand of 

Aracon™ fiber slowly produced minute shards of the material and wore away at the 

cohesion of the strand.  As the level of erosion increased, the data signal consequently 

became intermittent as the pathways used to convey the data became compromised.  The 

Aracon™ shards, initially invisible to the naked eye, were the cause of the irritation 

experienced by the performer.  As the shards of the fiber retained their conductive 

properties, the conveyance of data and power were readily cross-transmitted to the wearer 

of the garment, causing the electrical shock experienced.  The points of abrasion 

experienced complete failure during analysis testing by rupturing in a small explosion of 

conductive shards.   

 The law of unintended consequences plays a significant role in the failure of the 

first version of the Slinky system.  It reinforces the fact that no factor can be overlooked, 

no matter how conventional or mundane, in the design and testing of a system.  Through 

the zig-zag method is standard practice in conventional garment fabrication, the unknown 

variables introduced by the Aracon™ fiber caused an unforeseen failure.  The failure is 

especially surprising given the strength of the underlying Kevlar™ base of the fiber.  

Considering the flex capabilities of the material, the failure could not be due to the 

bending experienced by the fiber during use.  In order to identify the factors leading up to 

the failure, the author contacted Dr. John D. Ross, Senior Scientist, of the Dupont 

Corporation’s Advanced Fiber Systems to better understand the problem.  As the lead 

developer of many of Dupont’s synthetic fibers including Aracon™, Dr. Ross would be 

especially able to assist in solving the problems experienced by the team.   

 As suspected by the team, the abrasion of the Aracon™ against itself was the core 

cause of the structural failure of the fiber.  Since Kevlar™ and consequently Aracon™ 



are composed of relatively short molecular filaments, they are susceptible to degradation 

to their constituent components if the aspect of the material that binds the filaments 

together is compromised (Ross 2003).  The abrasion of the Aracon™ against itself caused 

an unforeseen consequence in which the binding agent was slowly worn away; revealing 

the shards of filament that, given their minute size, distributed randomly around the 

affected area.  The random distribution of the filaments led to the unexpected data bus 

failures of the system in addition to creating a pathway for electricity to travel to the skin 

of the wearer. 

 In order to prevent the recurrence of the failure, the underlying electrical 

infrastructure had to be redesigned with the vulnerabilities of the conductive fiber in 

mind.  The conversations with Dr. Ross led the team to revise its use of the Aracon™ 

fiber.  Rather than using the fibers directly in the substrate of the garment, a variant of the 

Aracon™, clad with an elastomeric coating, was utilized in the portions where the 

material would encounter the stresses of stretching and 

shrinking.  The coating on the fiber would prevent 

direct contact with another portion of the fiber.  As 

such, the problem of abrasion would be eliminated.  
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SLINKY V.2 

 

 The unexpected failure of the first revision of 

the Slinky system required the suit to be reconstructed 

using new techniques.  As the failure of the conductive 

fiber led to the presence of conductive shards throughout the garment, remediation of the 

particles proved to be challenging.  Since even a single stray conductive particle can 

Illustration 22: Slinky v.2 with 
integrated conductive fiber 
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cause a malfunction or electric shock to the user, every shard of the material has to be 

located and removed.  The failure of the Aracon™ illustrates the need to anticipate 

unexpected results when new materials are implemented into a system.  Since unforeseen 

variables can fundamentally alter the behavior of any given material, each aspect of its 

implementation must be gauged in order to identify any possible variables.   

 The use of the elastomeric clad Aracon™ fiber allowed the fiber to be integrated 

into the elastic portions of the second Slinky version without a risk of recurrence the 

failures of the previous system.  In addition, the coating created a second layer of 

electrical insulation between the fiber and user, thereby ensuring a better safety factor for 

the wearer.  Since the coating rendered the conductive fiber less amenable to mechanical 

sewing a different method had to be utilized to integrate the revised material.  The initial 

iteration of the Slinky system tunneled the fibers throughout the substrate of the cloth.  

The method allowed the conductive fiber to be readily incorporated into the fabric with a 

minimal disruption to surrounding areas of the garment.  In order to utilize the 

elastomeric clad version of the Aracon™, the material had to be incorporated in a 

significantly different fashion than the previous iteration.   

As the elastomeric clad version of Aracon™ was not amenable to being directly 

sewn, an alternative method has to be utilized.  The second version of the Slinky system 

utilized a form of embroidery to encapsulate the fiber in a manner that still retained the 

nuances of the garment.  By creating tunnels composed of conventional textiles, a conduit 

was made for the conductive element of the system.  The conduits allowed the coated 

fiber to be readily integrated into the system in a relatively seamless fashion.  

Additionally, the conduit method supplemented the insulating coating on the Aracon™ 

fiber and further strengthened the structure as a whole.  The redesign and implementation 

of the second revision of the Slinky system allowed the artistic development of Led to 
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continue after a delay of two weeks.  However, the redesign also allowed the team to 

identify the points of failure in the previous iteration and engineer alternative methods 

that not only corrected the issues at hand, but resulted in a significant improvement of 

system reliability and safety. 
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WINKY 

 

 As previously illustrated, hardware is only as good as its constituent parts.  Good 

hardware can be brought down by bad firmware, whereas average hardware can be 

perfected with excellent firmware.  The challenge is to achieve a balance between form 

and function.  The control system utilized with the Slinky system incorporates many of 

the lessons learned with previous iterations of the wearable system.  The system, Winky, 

implements many of the necessary changes while incorporating a significant amount of 

new functionality.  Issues with battery, wireless and system interface encountered with 

previous iterations of the system are addressed during the development cycle of Winky.  

The focus on correcting known issues with the previous systems is an attempt to provide 

a robust processing platform for the Slinky system.  As illustrated with the previous 

iterations of the Automated Body system, failures can occur in any aspect of the system.  

Poorly implemented on-body infrastructure can lead to as many failures as an 

insufficiently designed control system. 

  While the preceding systems focused mainly on basic functionality, the Winky / 

Slinky system directs its focus on usability factors.  Slinky incorporates a significant 

amount of integration of electronic components with conductive textiles in order to 

produce a garment that attempts to be functionally identical to an unmodified garment.  

The Winky processing system focuses on the affordances and usability factors necessary 

to produce a control system that can blend seamlessly with the intended use of the Slinky 

system.  The Slinky system enables the wearer to have unencumbered freedom of 

movement.  As the intended use of Slinky differs significantly from previous iterations in 

term of user interaction, the Winky subsystem has to be designed to accommodate the 



different type of incoming data.  The concurrent development of the wearable garment 

and the data processing portion of the system allows for features to be readily 

incorporated and tested.  The conductive fibers incorporated into the fabric of the Slinky 

system allow the electronic components to be readily integrated with the underlying 

fabric.  The close integration between the fabric and the electrical aspects of the system 

presents a limited area for the integration of the suit with the Winky processing system.   

 The physical footprint of 

the Winky is limited not only to 

accommodate integration onto 

the body of the wearer, but also 

to not present a physical 

encumbrance to the user.  In 

order to incorporate the 

necessary functionality of the 

processing system along with the 

new capabilities of the Slinky 

system, the design of the Winky 

processor utilizes several levels 

of miniaturization.  Components 

adequate for the previous 

iterations of the system are 

replaced with more highly 

integrated equivalents. 

Illustration 23:  Inside view of the first Automated Body 
control system 

The work with the initial Automated Body system in early 2001 was marred by 

the lack of availability of highly integrated components.  A separate integrated circuit, for 

 139



instance, would be required for processing, memory, and data acquisition.  The discrete 

integrated circuit would then have to be supplemented by support circuitry that enables 

its operation.  As depicted in Illustration 17, the combination of discrete integrated 

circuits and the connections required for the support circuitry and the requisite 

connections between the discrete portions of the system quickly combine to form a bulky 

and somewhat cumbersome device.  The form factor requirements of the Slinky garment 

necessarily preclude the use of such discrete components. 

 The increasing miniaturization of personal electronics like mobile phones and 

digital cameras have spawned a variety of single chip systems that incorporate a 

multitude of functions which previously required discrete integrated circuits.  

Simultaneously, the needed support circuitry has dramatically decreased with the 

introduction of the highly integrated circuit systems so that the supplemental circuit is no 

longer as pertinent to functionality of the device.  Whereas 

an integrated circuit would originally only handle 

computing, the semi-conductors available during the 

process of the Winky system development feature a 

complete system on chip with capabilities to process, store, 

input and transmit data without external components.  

Additionally, the form factor of the devices has 

dramatically reduced in that equivalent components between 

the two development cycles are orders of magnitude smaller 

than their predecessors.  The Itchy data acquisition unit depicted in Illustration 18 is an 

example of the high level of integration possible with the use of the multi-function 

integrated circuits.  The illustration, pictured at close to actual size, allows the change in 

scale from Illustration 17, depicted at a 1/4th scale, to be readily apparent.  The electrical 

Illustration 24: Itchy data 
acquisition unit 
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layout of the two systems epitomizes the contrast between complexity versus simplicity.  

As complexity, in terms of functionality, increases on an integrated circuit, its 

implementation onto a circuit board is vastly simplified.  Conversely, the simpler 

integrated circuits of the initial Automated Body iteration required vastly more complex 

circuitry on the device to accommodate the needs of each discrete component.  The use of 

multi-function integrated devices along with the size reductions possible enables the 

Winky system to be significantly smaller than previous iterations.  

 In order for the Winky processor to be integrated into the overall Slinky system, 

the form factor of the device has to comply with the physical limitations imposed by 

integration onto the wearer’s body.  The use of the multi-function integrated circuits 

allows the system to physically encompass a smaller space.  However, the need for the 

processing unit to accommodate the performer’s body creates a size restriction on the 

physical embodiment of the device in order to not pose a physical encumbrance for the 

wearer.    

 While the Winky processor is a significant size reduction from previous iterations 

of the Automated Body, it nonetheless requires a minimum form factor.  The minimal 

physical form factor, roughly the size of a deck of playing cards, retains and expands 

upon the capability of the previous units while more easily enabling physical integration 

onto the body of the wearer.  While the size of the control system will continue to evolve 

through the course of revision, the Winky revision utilized in the Slinky system enables 

the device to be inconspicuously integrated onto the back of the performer.  Though the 

form factor is comparatively small, it is nonetheless a sizable addition to a wearable 

garment.  As such, it represents a potential weight and physical obstacle to free-form 

movement for the wearer.  The extent of the physical impact of the Winky processor is 

somewhat ameliorated by the full range of motion enabled by the Slinky system.  While 
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the Slinky system enables the wearer to have a much greater degree of movement 

compared to previous iterations, the freedom of movement, ironically, renders the 

presence of the processing unit more readily apparent.  As such, what might have gone 

unnoticed in the earlier Automated Body systems is more readily apparent in the Slinky 

system.  Though physical encumbrance is a major consideration of the Slinky platform, 

its initial use with the Winky processor serves as more of a work in progress toward 

enabling robust functionality.  As such, the initial phase focuses on providing a robust 

processing platform to complement the Slinky system with more optimal implementations 

of the system to occur in subsequent iterations.  In many ways, the Slinky iteration of the 

project is more focused on the creation of a garment that incorporates conductive textiles 

than on the absolute miniaturization of the control system.  In order to fully gauge the use 

of experimental textiles in the system, a common point of reference is necessary for 

comparison.  Since the Slinky garment incorporates significant changes from the previous 

iterations, the control system must necessarily be a point of reference rather than another 

variable.  Introducing another variable into a system with multiple preexisting variables 

not only adds complexity, but also creates impediments to identifying sources of failures.  

The ability to compare the changes in behavior between the systems as equipped with 

conventional wiring versus one with conductive textiles is invaluable to the proper 

assessment of the material.  As such, the Winky revision utilized with the Slinky system 

focuses on usability and reliability in favor of absolute miniaturization.  The overall goal 

of the initial Winky phase is to address issues from the previous iterations of the control 

system in order to refine the process in developing the subsequent revisions of the 

processing system. 
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Table 2: Chronology of technologically augmented performances utilizing Project Aurora systems 

Performance Date System Performer Visualization Intended 

Outcomes 

Torus Knot 2003 Stringy 
 
Yacov 
Sharir 

 
Extruded 3D torus 
mesh 
 

 
Enable performer to 
actively manipulate 
3D object. 
 

Led 2003 Slinky 
 
Shelley 
Hardin 

 
2D points of light 
with varying 
intensity 

 
Combine gesture 
control and motion 
tracking to generate 
and interact with 
visuals. 
 

ShadowPuppets 2004 Ivy 
 
Charlotte 
Craff 

 
2D Native American 
cave drawings using 
enhanced Led 
software engine. 

 
Utilize contextual 
interpretative control 
to create visual 
narrative while 
allowing natural 
movement. 
 

Fire and Ice  2005 Ivy, 

Rosy 

Shelley 
Hardin  
 
Charlotte 
Craff 

 
Dynamic 3D 
objects, meshes and 
particles utilizing 
generative 
algorithm. 
 

 
Explore intra-
interaction between 
visualizations 
generated by multiple 
systems. 



IV.  Led (December 2003)   

 

 The development of the inaugural Project Aurora performative work, Led, 

occurred simultaneously with the work 

on the first and second iterations of the 

Slinky system.  In many ways, Led was 

designed to explore the capabilities of 

the Slinky system by assessing its 

strengths as well as weaknesses.  

Slinky allows, for the first time, the use 

of a performative system that is 

unencumbered by the physical limitations of the system.  Rather, the user is free to have a 

full range of movement, constricted only by the limits of the body.  Likewise, the 

technological elements integrated into the Slinky system represent a nuanced, gesture-

based interface in which the wearer can, in theory, dialog with the system without the use 

of overt gestures or commands.  The conversation between the artistic and hardware 

development allowed for ideas to be quickly tested.  In addition, requirements from the 

artistic portion illustrated a deficiency of the hardware portion of the process.  Likewise, 

the capabilities of the hardware portion of the process demonstrated possibilities not 

initially apparent to the choreographer.  The joint development created a synergistic 

relationship between the artistic and hardware aspects of the project.   

Illustration 25: Slinky System as utilized in Led

 Gestures can be overt or nuanced.  While appropriate in certain contexts, overt 

gestures are difficult to incorporate into a stream of movement.  When used to initiate 

commands or control graphic visualizations, overt gestures can quickly detract from the 
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overall work.  The image of the dancer who performs movement choreography, then 

pauses to initiate a sequence by pressing a button or sharply bending a limb, is an 

instance of overt gesture control.  While the sharp bend of the limb can, in theory, be 

composed into choreographic movement, the over gesture inherently limits the movement 

vocabulary possible in association.  Nuanced gestures, on the other hand, are less 

perceptible forms of communication between the performer and the garment.  Varieties 

of nuanced gestures, for instance, can be the small twirl of a wrist, bend of a finger, or tilt 

of the back.  The very nature of the gestures allows them to be readily incorporated into a 

stream of movement without indication of their presence.  One can argue, however, that 

due to their inherent nature, nuanced gestures can be too subtle for audience perception.  

The argument follows that overt gestures are necessary for the audience to appreciate that 

an interaction is taking place and that the connection between performer and visualization 

can be lost with the use of nuanced gestures.  The need exists to find a balance between 

performative qualities that necessitate a more nuanced form of interaction, and the 

audience’s perception of the interaction.  The solution to the question of effectiveness for 

the audience versus efficacy of the system for the performer lies in finding the balance 

between performative qualities and the flow of movement choreography.  While the 

audience might find merit in a more subtle blend of performative interaction with 

technology, versus one in which the physical aspects of the interaction are emphasized, 

the question of the overall efficacy of either remains. 

 As an initial attempt to explore the efficacy of technological interaction with an 

unencumbered range of movement, Led seeks to investigate the question at hand through 

the use of both overt and nuanced gestures to interact with the visualizations.  By 

combining the two factors in a single performance, the effectiveness of different aspects 

of the piece can be assessed.  For instance, does the audience respond to a physical push 
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by the performer on the swirling stream of particles?  Conversely, does the subtle swirl of 

wrists used to create softly falling snowflakes adequately convey the nuance of the 

movement to the audience?  The use of nuanced and overt movement gestures in Led 

allows for the team to explore the integration of each into movement choreography.  

Additionally, the overall effectiveness of the piece can aid in gauging the efficacy of 

either form of system communication.  Overall, the factors that might allow the wearer to 

interact with a system with minimal distraction to perceptual awareness might be at odds 

with the needs of a performance environment in which the perception of the audience 

might be in stark contrast to the efficacy of the solution.  

   In previous performances utilizing the Automated Body systems, the visual 

representations often involved human-based models and complex three-dimensional 

objects.  The nature of the complex objects allowed for overt interactions to be somewhat 

ameliorated through the immersion of the performer within the visual representation.  

The visual combination of the real and virtual elements aided in masking the movements 

of the performer.  Additionally, the sequential nature of the visual representations 

allowed the movement choreography to be somewhat synchronized with the interactive 

needs of the performer.  The method, however, shifted the focus on the graphical 

representation rather than the performer in the piece.   

 The move toward a method of nuanced interaction with the production of Led 

allows the focus to shift back toward the relationship between the performer and 

visualization.  In order to create a balance in which the graphical representation 

complements the movements of the performer, complex graphics are replaced in favor of 

a more affective graphical representation.  The primary element for Led centers on the 

concept of the seemingly simple point.  As illustrated by Eric Gould’s example from the 

beginning of the chapter, the point is one of the simplest forms of user interface.  Led 



uses the basis of a single point and allows the wearer of the suit to generate and 

manipulate the visual object as desired within the dynamics of the choreography.  As 

such, no two performances of the piece are identical, as the dynamics of the visual 

representation are dependent on the timing and momentum of the performer during 

graphical instantiation.  In effect, the visual representations in Led provide a visual record 

of the system’s response to the wearer.  The dynamics of the movement are visualized 

through the graphical representations generated by the performer through her movement. 

The use of overt gestures to initiate the visual representations in Led is designed 

to provide a visual comparison to the more nuanced gestures in the piece.  The overt 

gesture control is utilized in the piece to establish a starting point for the audience.  As 

the piece progresses, overt interactions are supplemented by increasing numbers of 

Illustration 26:  Instantiation of overt gesture to pull particles toward performer in Led 
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nuanced gestures.  In essence, the audience is initially familiarized with the nature of the 

interaction between performer and visuals and gradually shifted to more subtle forms of 

interaction.  In Illustration 26, the performer, Shelley Hardin, utilizes movements of the 

elbows to draw the particles toward her.  The gesture provides the audience with a direct 

cause and effect relationship and aids in informing them about the dynamic nature of the 

relationship.  The sequence, though encapsulated within the more general flow of the 

movement, allows the audience to establish a baseline correlation between the performer 

and the visual representations on the screen.  Furthermore, the contrast between the overt 

and nuanced gestures as depicted in the later illustration can aid the choreography in 

expanding the possible range of dynamic movement. 

Illustration 27:  Nuanced gesture by which a wrist swirl dynamically controls the visual elements
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 The generation and control of the visual element via a nuanced gesture provides a 

dramatic contrast to the use of overt interaction.  Rather than an obvious cause and effect 

interaction between the performer and visual response, the graphic instantiation is 

generated in the course of the performer’s movements.  Graphic visualizations are 

dynamically created as needed through the subtle moves of limbs and wrists.  While the 

performer retains the ability to generate and control the resulting visualizations, the 

gestures utilized to initiate the visuals are blended into the overall dynamics of the 

movement.  In Illustration 15, the particles are generated and controlled by subtle 

rotations of the performer’s wrists.  By controlling the movement of the particles as per 

the dynamics of the choreography, the generation and control of the graphic 



representations are blended into the overall momentum of the piece.  

 

Illustration 28:  Visual immersion of performer by particles in response to dynamic rotation of body

 Nuanced gesture interaction cannot only involve the limbs of the body, but also 

incorporate the bends and twists of the body as a whole.  The use of the entire body 

greatly increases the possibilities of movement.  The incorporation of the torso and trunk 

of the body allows the performer to execute the dynamics of the choreography while 

initiating nuanced movements to control and generate visual responses.  Accordingly, the 

full body movement capability allows for a blend of nuanced gestures into movement 

choreography and enables the performer to incorporate dynamic movement vocabulary in 

the course of performative work.  The interaction capability allows the two disparate 
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performative elements of movement and technology to blend more seamlessly.  In the 

context of the overall performance, the kinetic interaction of the visuals in response to the 

full dynamics of choreography allow the piece to be executed without compromising the 

essence of the movement vocabulary or visual response from the system.  The contrast 

between the overt versus nuanced movement serves to illustrate the dramatic differences 

between the two methods.  Concurrently, the movement potential of both methods allows 

for an analysis into the efficacy of the two in performance.  The use of both nuanced and 

overt gesture interactions in Led allows for the qualities of both forms to be compared.   

 The overall choreography of Led begins with overt interactions between the 

performer and visual effects.  The overt interactions are supplanted by more nuanced 

gestures as the piece progresses.  The sequential evolution of the interaction method 

serves to transition the audience from a direct cause and effect relationship, as evidenced 

in the overt gesture method, to the more subtle relationship established by the nuanced 

gesture control.  The incorporation of whole-body movement into the vocabulary of 

nuanced gesture control allows the choreography to more broadly incorporate dynamic 

elements into the control / response feedback loop between the performer and 

visualization.  Consequently, the piece allows for the Slinky system to be utilized in 

movement that more involves the full dynamic range of dance vocabulary.  The 

integration of nuanced gestures into the movement vocabulary of the choreography 

allows the performer to, in theory, initiate the graphical elements, while preserving the 

cognitive flow necessary to fully execute the elements of movement.     
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RESPONSE 

 

 The use of both overt and nuanced interactions in Led allows the audience to have 

a direct point of reference between the two methods.  The piece begins by solely utilizing 

overt interactions to generate visual response and transitions to the use of nuanced 

gestures.  Through the course of the piece, the nature of the cause and effect relationship 

between the performer and the visuals evolves with the method of interaction.  Overt 

interaction allows for a more concise understanding between the actions of the performer 

and the resulting visualization on the screen.  Conversely, the nuanced interaction allows 

for a more complex relationship between the performer and the visualization, in that the 

movements to initiate response are better blended within the context of the overall 

choreography.  The gesture control system utilized in the Led performance is limited in 

that the sensory portions of the body that trigger and control movement are always active.  

Rather than selectively screening input during movement, the system collects and 

processes the data and transmits it to the remote visualization system.  The visualization 

system then correlates the input from the performer within the context of the 

performance.  During specific portions of the piece, movement of the particular limb can 

trigger a dynamic response from the system.  As the appropriate portion of the 

choreography is executed, the contextually aware system shifts the active sensory regions 

of the body to the next appropriate area.  The dynamic reconfiguration of the sensory data 

allows for regions previously active to be utilized in movement without the activation of 

visuals in a later context. While the contextual abilities of the system prevent the 

triggering of improper visuals during inappropriate portions of the performance, the 

inherent nature of the interaction requires that the choreography take into account the 

physical aspects which might be graphically reactive.  For instance, movements in areas 
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where the trigger point utilizes movements of the wrists cannot incorporate dramatic 

flourishes of the forearms in the movement choreography without consideration of the 

reactive nature of the movement.  As such, the movement vocabulary of the overall 

choreography is somewhat dictated by the interactive requirements of the visual system.    

The process of choreography cannot exist in isolation in a performative 

environment.  Choreography in the context of interactive technologies must necessarily 

take the technological incorporation into consideration.  Much as the choreography of a 

duet will be fundamentally altered from a solo, technologically augmented choreography 

cannot take place without consideration of the technological component.  The movement 

cannot be created without thought of what gestures might convey the greatest efficacy of 

meaning while incorporating the interaction between the performer and wearable system.  

Choreography that is created without the involvement of the technological augmentation 

results in significant incompatibilities when the two elements are later integrated.  By 

allowing the crucial interplay between artistic development and technological integration 

to take place, a balance can be met between the different aspects.  The two elements have 

to be in balance to effectively allow for the creation and execution of technological 

augmented choreography.   

The contextually aware capability of the response system returns the aspect of 

control to the choreography and graphic artist.  As the choreography has to be made in 

the context of balancing movement with the interactive gestures that can blend into the 

movement, contextual awareness allows the choreographer to utilize gestures where 

appropriate.  The choreographic effort evolves through work between the entire 

development team in which the creative elements serve a crucial role.  In order to enable 

full usage of the physical capabilities of the wearable system, the choreographer must 

understand what limitations, if any, might exist.  Likewise, the engineering and software 
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portions must understand the artistic needs of the choreographer to better implement the 

nuanced gesture control that enables the choreographer to execute their vision.  Through 

collaboration between the contributors through the course of development, the system can 

better understand the context in which to generate graphical responses.   

 The contrast between audience perception and actual performance in some ways 

is in conflict with the interactive relationship between the garment and the dancer.  A 

garment that allows for nuanced interaction with the performer will necessarily preclude 

the conspicuous cause and effect relationship between the performer and the graphic 

representation.  The lack of constrictions on the physical movement of the performer 

necessitates that the dynamic relationship between the performer and interactive elements 

be elucidated through choreographic elements.   Jose Bustamante, a collaborator and 

choreographer, illustrated the following example to the team during consulting for Led.   

Take for instance, a swirl of the wrists initiates the generation of these particles.  

The subtle interaction between the performer and the gesture would be lost to the 

audience watching off stage.  However, if the movement of the wrist swirl is 

performed concurrently with a dramatic flourish of the body,  the audience would 

then perceive the flourish as the trigger rather than the comparatively 

imperceptible swirl of the wrist (Bustamante 2003).   

The perceptive nature of the audience allows the choreographer to utilize movement 

phrases to represent the interaction between the performer and the visual elements.  The 

practice allows for the dynamics of choreography to be preserved throughout the piece 

and allows the performer to better retain the performative flow of the movement.  The 

compromise between the overt and nuanced gestures allow for grand flourishes or 

specifically choreographed movements by the performer as part of the choreography to 
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represent the interaction for the audience while enabling the performer to enact 

interactions that are, in theory, less cognitive load.   

 The nature of performance is that of audience perception.  If an audience 

perceives a cause and effect response, it is effective whether or not the nature of the 

reaction actually relates to the interaction.  It is on the foundational nature of the 

perception by the viewer that Bustamante bases his perspective.  By allowing the 

audience to see what it needs to understand the nature of the relationship, the 

choreographer and subsequently the performer are free to execute the dynamics of the 

performance while preserving the nuanced interactive context between the performer and 

the technology.  The contextually aware visualization system of the Slinky iteration 

allows the choreographer to utilize the tools as needed in the piece.  By dynamically 

allocating active physical regions in one moment of the movement and utilizing them for 

entirely other purposes shortly thereafter, the choreographer is free to blend the technical 

and visual aspects with the movement phrases at will.  The flexibility allows for 

significantly better options in terms of overall choreographic potential.  Nuanced gestures 

and choreographic dynamics can be blended seamlessly according to the needs of the 

piece.   

While the dynamic ability to shift the method of interaction with the wearable 

system represents a significant choreographic potential for the artist, it is not without its 

fallacies.  The level of customization required to implement the artistic and graphical 

elements of each piece presents a not insignificant burden on the development process.  

Each aspect of the choreography has to be crafted with the mutual development of the 

nuanced control system.  Movement has to be determined in the context of both aspects.  

As such, the process of choreographic development is significantly different than that of 

conventional choreography.  Though the system can be utilized without much previous 



 156

customization, true blending of the technical and artistic aspects is only possible through 

the close work between the two elements during development. 

With the development of Led and the Slinky and Winky iteration, issues from the 

initial Automated Body systems were mostly resolved.  However, the improved 

capabilities of the new system brought with it new and unexpected issues.  In some ways, 

the nature of the new issues was at odds with the core questions of the work.  The 

fundamental exploration of perceptual awareness of the performer in a technologically 

augmented environment conflicted in many ways with the needs of a performative 

environment in which audience perception must also be weighed.  The two issues, while 

unrelated on some levels, were interlinked in others.   The issues at hand were further 

explored in additional choreographic work with the subsequent development of the 

Stringy system for Yacov Sharir.  The Stringy iteration represented a parallel 

development of the Slinky system in terms of technological implementation.  Further 

refinements of the system were explored with the development of the Ivy system. 

 



Stringy (2004) 

 
Illustration 29:  The Stringy system worn by Charlotte Craff with the Author on left and Shelley 
Hardin on right 

 

 Along with enabling the performer to have a full range of movement dynamics, 

the Slinky system introduced the nuanced gesture interaction method.  The system, 

however, introduced as many questions as it answered.  In effect, the issue of affordances 

for the performer conflicts in some ways with the perceptual needs of the audience.  It 

was initially theorized that nuanced gestures were necessary to enable a continuous 

mental flow for the performer.  While the method described by Jose Bustamante in the 

previous section allows a compromise to be reached between the nuanced gesture control 

and audience, the question remained of the use of overt gestures in terms of interaction.  
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In iterations of the system previous to Slinky, the overt interaction was partly due to 

physical limitations imposed by the hardware and construction of the garment.  

Following the introduction of conductive textiles with Slinky, the full range of movement 

not only enabled nuanced gestures to be utilized in terms of control, but also allowed the 

overt gesture method to be revisited.  It can be said that an overt gesture such as stopping 

movement to initiate a sharp elbow bend can be disruptive to the mental flow of the 

performer.  However, would an overt gesture, in the form of a sharp initiation of the limb 

during movement have the same effect?  Since sharp movements or sudden changes of 

direction are often utilized in choreography, a dialog between the wearer and interactive 

system utilizing a choreographed overt gesture would, in theory, not be cognitively 

dissonant for the performer.  Rather, if the gestures are instantiated as a phrase in the 

choreography, the kinetic flow of the movement remains continuous.  The key difference 

lies in the overt gesture being initiated discretely versus integrated into the flow of 

movement.     

Following the development of Project Aurora’s internal piece, Led, the team 

turned its focus toward the development of a parallel system for Yacov Sharir.  The 

system was created to be used in conjunction with a Sharir + Bustamante Danceworks 

performance that premiered in May of 2004.  The effort, codenamed Stringy, focused on 

the exploration of the issue of overt gestures and their role in cognitive dissonance for the 

wearer.  The method of interface implicitly correlates to the cognitive load imposed on 

the user.  As such, the issue of interface between the wearer and system, whether nuanced 

or overt, is critical in understanding the efficacy of the interaction method.  In terms of 

construction, the Stringy system differed significantly from the Slinky system in its 

physical implementation.  Rather than closely embedding the conductive textile into the 

fabric substrate of the garment, the team, in collaboration with Yacov Sharir, developed 
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the system with the conductive fiber infrastructure mounted on the external portions of 

the garment.  The method, chosen by Sharir for aesthetic purposes, allowed the garment 

to match the artistic intent of the choreography.  In addition, the simpler method of 

construction allowed the Slinky development time to be significantly shortened.  

Electrically, the Stringy system differed little from the preceding Slinky system.  

Hardware issues from the preceding system were rectified previous to integration into the 

Stringy system.  However, system-wide aspects remained identical to that of the Slinky 

system.  The similarities between the two systems allowed for the Stringy system to be 

readily implemented.  As the components had, for the most part, been previously verified 

in the Slinky system, testing and verification requirements were minimal.    

 Stringy was designed in conjunction with Yacov Sharir’s exploration into three-

dimensional object meshes and real-time manipulation of the dynamics of the objects.  

Previous performances like Lullaby had utilized three-dimensional objects that had been 

compiled into short movement phrases.  The phrases, in the form of video files, allowed 

the wearer to select the phrase and control aspects of its playback.  When choreographed, 

the visuals appeared to interact with the wearer in real-time, but were, in actuality, pre-

generated media files.  The dynamics engine from Slinky allowed the performer to initiate 

and manipulate particles of light without the use of any previously generated media.  The 

visualization software of the dynamics engine allowed Sharir to employ the use of 

modifiable three-dimensional meshes as the basis of his piece.  The method allowed 

Sharir to utilize a three-dimensional virtual object as a basis and, through manipulations, 

distort and modify the object both kinetically and physically.  A ring, for instance, can be 

twisted into a knot and enlarged to fill the space.  Likewise, the object can be pushed 

forward toward the audience or pulled back while rotating or executing other forms of 

movement.     
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The piece Torus Knot, choreographed and performed by Yacov Sharir, allows 

Sharir as the performer, to dynamically generate and manipulate three-dimensional 

shapes (Sharir 2002).  The objects are chosen from a library of basic shapes and are 

readily modifiable through the movements of the performer.  Through choreographed 

movement, the performer can selectively initiate and correspondingly manipulate the 

object.  Object manipulation is a core aspect of the movement choreography for Torus 

Knot.  As the objects are generated, the performer uses the bends of his body to control 

the twist of the three-dimensional object.  The movements of the performer’s arms allow 

him to control and manipulate the visualizations at will.  From the vantage of the 

audience, the images, projected on a sharks-tooth scrim, acquire a holographic quality.  

The visual perspective from the audience shows the performer dynamically controlling 

and manipulating the virtual object that hovers above.   

  The nature of the interaction between performer and visual object utilizes overt 

gestures to initiate and control the virtual object.  While the use of the direct gestures 

illustrates the choreographic need for the performer to directly manipulate the visual 

object, the exploration into the relationship between overt gestures and movement 

dynamics remains minimal.  Rather, the nature of the piece precludes dynamic movement 

in favor of a more immersive atmosphere.  Rather than kinetic movement, the audience is 

immersed in a virtual interactive environment.  In essence, Sharir extends the concept of 

a CAVE to an entire theatre.  CAVE stands for Cave Automatic Virtual Environment 

(Kenyon 1995).  Kenyon describes a CAVE as: 

a multi-person, room-sized, high-resolution, 3D video and audio environment. 

Graphics are rear projected in stereo onto three walls and the floor, and viewed 

with stereo glasses (Ref. 1). As a viewer wearing a location sensor moves within 

its display boundaries, the correct perspective and stereo projections of the 



 161

environment are updated, and the image moves with and surrounds the viewer. 

The other viewers in the CAVE are like passengers in a bus, along for the ride 

(Kenyon 1995)    

The immersion of the audience into the virtual experience as part of Torus Knot allows 

Sharir to involve the viewers in his interaction with the virtual object.  The piece, in 

essence, balances more on the virtual reality aspect of the experience than on the nature 

of the physical movement.  

 The Stringy system utilized in Torus Knot allowed Sharir to bring the experience 

of a CAVE environment into the theatre.   Previously, the virtual interactive nature of a 

CAVE implicitly required an extremely specialized environment.  Enabling the 

interactive capability outside of the specialized arena allowed Sharir, as the creator of the 

Torus Knot piece, to explore the viability of conceiving a work that would replicate the 

immersive capabilities of a CAVE in an otherwise conventional theatre.  The reactive 

nature of the visuals allowed the objects to seemingly exist in the same space as the 

audience.  Additionally, the manipulation of the objects along the depth of field increased 

the perception of the actuality of the object.  By allowing the virtual objects to 

dynamically change their visual proximity to the view, the sense of depth is emphasized. 

 In terms of interactive dynamics, the use of the Stringy system allowed the 

performer to have a free range of movement to accommodate his interaction with the 

virtual object.  While the system enabled to performer to create an immersive virtual 

environment for the audience, the interactive aspects between the performer and system 

remained consciously mediated. That is, the system mediated a cause and effect 

relationship between the performer and virtual objects.  The capability of the system to 

enable freedom of movement for the wearer is in many ways illustrative of the 

affordances implemented into the Slinky era series of systems.  However, the interactions 
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between the performer and garment in the case of the Torus Knot consist of interaction 

between the performer and visualization in more of a virtual reality setting rather than a 

dynamic movement setting.  As such, the exploration into the viability of overt versus 

nuanced gestures remains largely unexplored in the execution of the Torus Knot piece. 

 

Transitional Phase 

 

 The process of development of the Slinky system and subsequent Stringy system 

focused on perceptual improvements for the user.  Basic functionality issues were 

addressed and the process of development on the core technological aspects of the system 

improved robustness and reliability.  As some aspects of the system were developed with 

reliability in mind, compromises were made in terms of size reduction.  Additionally, 

possible new features of the system were deferred in favor of improvements in the 

robustness of the system.  Slinky focused on user affordances in enabling a full range of 

movement while minimizing physical encumbrances.  While the control systems utilized 

on the Slinky series of systems were minimal when compared to previous Automated 

Body systems, they nonetheless required a larger physical size than the ideal for on-body 

utilization.  As such, the form factor of the control system could be dramatically reduced 

in future revisions.  The Slinky series of systems explored and refined the use of 

conductive fibers in the system.  The experimentation with the material allowed for faults 

in implementation to be identified and rectified through design and material changes. The 

exploration of the material was further refined with its implementation into the Stringy 

system.  The Stringy system aided in the verification of the implementation methodology 

and demonstrated the efficacy of the conductive fiber implementation.   The 

implementation of the fibers into a second, physically distinct, system allowed the team 
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to fully assess the material to eliminate the aspects of the unknown.  Subsequent to the 

Stringy system, the team was able to utilize the material as a known and tested quantity of 

the system.   

 The implementation of affordances must take place within the confines of the 

needs of the intended application as well as the requirements of the user.  In that a 

balance has to be maintained, each factor must take the other into consideration.  

Affordances are necessary to minimize the level of cognitive load imposed by the system.  

However, the affordances must be implemented in-line with the requirements of the 

intended application.  As illustrated in the previous instances, the nature of the interface 

between user and system can dramatically alter the fundamental relationship between not 

only the user and the technology, but also the performance as a whole.  The nature of the 

affordances can impose limitations on movement that create interaction methods that 

inherently change the performance.  Ultimately, the factors between user and machine, 

choreographer and performer, and performer with audience must be weighed to consider 

each aspect equally. 

 The performance aspect of the system dictates that appearance must be one of the 

major factors in the design.  Likewise, the overall appearance of the system also has a 

fundamental impact on the user impression.   Whether the aesthetic is technological, as in 

the case of the original Automated Body system, or nondescript in the case of the Slinky 

system, the appearance can do much to convey the impressions of capability and usability 

for the wearer.  In many ways, the appearance of the system generates a set of 

expectations for the user.  The aspect of complexity versus simplicity is apt in that the 

more complex appearance of the Automated Body system can convey not only a sense of 

technological capability, but also the expectation of a complex use method.  Conversely, 

the subtle nature of the Slinky system can convey the nondescript nature of the system 
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and its consequent nuanced affordances for use.  Depending on the background of the 

viewer, the system can either convey the elegant implementation of technology or the 

lack thereof due to its simple appearance.   

The aspect of perception is one that persists throughout the technological world.  

The case of Apple Computer versus Windows PCs is an instance decidedly centered on 

user perception.  The minimal profile of Macintosh computers contrasts sharply with the 

functional aesthetic of the PC computers.  While the two might be technologically 

identical, the perceptions associated with each differ dramatically.  Macintosh computers 

have a simpler appearance than their PC counterparts with a minimal assortment of ports 

and connectors.  Conversely, the PC equivalent often incorporates a myriad of inputs and 

ports.  The Macintosh computer is perceived as more capable for graphic and design 

work while the PC is often perceived as more of a business computer.  The perception 

associated with Macintosh computers is that of ease of use whereas PCs are associated 

with complexity.   The expectation of simplicity and ease of use cannot only alter user 

expectations of the machine, but also significantly impact the value perception.  Even 

when a Macintosh and a PC computer are similar in technical specification, the 

Macintosh computer can often command a significant price premium.  The issue 

illuminates the significant challenge of user expectations in which preexisting concepts 

can often impact the overall user experience.  An expectation of difficulty of use often 

results in a negative experience in which the affordances fail to accommodate the user.  

Conversely, those same affordances, when utilized with a user having a more open use 

expectation, can better function with the needs of the user.  

The perception surrounding different types of personal computers applies directly 

to the integration of technology onto the body.  A perception of complexity often results 

in the user reacting tenuously and uncertainly.  Conversely, a perception of simplicity 
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allows the user to fully explore the boundaries of movement and enables more natural 

expression.  The challenge lies in both the exploration of the integration of the 

technology and associated use factors and enabling affordances that can convey the 

aspects of interaction to the user.  The balance between form and functionality cannot be 

weighed in favor of either aspect.  Rather, complexity has to be balanced with simplicity. 

The complex technologies integrated onto the body have to be enabled in a way that 

allows for the user to have a simple interaction both physically and mentally.  

As illustrated in the preceding discussion regarding overt and nuanced 

interactions, the aspect of user interface is critical in the cognitive load imposed by any 

technological device.  A poor interface can create impediments for the user that negate 

any affordances implemented into the system.  The perceptual aspects of the physical 

embodiment correlate directly with the increased cognitive load associated with the 

user’s attempts to understand and utilize a complex interface.  When combined with the 

perceptual aspect of complexity versus simplicity, in which a garment might be covered 

with wires and modules or a garment that perceptually appears to be no different than a 

leotard, the user aspects combine to form an overall experience.  The physical factors are 

interlinked with the interface characteristics of the system.        

The development of the system subsequent to the Slinky and Stringy systems was 

centered on the concept of providing the user with the minimal amount of compromises 

in terms of movement potential.  In particular, the focus on the miniaturization of system 

components would allow for a form factor reduction that could significantly improve the 

aspects of human / system interaction.  The previous instantiations of the system focused 

on the refinement of the conductive fiber material.  Rather than introducing multiple 

variables into the development process, the experimentation with the conductive fibers 

allowed for the use of the material to be refined.  By allowing the qualities of the material 
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to be identified and issues rectified during the initial iterations of testing, the 

incorporation of the material could be more of a known quantity in subsequent iterations.  

As such, the implementations of conductive fibers in the Slinky and Stringy systems 

allowed the material to be fully assessed.  The usage factors associated with the 

conductive fiber discovered during the initial exploration of the material do much to 

inform the design decision of the successive system. 

 



V. Ivy 

In order to incorporate the desired form factor improvements and rectify the 

remaining issues in terms of affordances and interface, the team next focused on the 

development of the subsequent system to the Slinky and Stringy iterations.  The new 

system embodied many of the integration techniques explored during the development of 

Slinky.  The techniques, refined through Slinky, utilized in conjunction with research on 

the viability of additional levels of electronic component incorporation, allowed for an 

Illustration 30: The Ivy system enables the performer to perform complex movements while in a 
performative environment. 
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expansion of system functionality as well as an exploration into improvements of the user 

affordances and physical encumbrances.   

The resulting system, codenamed Ivy, brings together refinements learned from 

the preceding generations.  The system architecture utilizes the integrated fiber approach 

of the Slinky iteration in which the conductive fibers are incorporated directly within the 

substrate of the fabric.  The method allows for a seamless integration of the conventional 

and conductive fabric constituents of the system.  As such, the system can be readily 

incorporated into many aspects of traditional costume design.   

The first incorporation of conductive fibers into the fabric substrate with the 

Slinky system illustrated the efficacy of the implementation of a system that closely 

integrates the technological aspects with the body of the wearer.   By enabling the close 

level of integration while retaining the capability of full range movement, the viability of 

the method was verified.  While the instantiation initially revealed significant 

implementation issues, revision and eventual deployment verified the concept.  The close 

contact between the Slinky system and the user however presented its own problems.  As 

the leotard is in many ways a personal garment, the Slinky system is inherently limited to 

the wearer and garment in which it is incorporated.  Due to its integration into the fabric 

of the leotard, the use of the system is feasibly limited to a single person.  While the 

garment can in theory be washed and refreshed for another user, the viability of the 

concept in practice is dubious as dancers are understandably reluctant to share leotards 

for both personal and hygienic reasons.  Rather than incorporating the technology into a 

leotard where the intended usage of the system is limited by the wearer, the Ivy system 

incorporates the technology onto a fabric layer that has an underlying interchangeable 

garment.  The underlying garment serves the purpose of the leotard while the upper layer 

incorporates the technological aspects of the system.  The method allows for the personal 
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issues of the leotard to be remedied while increasing the interchangeable capability of the 

system. 

The Ivy system implements a refinement of the Slinky technology while exploring 

the facets of the previous implementation that proved to be infeasible during use.  With 

the exploration for the robust implementation of conductive fibers carried out in the 

Slinky phase of the project, the subsequent Ivy system can incorporate enhancements on 

the non-interconnect aspects of the system.  Accordingly, hardware systems are 

redesigned to accompany the revisions on-body worn interconnects.  The shift from a 

leotard-based system dramatically expands the usability options. Rather than one system 

being tied to a particular garment, the system can, in theory, be interchangeably used with 

different outfits.  As such, the wearable system can be utilized by different performers of 

similar physique rather than being tied to a single person.  The shift of the system toward 

a multi-layered nature does remove some of the highly integrated nature of the Slinky 

system.  However, a compromise is reached between seamless integration and utility by 

allowing the system to be utilized by different wearers.  In theory, the implementation 

technique would allow for a greatly expanded range of possible use scenarios for the 

system. 

The exploration of gesture based interaction between the system and user in the 

preceding Slinky iteration illustrated the qualities of both nuanced and overt gestures in 

user interaction.  The nature of the interaction between the performer and wearer has to 

be balanced in performance with the perceptions of the audience.  While the inherent 

nature of the interaction between performer and technology can be mediated through 

choreographed phrases that allow nuanced gestures to be perceived as overt, the nuanced 

gesture control is nonetheless limiting for the creative process.  While certain movements 

can initiate different responses at appropriate portions of the piece, those same 
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movements will elicit a response from the system during the allotted portion of the 

performance regardless of its appropriateness.  As such, movements related to the gesture 

trigger utilized in the portion of the piece are not assignable to other performative needs.  

 The inherent nature of the interaction between the performer and technology in 

its foundation dictates a certain level of communication between the two elements.  

However, the gesture control methodology utilized in the Slinky iteration fundamentally 

requires modification of the choreographic process to accommodate the gesture controls 

required in the portion.  Concurrently, the utilization of gestures by the wearer, whether 

nuanced or overt, requires a certain level of cognitive distraction to initiate and execute 

the required gesture.  The interaction between the user and system, while subtle, 

nonetheless requires a certain level of awareness on the part of the performer.   

As the core issues at hand focus on the maintenance of the wearer’s cognitive 

flow through the implementation of affordances and intuitive interface elements, the 

focus for the Ivy system was to reexamine the issue at hand.  As data is being processed 

from the wearer regardless of direct interaction with the system, the information extracted 

from the data collection can be used by the system to attain the context of use.  GPS 

navigation systems perform a similar function in their determination of present location.  

For instance, if a car were traveling on a freeway versus an access road a few feet away, 

the GPS unit can use the current speed of the vehicle combined with the direction and the 

approximate map location to make an educated guess that the vehicle is traveling on the 

freeway despite both roads being within the GPS unit’s margin of error.  The ability to 

understand the context can greatly reduce the need for user input and consequently 

enhance the user experience.  Similarly, the dynamics of the movement in terms of 

momentum, direction and flexion of the limbs can combine to create a unique fingerprint 

that can inform the system as to the nature of the performance in that instance. 
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The Ivy system began the exploration of a context-based gesture system in which 

the wearable system is able to ascertain the context of its use from the sensory data and 

physical cues from the wearer.  Rather than time-based control in which responses are 

initiated by specific gestures at allotted times, the context based gesture method in 

essence mediates the interaction between the user and technology.  The real time sensor 

data is combined with the movement dynamics of the wearer to create a unique identifier 

for the system that aids in determining the proper response.  By determining the proper 

action through cues from the movement dynamics of the performer and contextual 

elements of the performance, the system is able to respond accordingly without the need 

for direct user mediation.  In essence, the contextual gesture system allows the system to 

function autonomously.  The technique dramatically reduces the involvement of the 

wearer in terms of initiation of the graphical elements.  By interpreting the wearer’s 

movement dynamics through processing of the incoming sensor data, the user mediation 

in the interaction is eliminated.  Rather, the technique allows the system to interpret the 

movements of the performer and react accordingly to the input.     As such, the wearer is 

unburdened by the visual needs of the system and can interact with the generated visual 

elements like a completely separate element.  Likewise, the interpretative nature of the 

system enables the graphics to react autonomously to the movement dynamics of the 

wearer and as such, create visual responses that can be unique to each performance.  As 

movement dynamics can change with each initiation, the graphical responses can respond 

accordingly with the variations.  
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WINKY 2.0 

 

The shift to the context based system necessitated a redesign of the on-body 

processing system.  In the previous iteration, the Winky interface was able to perform the 

calculations necessary to properly translate the gesture movements of the user.  However, 

the context based movement interface of the Ivy iteration required a significantly 

improved capability to dynamically acquire, process and interpret multiple sources of 

incoming information simultaneously.  Since the context based movement interface 

requires that the system supplant direct user input, it is crucial that the system 

interpretations of the context of the movement take place in real time.  Delays in 

processing would result in a loss of the cause and effect nature of the interaction and 

consequently negate some of the theoretical improvements of the new system. 

The increased volume of sensory data to process requires a significant 

enhancement in processing capability.  The need is exacerbated by the simultaneous 

points of incoming data.  As the data from multiple streams need to be processed 

simultaneously to extract an accurate picture of the context, delays in the interpretation of 

any aspect of the information can result in an imprecise view of the current status of the 

wearer.  The processing system has to acquire, interpret, and transmit the proper visual 

response to the remote visualization system within an extremely small window of time.  

In order to preserve the cause and effect relationship between the performer and graphic 

visualization, the complete data interpretation aspect of the system has to process 

instantaneously. 

In order to accommodate the increase in system data requirements, the central 

processing unit for the Winky system was upgraded to a unit that was capable of 
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performing hundreds of times faster than the processor used in the initial Winky iteration.  

Due to a more highly integrated nature, the new processor required a smaller footprint 

than its predecessor as well as significantly fewer external components.  The reduction in 

external components aided in simplifying system design while reducing the overall 

system power consumption.  As such, the new central processing unit reduced power 

consumption while increasing processing capability.   

The form factor reductions from the processing unit allowed the overall size of 

the Winky system to be significantly decreased.  As the preceding iteration of Winky 

utilized a significantly higher number of external components, the form factor was 

necessarily larger.  In order to mediate the area of the system, the initial Winky system 

utilized a circuit layering method that balanced the area of the unit with height.  

However, the resulting height of the system was less than optimal at close to three-

fourths of an inch high.  The higher level of integration in the second generation Winky 

system enabled reductions not only in the area but also the height of the unit.  The height 

requirement from the preceding Winky generation was rectified due to size reductions of 

not only the processing aspect, but also the radio transceiver portion of the system.   

Likewise, the reduction in electrical component size enabled the overall area of the 

processing unit to be cut in half.  As such, the second generation Winky system presented 

a significantly smaller profile with less than one-half inch height of the control unit.  The 

size reduction enabled the control system to be more easily integrated into the fabric of 

the garment in a way that is imperceptible for the wearer.  The second generation Winky 

system’s reduced profile also enabled the interconnections between the control system 

and the on-body sensor system to be significantly decreased in size.  As the 

interconnection forms the crucial junction between the conductive textile based, on-body 
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network, and the core intelligence of the system, the interconnect size reduction enabled a 

more streamlined method of system layout. 

The streamlined second generation Winky coupled with the enhanced Ivy enabled 

the creation of a system that sought to resolve many of the issues found with the 

preceding Slinky.  Along with enhancements of the hardware aspects of the system, the 

garment itself was completely redesigned to better fit the visual needs of performance.  

While the Slinky system embodied the integration of technology into the substrate of the 

fabric, the technological enhancements were not visible to the casual observer.  As such, 

the presence of technological mediation for the audience member was obscured and the 

Slinky system was perceived as a conventional leotard.  In many ways, the perception is 

an affirmation of the level of technological integration of the system.  However, from the 

viewer’s perspective, the interaction between the performer and visualization is thought 

to be pre-generated and not in real time.  The perception illustrates the duality of the 

challenge at hand.  While an aspect of the system may contribute to the seamless 

integration of technologies in a way that is imperceptible to the wearer, that same 

imperceptibility might detract from the performative value of the system.  In the overall 

perspective, the viability of imperceptible technological integration is the goal of utmost 

importance.  However, the viability of the system, as used in performance, inherently 

depends on the perceptions of the viewer. 

In order to find a balance between technological imperceptibility and viewer 

perception, the Ivy system was created to be less utilitarian in appearance while 

maintaining the facets of technological integration present in the preceding generations.  

As the Ivy system marked the debut of the Project Aurora research on an international 

stage at the 2004 Monaco Dance Forum, the perceptual nature of the system to the viewer 

has to be equally as important as the technological imperceptibility for the wearer.  In 
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many ways, the visual impression of any technological system plays a significant role in 

user expectations.  A perception of simplicity and elegance can greatly aid the user 

expectations of the system.  As such, it was crucial for the Ivy system to visually convey 

the technological advancements inherent in its implementation.  The task of designing 

and implementing the visual appearance of the Ivy system was given to the team of 

Esther Marquis and Betty Chlystek.  Chlystek and Marquis have been involved in the 

costume design for major feature films such as Robert Rodriguez’s Spy Kids and offered 

a unique insight in terms of implementing a professional appearance for the Ivy system.  

The team of Chlystek and Marquis was supplemented by Kathy Lang, formerly of the UT 

Department of Theater and Dance, who performed much of the intricate construction 

work on the Ivy system.  Kathy Lang is known for the construction of the redesigned 

University of Texas Doctoral Regalia for then university president, William Faulkner. 

Esther Marquis’s costume design for the Ivy system planned for a dramatic 

departure from the preceding systems.  Where the Slinky system was understated and 

visually resembled a conventional leotard, the design for Ivy featured a form fitting corset 

coupled with intricate patterns that simulated cloth circuitry on the body.  Ironically, the 

depictions of circuitry on the costume were all nonfunctional with the actual conductive 

textiles embedded in the substrate of the fabric.  However, the mock conductive textile 

circuits aided the visual impression of embedded technologies onboard the garment.  The 

garment was coupled with ‘vines’ that interwove through openings in the sleeve and body 

of the corset.  In addition, the openings throughout the garment, under-laid with mesh 

backing, heightened the visual impression of the imperceptibility of the technologies 

while enhancing the suit’s breathability.  Overall, the Ivy system sought to balance the 

variables of functionality and aesthetics by incorporating the technological aspects of the 

preceding systems while enhancing the visual impact.  



 

SHADOWPUPPETS (2003)     

 

Illustration 31: ShadowPuppets utilizing Ivy system with contextual gesture interaction 
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Illustration 32: Ivy system demonstrating contextual interpretation in ShadowPuppets 

The context-based gesture system of Ivy enables a new method of interacting with 

the wearable system.  Rather than having the user perform specific gestures to initiate 

responses, the Ivy system extrapolates pertinent data from movement dynamics, body and 

limb flexion and performance context.  As such, the performer is in theory free to execute 

the movements of the choreography without the mental burden of initiating and 

controlling the visual representations.  The graphic reactions, in theory, would perform 

symbiotically with the dancer and allow a level of integration unavailable with previous 

iterations of the system.  In order to explore the parameters of the context-based gesture 

system, a piece, Shadowpuppets, was created with a focus on performance dynamics.  

The increase of performance dynamics in the movement choreography aids in assessing 

the qualities of the context-based gesture system as it adapts and interprets the 

movements of the performer in real-time.  In addition, an increase of performance 
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dynamics would allow the system to more readily identify “fingerprints” that aid in 

initiating the proper response.   

Shadowpuppets draws upon the concept of the creation myth and combines the 

use of Native American cave drawings with the depiction of the process of creation.  

Beginning in darkness, the movements of the dance begin as the background is slowly lit 

with only the silhouette of the performer visible.  The dancing shadow then forms small 

stars that slowly cover the night sky and fill the stage.  As the stars gather, the 

movements intensify until a large jump of the shadow causes the stars to swirl and 

combine to form a sun that then illuminates the stage.  The illumination lights the 

performer who comes out of silhouette for the first time.  With the creation of the sun, the 

performer moves on to the next portion of the choreography.  With her movements, the 

performer forms and pulls out simple creatures from the center of the sun.  The creatures 

walk around the stage and in the air throughout the creation process.  As multiple 

numbers of each creature form, the performer brings them together with other species of 

creatures and combines them to form more complex creatures.  A gecko with a turtle 

might form into a dog for instance.  As the complexity of the creatures evolve, the 

performer pulls them toward the sky where they evolve into similarly shaped 

constellations.  Once all the creatures are returned to the night sky, the stars of the 

constellation are then pulled down toward the performer and into the ground.  Upon 

contact with the ground, the stars combine and explode upward in a storm around the 

performer.  The creation process completes a full circle with all the elements returning to 

the stars from which they originated.   

 In many ways, ShadowPuppets allows a dynamic examination of the viability of 

the contextual gesture-based interface between the performer and technology.  The 

kinetics of the movement creates unique fingerprints that allow the system to 
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contextualize, and consequently interpret the movement.  The system, for instance, would 

interpret a jump combined with the bend of the torso to the left while traveling forward as 

an initiation for a graphic reaction.  The same movement without one of the variables 

would create a different signature and consequently result in different interpretation from 

the system.  In practice, the interaction between performer and graphic representation 

become inherent in the movement choreography of the piece.  The performer is able to 

execute the movement without having to consciously initiate and control the graphic 

representations on the screen.   

 From a performative perspective, the interaction between the performer and 

visualization becomes so intertwined that the performance as a whole appears to the 

audience to be pre-choreographed to a static video.  In many ways, the cause and effect 

nature of the interrelationship between performer and graphic representation becomes 

muddied through the effortless interaction between the two elements.  The interaction 

ceases to be and instead becomes perceived as merely a video mediated performance.  It 

is ironic in that the method with which perceptual dissonance is removed from the 

performer also results in the loss of the inherent direct interactive nature that is crucial to 

a technologically mediated performance.  As illustrated in the previous explorations with 

Led and subsequent performances, audience perception is based on visual impressions of 

the performance.  If it appears that the performer is directly interacting with the 

visualization, the audience tends to believe that it is technologically mediated despite the 

piece being a piece choreographed to pre-generated video.  ShadowPuppets goes to the 

other extreme, in which a technologically mediated performance, with elements 

spontaneously generated in real time, is perceived as a performance that is executed to 

pre-choreographed media. 
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 The dissonance between performer interaction and audience perception illustrates 

the crucial need to retain a direct correlation between the performance and graphic 

visualization.  While the context-based interpretative method allows the performer to 

execute the movements of the choreography, it cannot exist independently of the graphic 

visualization in terms of interaction.  Visuals initiated by the dynamic movements of the 

performer must also fit both graphically and kinetically.  If the visuals have too much 

movement independent of the performer, the two are perceived to be unrelated.  

Likewise, the movements of the performer must correlate to the content of the visuals on 

the screen.  The aesthetic connection of the two elements must be maintained in order to 

create the perceptual connection between the two. In the case of ShadowPuppets, the 

failure is that of the choreography and graphic execution rather than the technology.  The 

goal of assessing the viability of the contextually based interpretation system also 

resulted in the loss of the direct correlation between movement and graphical 

instantiation.  As such, the initial effort in exploring the contextual nature of the 

interaction between performer and visualization resulted in a performance that left much 

to be desired.  However, the exploration of contextual control with ShadowPuppets 

illustrates the viability of the method in terms of the interactive nature between performer 

and wearable system.  

 The context based interface between the performer and wearable system used in 

ShadowPuppets illuminates several challenges.  The inherent exploration of affordances 

and the issues of simplicity and complexity correlate directly to the amount of cognitive 

load required of the user while performing a task.  In the case of Ivy, the performer is, in 

theory, able to initiate and perform the movements of the choreography while allowing 

the system to perform its task at hand.  The differentiator between the paradigm of direct 

gesture control, in which the user initiates the graphic response, versus contextual 
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gestural control, where the system interprets and executes the graphical reactions, in 

essence removes the wearer from the interface equation.  Rather, the movements of the 

wearer are interpreted by the system regardless of the cognitive factors of the user.  As 

such, the user does not have to be conscious of the actions of the reactive system.  A 

performer uninitiated in the technology can, in theory, carry out the movements of the 

choreography and generate the same reactions from the system merely by properly 

executing the movement dynamics of the piece. 

 

VI.  Broader Scale 

 

 The separation between direct control by the user and autonomous reaction by the 

system is akin to a plane being flown by its pilot versus controlled by automatic pilot.  In 

the case of the automatic pilot, the plane adjusts its controls based on environmental and 

flight course factors.  The idea of user separation from computer mediated control might 

seem good in theory; however, historical instances of removing the human factor from 

the task have been problematic.  When multiple variables are combined, an exponential 

number of possibilities are created.  The likelihood of anticipating each possibility and 

reacting properly is remote.  Rather, the odds of a set of data input resembling that of 

another and generating a similar “fingerprint” to the system is limited only by the number 

of possible combinations of sensory data input.   

In the context of a choreographed technologically mediated performance, the 

amount of variability is implicitly limited.  As choreography is created with the use of the 

system in mind, reaction-triggering fingerprints are extremely specific in order to 

minimize the creation of false alerts in the data processing system.  While more data 
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points might enable greatly levels of resolution in determining the context of the input, 

the additional points of data can also serve to mislead the system and generate false 

readings.  Such variables can be resolved during the choreography process by ensuring 

that points of initiation are comparatively clear.  However, when the context is more fine 

grained, as in everyday use, the amount of variability increases exponentially.  Aircraft 

control is an excellent instance where multiple factors can sometimes combine in 

unexpected ways.  As the system of an aircraft relies on a multitude of sensory input to 

make its decisions, the choices of the system are highly dependent on the quality of the 

sensor input and the efficacy of the processing unit.  Any discrepancy in the link between 

the input, processing and decision stage can cause erroneous results.  Discrepancies can 

result from sensor error, software code error, hardware error, or any malfunctions that 

might manifest.  Additionally, the perfect execution of data can be compromised by 

incorrect interpretation by the user of the system.  The pilot can in theory choose to 

ignore the incoming data from the computer system, choosing to believe her own senses, 

whether correctly or erroneously.  The intricate relationship between human factors and 

technological systems is one that can be easily tipped out of balance.    The autopilot 

analogy is apt in that control has always been weighed between human versus machine 

control.  

Instances where the choice has been weighed more heavily for machine control 

that can override human control have resulted in catastrophic consequences.  Safeware 

Engineering Corporation’s analysis of Air Bus A320 incidents depicts failures of the 

human-computer interface.  The examples that follow illustrate the challenges of 

designing a system that creates the crucial interface between man and machine. 

During one A320 approach, the pilot disconnected the autopilot while leaving the 

flight director engaged. Under these conditions, the automation provides 
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automatic speed protection by preventing the aircraft from exceeding upper and 

lower airspeed limits. At some point during the approach, after flaps 20 had been 

selected, the aircraft exceeded the airspeed limit for that configuration by 2 kts. 

As a result, the automation intervened by pitching the aircraft up to reduce 

airspeed back to 195 kts. The pilots, who were unaware that automatic speed 

protection was active, observed the commanded behavior. Concerned about the 

unexpected reduction in airspeed at this critical phase of flight, they rapidly 

increased thrust to counterbalance the automation. As a consequence of this 

sudden burst of power, the airplane pitched up to about 50 degrees, entered a 

sharp left bank, and went into a dive. The pilots eventually disengaged the 

autothrust system and its associated protection function and regained control of 

the aircraft.(Corporation 2003)   

The conflict between the autopilot and pilot was the result of the pilot not being aware of 

the variables set by the computer system.  Acting on an incomplete set of data, the pilot 

reacted according to his instincts and created an unexpected situation that was fortunately 

rectified.  The human computer interface failed in that it did not adequately convey to the 

pilot the actions of the automated system.  Likewise, the automated system, given the 

conflicting input from the pilot, did not inform nor react accordingly to the input despite 

its conflict with known sensory information.  In effect, the computer and the human were 

reacting to two completely independent input chains.  The computer relies on the inputs 

of the sensors along with the directions given by the command interface to formulate its 

reactions.  The human pilot relies on the readouts of the sensor inputs displayed by the 

system in addition to his own sensory perception.  The result is the possibility of two 

divergent reactions to similar input.  In the analysis of the failure in the preceding 

example, Safeware Engineering Corporation concluded the following:  
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Because approach is such a busy time and automation requires so much heads 

down work, pilots often program the automation as soon as they are assigned a 

runway. In an A320 simulator study, it was discovered that pilots were not aware 

that entering a runway change AFTER entering the data for the assigned 

approach results in the deletion of all previously entered altitude and speed 

constraints even though they may still apply (Corporation 2003).    

In effect, the rule of unintended consequences comes into play with the unanticipated 

reaction of the automated system due to a new variable in a complex decision system.  

The human computer interface failed to convey the consequences of the additional input 

to the human pilots.  The pilots, likewise, were not adequately informed of the fallacies of 

performing what would otherwise be a standard procedure.  Safeware Engineering 

Corporation also cites the lack of independent information in the decision chain from 

which the pilot can make a decision based on a second source (Corporation 2003).  While 

an independent set of data might not be possible or even feasible in certain instances, the 

reliance on a single set of data input can decidedly lead to erroneous conclusions. 

 The analogy of the wearable system to the challenges faced with avionic systems 

is apt in that both must execute decisions based on multiple sources of sensory input.  In 

effect, the decisions by the computer system in the wearable system are “mission critical” 

in that a failure of the decision chain can result in a failed performance.  While the 

system’s utilization in performance is not a critical task, the possibility of its use in a 

broader arena can create situations where its reactions can be essential to preserving the 

safety of its wearer.  The sensory data from physical activity such as running can be 

extremely similar to the user running from a dangerous situation.  In the latter situation, 

the system has to reliably differentiate between the two and act accordingly to the context 

of use.  The challenge therein is to enable the system to formulate enough of a contextual 
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picture of the situation in order to react properly to the input.  In effect, full automation 

has its inherent fallacies.  Safeware Engineering Coporation contextualizes the challenges 

with the following: 

The simplest solution to human-machine-interaction (HMI) design is to automate 

as much as possible. But this is not the best solution. There are conflicting design 

qualities that are desirable in a human-machine interface, and these must be 

carefully considered. Norman claims that appropriate design should assume the 

existence of error, continually provide feedback, continually interact with 

operators in an effective manner, and allow for the worst situation possible 

(Corporation 2003). 

 In the pursuit of the minimization of perceptual disruptions for the user, the 

research has explored gesture control in its initial iterations and evolved to an input 

scenario in which the actions of the user are used to independently formulate a reaction 

by the system.  In the Ivy context, the direct user control is in effect removed in favor of 

autonomous system control in which the system reacts independently of the user based on 

the sensory inputs.  While the removal of the direct user input from the system reaction 

allows for the elimination of the user’s cognitive dissonance, it also removes the 

performer’s ability to directly intervene in the case of an erroneous interpretation by the 

system.  The lack of arbitration between the system and user in terms of direct input is 

useful in some contexts, but problematic in other use scenarios.  The previous instance of 

the use of the system for personal safety is an excellent example in which the capability 

of direct user intervention can allow for a much better use context.  A use scenario in 

which the system detects possible danger for its wearer can be accompanied by a form of 

feedback to the user.  The user is then made aware of the system’s perception and can 

react accordingly.  For instance, the system can generate vibrations or beeps that are 
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imperceptible to the surroundings.  If the user indicates to the system that no intervention 

is necessary, it can utilize the existing sensor parameters to better determine its reactions 

in the future.  A hybrid system in which the system functions autonomously until it 

reaches a threshold in which user input is required, can function as a compromise 

between direct user intervention and system autonomy.  By only requesting user 

intervention at a perceived critical juncture, the system is able to function without user 

attention.  The ability of the user to interface with the system as needed can allow the 

user to not only correct erroneous reactions by the system, but in effect present a second 

set of data for improved perspective. 

 

DUALITY 

 

 The intricacies of human machine interface, especially in the context of 

ubiquitous computing, present challenges that often require compromise to resolve.  The 

interaction between the wearable system and user inherently requires a balance between 

the two.  Whether weighed toward direct user intervention or autonomous response, the 

ability of the wearable system to distinguish and interpret results relies solely on the data 

that is collected.  The attraction of a system that is self sufficient is overshadowed by the 

possibility of the malfunction of the system.  While the autonomous system may react 

properly the majority of the time, the efficacy of the system may be compromised due to 

erroneous sensor data or a corrupted data stream.  In such instances, it is necessary for the 

intervention of the user to aid the system in clarifying the situation.  The system must at 

once be independent, but able to rely on a secondary source of external information to 

rectify any lack of clarity.  Likewise, the option of user intervention is necessary not only 

to aid the system, but also to override erroneous choices that may occur throughout the 
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course of use.  The fundamental feedback loop between the system and user has to be 

constructed in a way that enables the system to function independently from the user until 

direct intervention is needed either due to erroneous reaction or user override.  The 

capability of the user to take over control from the system is crucial to its proper 

functionality.  Likewise, it is essential for the system to provide adequate feedback to the 

user in order for the wearer to properly understand the context of the system’s input.  The 

delicate balance of enabling system functionality simultaneously with creating minimal 

distraction to the user dictates that the system must be able to be self-reliant the majority 

of the time.  However, the challenge of the context-based interpretation of the system in 

determining the proper course of action necessitates user intervention at certain points of 

operation in order to calibrate the system’s perceptions with reality.  As seen with the 

preceding Airbus A320 example, the user can be subject to erroneous perceptions that 

can conflict with the sensory information of the computing platform.  In such instances, 

user intervention can actually result in the undesired consequence.  The issue of the 

correct reaction in a given context is a challenge that remains unresolved. 

 The proper functionality of an independently operating wearable system relies 

solely on its sensory input for contextual information.  When sensor readings conflict 

with one another, the system has little choice but to request input from the user to aid the 

system in understanding the context of the situation.  As such, the user is distracted from 

their task at hand in order to respond to the system request.   While a sole system is 

inherently limited to the type of contextual data that it can collect, simultaneous operating 

units can aid in rectifying many of the challenges.  An interconnection between multiple 

systems can aid in providing a secondary source of data to refine the system’s existing set 

of sensory information.  A second system can, for instance, confirm the location of the 

first system in terms of its own location.  Likewise, the first system can provide 
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information to the second system to aid in the determination of its context.  The two 

systems can pool their sensory data to formulate a more complete picture about the 

context of the surroundings.  As such, the presence of a second system can provide a 

cross check for the wearable system’s sensory data.   

 The capability of the wearable sensory systems to communicate with one another 

provides an alternative avenue of data that can aid in improving the accuracy of its 

choices independent of user intervention.  In theory, as more systems are added to the 

data pool, the resolution of the acquired data will markedly improve.  Rather than a point 

to multipoint network as in the case of a Wi-Fi network to wireless access point, a mesh 

network architecture is necessary in which each discrete device can communicate with 

multiple devices simultaneously.  The paradigm is extended in a way that each device 

will know the status and share a data stream with each member present in the network.  

As devices enter the area of the network, their data streams get aggregated into the 

collective data pool.  The ability to distinguish failures of the system increases with the 

number of devices in the system.  For instance, if one system is reporting data that 

dramatically conflicts with the general consensus of the systems, neighboring systems 

can be queried to determine whether the originating system is accurately representing the 

environment or whether there is a malfunction on any particular system.  The ability of 

the mesh of systems to distinguish and discard erroneous information provides a clear 

asset in the capability of independent operation. 

 A clear example of an actual application of real-time data collection and 

aggregation from multiple systems can be seen with the Dash Navigation System.  

Traditional traffic-enabled GPS devices utilize a one-way signal that reports on traffic 

congestion according to the traffic control systems of the city (Dash Navigation 2008).  

While such information might be accurate for major thoroughfares due to sensor and 
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camera placement, the data often does not localize information for smaller streets.  Since 

cars traveling along the roads have a more timely perspective of the current traffic 

condition, Dash Network’s systems utilize sensors incorporated onboard their GPS 

navigation units to determine the actual speed of traffic.  The information is then 

transmitted via a cellular network back to servers that aggregate data from the operating 

units.  Central servers then correlate real-time conditions with nominal speeds and 

identify areas of congestion.  The data can then be relayed back to the remote units which 

can recommend course corrections to bypass the areas of trouble (Dash Navigation 

2008). 

 The Dash Navigation System method of two way communication between the 

GPS units and the central servers allows for real-time data to be transmitted and 

aggregated for processing.  The accuracy of the information depends heavily on the 

number of operating units on the road.  As the number of units increase, so does the 

granularity of the data.  However, the method of communication from multiple points to a 

single point central server can create data traffic issues as the number of units increase.  

While the approach allows for real-time communication with remote devices, the multi-

point to point network architecture utilized in Dash Navigation’s Dash Driver Network™ 

does not allow inter-communication between remote devices.  The inter-communication 

approach of a mesh network would allow the remote devices to connect to each other and 

build the network virtually through the number of devices in operation.  As more devices 

are added to the network, the access to pertinent data increases.  The removal of the 

central processing aspect of the network allows the device to access pertinent portions of 

data and significantly reduce the amount of data transmission required to acquire 

contextual information. 
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 The network topology utilized in the Dash Driver Network™ is similar to the 

multipoint to point method utilized with the next iteration of the wearable system.  Rather 

than creating a mesh architecture, the more traditional architecture allows for the data 

aggregation and processing to be placed on a more powerful central receiving station.  A 

central aggregation point allows software for the data aggregation and correlation to be 

refined and better understood prior to the deployment of a peer-to-peer mesh architecture.  

The two-way communication link enables information to be transmitted from the remote 

system to the central receiver, processed and correlated with the data from other systems 

and relayed back to all the receivers.          

 

ROSY (IVY 1.1) 

 

The capability of the wearable system to refine its sensory perception through 

augmentation data from a second system provides an avenue of investigation in the 

exploration of human factors and their relationship to closely embedded technologies.  In 

its original form, the Ivy system communicated directly with the visualization computer.  

As the performer initiates the movement dynamics that conform to a unique signature, the 

system reacts accordingly by ordering specific visualizations from the remote computer.  

While there is some aspect of performer override in the Ivy system, the visualizations in 

ShadowPuppets were generated autonomously based on the movements of the performer.  

While the autonomous nature of the Ivy system as utilized in ShadowPuppets allows for a 

minimal level of cognitive distraction for the user, the separation of the performer from 

direct control also creates possible issues that can result in undesired consequences.   

The challenge of balancing user involvement with autonomous operation lies in 

the ability of the system to perform accurately.  Without accuracy, an autonomous system 
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quickly becomes a burden to the user rather than an aid.  While the user can be solicited 

for input to verify the accuracy of system sensor data, any interruption would present a 

cognitive distraction for the user in the course of normal activity.  The ability of the 

system to query data from external sources to validate or correct its own perceptions 

would fundamentally improve the user experience.  While the user should remain as the 

uppermost information path, the availability of alternative information sources can allow 

the system to clarify its requirements before escalating to user intervention.  The 

increased levels of information redundancy can allow the system to refine its assessment 

of any given situation and consequently provide a more accurate response. 

The Rosy system begins the preliminary steps of exploring the use of a multiple 

level assessment routine.  Given the evolutionary nature of the development process, the 

first phase involves the simultaneous operation of two wearable systems.  The 

simultaneous operation of the Rosy system and the enhanced Ivy system allows the data 

streams to be combined and interpreted as a whole.  By analyzing the sensory data from 

each system, readings that correlate to both can be identified.  In addition, the sensory 

readings from each system that correlate to the other can be utilized to extrapolate data 

that would be otherwise unavailable.  In the current instantiation, the data is 

simultaneously streamed to a central receiving computer system where it is assessed and 

compared.  Through the data, the receiving computer is able to extrapolate information 

about the two systems in relation to each other.  The combination of the two data streams 

allows for the initial exploration into data comparison of real-time sensor data.  In order 

to form the foundation for the multiple system mesh architecture, the ability to interpret 

discrete data streams must be initially refined. 

As raw data without a proper method of interpretation is susceptible to 

misinterpretation, it is imperative that the addition of sensory data increases by one 
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operational unit at a time.  The incremental aggregation of additional wearable units 

allows for the heuristics of the gathered information to be analyzed and a methodology of 

concatenating and correlating the data to be formulated.  While the process of correlating 

and interrelating the individual systems to one another will initially take place on a 

remote system, refinement of the processing routines will eventually allow onboard 

implementation. 

The Rosy system is in many ways a refinement of the Ivy system.  The Ivy system 

was an experimental prototype in the exploration of new techniques and construction 

methods.  The construction of the Rosy system utilizes the techniques refined with the Ivy 

system and implements corrections of flaws discovered with the previous iteration.  By 

replicating the process utilized with Ivy, the Rosy system was constructed with a 

significant reduction in time and effort. 

 

UNEXPECTED CONSEQUENCES 

 

 As a minor refinement of the preceding Ivy system, Rosy was expected to be 

comparatively simple to implement.  The major aspects of the Rosy system were largely 

duplicated from the preceding Ivy system.  As such, aspects of system integration had 

been previously tested in actual use.  In order to prevent defective components from 

being integrated onto the system, parts were individually tested prior to and following 

incorporation.  The validation of the components would, in theory, allow the proper 

functionality of the onboard devices. 

The Slinky system served as the technological foundation for the subsequent Ivy 

and Rosy systems.  While the technological aspects have evolved throughout the 

iterations, significant portions of the circuitry on the in-garment system remained 
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consistent.  The stability of consistency with the system components allowed for the more 

experimental aspects of the system, like conductive textiles, to be evaluated without the 

introduction of additional variables.  Despite the use of the same components in both Ivy 

and Rosy, the latter system was fraught with technical difficulties.  Though the 

components were individually validated, the system as a whole, failed to function upon 

integration.  The challenge was to identify and rectify the myriad distinct problems. 

 The Rosy system is an excellent example of how individual aspects of a system 

might not necessarily function properly upon integration.  Despite individual validation, 

the process of integration can sometimes introduce factors that are unforeseen.  The Rosy 

system experienced significant functionality issues upon the integration of the Winky 

subsystem within the fabric embedded network.  Rather than initializing and functioning 

properly, the control system would simply power down into safe mode upon connection.  

At times, the system would function sporadically enough to indicate a system fault error 

code.  The component aspects of the system would properly function when tested 

individually.  As the Winky control unit seemed to function sporadically, it was initially 

thought to be at fault.  Repeated attempts with analysis and replacement of parts resulted 

in the improvement of several unrelated aspects, but none that directly resolved the issue.  

Likewise, the pathways of the system were analyzed to aid in the identification of system 

faults.  While the suit functioned properly when connected to the control unit simulator, 

the performance quickly became erratic when connected to the actual Winky control unit.  

Likewise, the Rosy system’s Winky module functioned properly when connected to Ivy, 

but failed when connected to its intended system.  Conversely, the Ivy Winky module 

initialized properly when connected to the Rosy system.  The inconsistency of the 

problem exacerbated the difficulty of identifying the fault at hand.  That both modules 

functioned properly when connected to the other respective system would seem to 
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preclude a component or pathway malfunction.  However, the inconsistency of 

functionality indicates a fundamental flaw in the system. 

 Given the uncertain nature of the Rosy system, an alternative had to be utilized in 

order to allow development to continue.  As the Rosy system failed to perform 

consistently, the Slinky system was deployed in its stead until the causes of the system 

failure could be identified.  While the Ivy system is a refinement of the Slinky system, its 

fundamental technological capability is in many ways backwards compatible with the 

initial system. Since the gesture interpretation algorithms exist in the firmware of the 

system, the Ivy software subsystem could be installed onto Slinky via a software update 

which would allow the Slinky system to function similarly to the Ivy system.  The 

modification of the Slinky system allowed the work of exploring the interrelationship 

between simultaneous operating wearable systems to continue.   



 

FIRE AND ICE 

 

 
Illustration 33: Fire and Ice featuring intra-interaction between Ivy and Rosy 

 The use of a remote system to augment system data allows a wearable to have a 

more cohesive viewpoint of its surroundings.    A remote system, for instance, can 

identify items that might not be perceptible to the local sensors.  In addition, the remote 
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Illustration 34: Visual elements interact with each other along with movements by each performer

system can provide a reference point that serves to validate the calculations of the initial 

system.  The use of two systems allows an exploration into the facets of interaction 

between each system and its perception of the surroundings as a whole.  In the context of 

performance, the intra-interaction, in which the systems interact and respond to each 

other, in addition to the input from the wearers, enables a level of dynamic visual inter-

play whose basis is the unique interaction between the aggregation of sensor data. 

 Fire and Ice explores the nature of interaction between performers and two 

wearable systems through a series of visuals that are generated by the performer’s 
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movements with the wearable system.  The dynamics of the visual are determined not 

only by the movements of the performer, but also by data correlation from the other 

system.  In effect, the visuals react to the interactions between both systems and their 

effect on the screen.  As the movements commence, the visualizations react not only to 

the movements of both performers, but also to the visual representation generated by the 

other respective system.  The process of interaction between the visual elements serves to 

establish another layer of interaction above the interaction between the performers and 

interaction between performer and visuals.   

 Fire and Ice differs from the previous performances in that linked wearable 

systems are in use simultaneously.  While the piece, Streams, by Yacov Sharir and Tomie 

Hahn had previously utilized two body worn performance systems, the devices in that 

instance functioned as two completely independent systems (Sharir and Hahn 2002).  As 

such, each system utilized its own broadcast frequency and control/visualization system.  

The performers on stage initiated response from each system in terms of graphics and 

audio respectively.  Sharir’s Automated Body system generated visual responses to his 

movements whereas Hahn’s Pika Pika system generated music from her gestures and 

movements.  The process of choreography linked the two discrete systems in an interplay 

between the audio and graphic elements.  While the two systems did not communicate 

with each other, the performance appeared synchronized with the elements correlating to 

one another. 

 Fire and Ice explores the facets of intra-interaction in which all elements of the 

performance are constantly in contact.  The traditional interaction between performers in 

a duet is augmented with the visualizations that are dynamically generated with the 

movement.  The visualizations generated by each performer react to the visualizations 

created by the other performer.  As the performer interacts with the graphics that respond 
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to their movements, the actions of the other performer and the reactive nature of their 

graphic element directly affects the visual dynamics of the first performer.  The multi-

layered feedback between the virtual and actual elements relies directly on the 

aggregation of system information from both wearable systems.  By combining and 

correlating the sensor data in real time, the virtual elements are able to respond 

dynamically to the actions of both performers.  In addition, the aspects of the interaction 

between the performers are augmented in the virtual realm by the responsive nature of the 

graphic elements to the movements of the performers.  

 In essence, the two wearable systems create nodes on a network in which two way 

communications occur through the course of operation.  The dynamic correlation of 

sensor data during performance allows each system to recognize the kinetic aspects of the 

other system.  The constant communication between the wearable systems allows 

movement by one performer to modify the behavior of the other performer’s visual 

representations.  Likewise, the movements of the second wearable system serve to 

dynamically affect the kinematics of the visual representation.  Visual effects react to 

those created by the other performer as well as the movements of the performers 

themselves.  In essence, the visuals can initiate additional stages of interaction between 

the virtual elements and assign them dynamically to the movements of both performers.  

The overall effect is a rich level of interplay between the virtual and actual elements of 

the performance. 

 Fire and Ice begins with the first portion, Nebula, in which both performers move 

together to generate a swirling nebula of particles.  Each performer initiates a stream of 

cloudy particles that then swirl and intertwine.    The intermixing of the two streams of 

particles causes small explosions at the points of contact.  The streams of particles 

coalesce between the two performers until a swirling cloud of smoke exists between 
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them.  The performers then grasp elements of the cloud and gather them into multi-

layered spheres that contain counter-rotating internal levels.  Within the center of the 

sphere is a fragment of the original nebula cloud that morphs according to the intensity of 

the performer’s movements. 

 The second phase of the piece, Sphere, begins with the remnants of the nebula 

enclosed in the core of the two spheres.  The spheres, one cold and icy, and the other hot 

and fiery, rotate within a transparent sphere and pulsate with energy.  The counter-

rotating spheres of each performer dynamically follow the movements and kinetics of the 

dancer.  As the performers move toward one another, each sphere responds by following 

its respective performer.  As the spheres draw closer to each other, the proximity creates 

a force that pulls the two spheres toward a collision.  The collision of the spheres result in 

a shower of sparks as the two pass through each other and emerge unscathed on the other 

side.  The collisions between the spheres grow increasingly violent until a final collision 

results in an explosion of sparks that reveals a merging of the two spheres. The two 

spheres rotate within one another and respond to the performer’s movements as they 

hover above the space.  Within the intertwined rotation, the spheres elongate and 

compress in accordance to the movements of the performer.  The spheres stretch within 

the bounds of the other and struggle to break the barrier.  Each stretch of the sphere 

results in the expansion of the overall volume of the combined spheres.  The dynamics of 

the rotation increase in velocity with the movements of the performer.  As the performers 

gesture toward the intermeshed sphere, the sphere reacts by contracting violently and 

rebounding as the performers move away.  Each contraction pushes the spheres to a 

smaller diameter.  Finally, the spheres expand and suddenly contract to an infinitesimally 

small point which then triggers a violent explosion in the space.    
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 The third phase of the piece, Fire, begins with the departure of the Ice performer, 

Shelley Hardin, exiting the stage and allowing Fire performer, Charlotte Craff, to initiate 

a swirl of sparks that dance about her and perform in a virtual duet with dynamics that 

respond to her movements and increase in intensity with shifts in the kinetic velocity.  As 

Craff’s movements increase, the sparks coalesce into a swirl of flames that flows around 

and surrounds her.  The maelstrom of flames intensifies until a stream of ice crystals, 

generated by Hardin, emerges from the side of the stage and extinguishes the inferno that 

surrounds Craff.  

 The stream of ice crystals also marks the re-entrance of Ice performer, Shelley 

Hardin.  As Hardin enters the stage, Craff exits to permit the fourth portion of the piece, 

Ice, to begin.  Compared to the energetic movements of the Fire portion, Ice is slower 

and more subtle.  With soft movements throughout the space, Hardin touches the air in 

front of her and generates a ice spike that grows from the top of the space.  As she moves 

throughout the space, Hardin constructs ice pillars that quickly surround her and begin to 

occlude her from the audience.  Enclosed within the ice pillars, Hardin’s movements 

create vibrations that violently shake the entire mass of ice.  As her movements intensify, 

the ice crystals respond by solidifying and growing additional ice to surround the space.  

Finally, a tongue of flame leaps from the side and destroys the ice wall in a shower of ice 

crystals. 

 The Symbiot portion of Fire and Ice begins with the reentrance of Charlotte Craff 

onto the stage.  Having initiated the fire that freed Hardin from the ice pillars, the two 

performers move in front of one another and begin swirls of the arms that initiate sparks 

of both ice and fire.  Each element correlates to the movements of the respective 

performer and intertwines with the opposing element.  The two elements merge and 

mutually swirl around the performers, increasing in intensity as more particles are 
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gathered into the mix.  As the portion culminates in an intense vortex of fire and ice 

particles, the particles draw inward and explode outward while combining into small 

versions of the spheres seen in the initial portion of the piece.  The spheres quickly move 

past the performers and out toward the audience.  The spheres begin to quickly grow in 

size as they hurtle outward from the audience.  In essence, a replication of the Big Bang; 

the spheres are composed of elements from both the fire and ice elements.  The piece 

concludes with the ever expanding explosion of the spheres and the performers slowly 

occluded from sight. 

 The artistic interactions utilized in Fire and Ice combine the interactive elements 

between the performer and virtual representation with the interaction between the 

performers.  In addition, the dynamics of the visual representations are directly affected 

by the movements of the both of the performers as well as by the corresponding visual 

reactions.  The portions in Fire and Ice demonstrate the process of interaction between 

the performer and visual representation as well as the process of intra-interaction between 

the performers and visualizations.  By utilizing multiple forms of intra-interaction 

throughout the piece, the nature of the simultaneous usage of wearable systems can be 

better understood. 

 The Nebula portion of Fire and Ice allows the particles created by both 

performers to join together into one cohesive unit.  Only through the actions of both 

performers can the piece progress to the next portion.  The Sphere portion allows for a 

clear practice of the reaction of each performer’s sphere when in contact with the other.  

The dynamic reactions between the two elements serve to supplement the movements of 

the performers.  In essence, the spheres follow the performers and are used to 

dynamically interact with the performers and other virtual element.  The process of intra-

interaction allows the spheres to adapt to the movements of their corresponding element 
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and respond according to its movements.  Likewise, the spheres simultaneously react to 

the movements from their corresponding performer. 

 The dynamic interplay between the performer and visual element is extended into 

the Fire and Ice portions of the piece.  The interaction between the performer and visual 

representation is supplemented by the interaction between the second performer and their 

corresponding visual reaction.  The interplay between the performers’ visual elements 

begins and terminates the portions and allows the virtual element of the performance to 

have a symbiotic impact on the choreography of the performance.    The Symbiot portion 

brings together the two elements in a process of constant interaction between the 

elements created by each respective performer.  As the elements and the movement of 

their corresponding performers intensify, the major aspects of the piece allow both the 

virtual and actual elements to combine in a way that integrates the actions of both 

elements.  The close correspondence of reaction between the virtual and actual elements 

in combination with the interaction between the separate virtual elements creates a facet 

of interaction would not be possible from a sole wearable system.  

 All together, Fire and Ice represents a dramatic departure from the previous 

creative efforts of the project.  The facets of interaction between performer and visual, 

performer with performer, and visual to visual, allow many aspects of performance to be 

created that enhance the inherent relationship between the elements.  The technological 

elements of the piece, in which the wearable systems aggregate their readings in an effort 

to create a more cohesive perspective of the environment, enable a synergistic 

relationship between the artistic and technological aspects of the piece.  Fire and Ice, as a 

duet, enables the interrelationship between the performers to be explored, partly as a 

traditional duet between two performers, but also between the actual and virtual elements.  

The duet allows the exploration of the facets of intra-interaction between the wearable 
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systems as each mutually reports on the activities of the other.  In essence, each system 

serves to correlate the readings of the other.  The continuous flow of information between 

the two systems allows for a seamless method of interaction between the virtual and 

actual elements.  The virtual elements are able to perceive the actions of their actual 

counterparts.  Likewise, to the performer, the virtual elements seem to react according to 

the performer’s desires.  The correlative relationship enables a level of synergistic 

feedback that improves the level of interaction. 

 

Failure Analysis - Rosy           

 

 Incremental improvements, no matter how minor, can have a drastic effect on the 

overall functionality of the system.  The difficulties encountered during the development 

of Rosy reflect the effects of introducing seemingly unrelated improvements that were 

initially intended to extend the aesthetic and comfort qualities of the system.  The law of 

unintended consequences is a significant factor in that any change to a component, no 

matter how inconsequential, can have an unexpected effect.  The intermittent failures of 

the Rosy system exacerbated the difficulty in identifying the sources of malfunction.  

Since the errors encountered with the Rosy system would in some ways point to a flaw in 

one aspect of the system, and moments later, indicate a decidedly different flaw, isolating 

the problem proved to be difficult.   At times, the readings seemed to indicate that every 

major aspect of the system was malfunctioning.  Since the modules of the system could 

be independently verified as functional, the problem existed not with the individual 

components themselves, but rather with an aspect of the system integration.   

The system integration issues with Rosy remained a major point of failure as the cause of 

the problem eluded the team.  As the system fault could not be traced to a single 
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component in the system, the problem successfully eluded the team for some time.  

Electric textile pathways were verified to adequately convey the power requirements of 

the system.  Since the conductive fiber based pathways had been comparatively trouble-

free since the Slinky iteration, system issues were considered to be resolved with the 

Kevlar™-based material.  As such, focus shifted back toward the major system modules 

incorporated onto the garment.  During validation testing of the pathways, sporadic 

dropout of a particular data aggregation module finally illuminated the problem at hand.   

The data aggregation module utilized onboard the Ivy series of systems serves to 

communicate with the sensor points located at the extremes of the body.   Rather than 

utilizing an aggregation point at each sensor node, the sub-network of sensory elements 

allows for a significantly reduced amount of required electronic components on portions 

of the body.  Such areas, like hands and fingers, would necessarily have minimal space 

for electronic components.  In the diagnostic process, the aggregation point for the right 

arm portion of the suit began to exhibit sporadic readings in which the module would 

appear and disappear from the system network.  In an integrated operation and use of the 

system, the drop outs of the component would be seen as errors in the data signal rather 

than as the sporadic behavior of any particular module.   

The failure of the Itchy module on the right arm of the Rosy system is 

undetectable by testing the actual component.  Through a gap in the validation process, 

the testing procedures had inadvertently allowed a point of failure to enter the system.  

The process of rounding the edges of the Itchy module had inadvertently weakened one 

of the ground circuit traces on the board.  The result was a module that would be able to 

communicate with its sub-components and report accordingly, but when the data is 

transmitted back to the central processor, the resulting power requirement would stress 

the weak point in the circuit.  The module would then fail sporadically due to the 
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improper electrical ground present in the system.  Since a circuit requires a complete loop 

to properly conduct electricity, the weakened ground on the circuit board itself would 

prove to be an elusive fault to detect.  A sporadic ground pathway would also manifest 

itself in seemingly unrelated aspects of the system.  As all the components in the system 

assume a proper ground, the small fault in the module can cause failures in the processing 

unit as well as the on-body network as a whole.  As breaks in a circuit are often a 

problem with the routing of the conductive elements, the fault would initially be 

suspected in the conductive pathways.  Since the conductive pathways in the particular 

instance were not at fault, no errors were detectable.  Rather, the fault of the signal 

seemed to travel along with the component being tested.  Likewise, the components, 

when validated individually, did not have to use the transmission lines to send data back 

to the central processor. Rather, the direct pathway utilized from each component to the 

testing equipment in effect circumvented the fault in the ground pathway and obscured 

the problem at hand.  Since each component functioned properly when assessed 

individually, the ground fault of the module was not identified.  Ironically, the component 

validation procedures, in which the component was directly connected to the testing 

equipment, bypassed the pathways the component utilizes to communicate with the rest 

of the system.  Since component failures have traditionally been the fault of discrete 

integrated circuits, the interconnection pathways on the circuit-boards had not been 

closely examined to verify functionality.  Rather, the assembled circuit board is tested as 

a whole during the assessment process.  Proper functionality of the completed circuit 

usually indicates the correct installation of circuit components.  However, faults in the 

traces of the PCB or printed circuit board, can allow the circuit to function properly while 

simultaneously masking a fault in the connections on the board itself.  Power draw on the 
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circuit that exceeds a certain amount can result in a failure of the marginal circuit board 

that might initially elude testing procedures.  

A faulty ground pathway on a circuit can cause inconsistent and sporadic results 

on an electrical circuit.  Often, the circuit would completely fail to function.  Since the 

power source for an electronic circuit consists of a positive and a ground, the failure of 

the ground can result in an unpredictable series of problems that can masquerade as 

something else.  As such, the faulty ground on the Rosy module resulted in problems that 

pointed to the malfunction of other aspects of the system.   The false indications made 

diagnosis of the issue problematic since the sources of errors would constantly shift.  The 

inconsistency of the problem can be seen in the instance in which the Winky control 

system from Ivy would properly initialize on Rosy while the intended Winky control 

system designed for Rosy would fail to function properly.  A slight difference in the 

electrical voltage transmitted by the Winky control system was sufficient to allow 

functionality in one case and malfunction in the other.  The faulty ground circuit also 

caused the sporadic failure of the on-body network.  Since the previous network failures 

on the Slinky system were the result of material failures, the failures on the Rosy system 

initially indicated a fault with the conductive pathways.  Testing of the pathways, 

however, failed to reveal any solution to the problem since the issue existed elsewhere in 

the system. 

The cause of the ground fault from the improper rounding of the corners of the 

circuit-board is an excellent example of unintended consequences.  The possibility that 

the smoothing of the circuit board edges would so adversely affect the overall 

functionality of the system was never considered.  As such, the rounded corners of the 

circuit boards were never analyzed to assess their integrity.  Since the process was 

considered to be an aesthetic rather than a system design modification, its effect on the 
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electrical pathways of the circuit was not realized until the problem was later identified.  

While care was taken during the rounding process to not damage the metal traces on the 

circuit board, the instance in which it did was visually not different than other fully 

functional modules.  Only upon closer examination under magnification did the fault 

reveal itself.  While the pathway on the circuit board was not disturbed by the smoothing 

of the edge, the process of edging created a small crack in the metal trace on the board.  

The small crack would at times conduct electricity and fail at others causing inconsistent 

and erratic performance from the system.   In effect, a minute crack on a single 

conductive path on the circuit board was sufficient to severely compromise the 

fundamental functionality of the system.       

As variables are introduced into a system, the number of combinations and 

consequences increase exponentially.  The factors of assessment are combined with the 

challenges of implementation.  In the quest to explore the core questions at hand of 

affordances, simplicity versus complexity, and perceptual factors; questions of usage and 

contextual implementation are revealed.  Overall, Fire and Ice brings together the 

exploration of the previous iterations.  The incremental refinement of the system though 

the individual phases are implemented as the Ivy and Rosy systems.  The failures of the 

Rosy system indicate that the development process is still in transition.  However, the 

major points of technological integration onto the body have been explored throughout 

the progressions.  The combination of data from disparate wearable systems explores one 

possibility of the application of ubiquitous information.  The information awareness of 

the system in a given context allows for better perceptive capability, and consequently, 

improved usability.  The overall context of the information inherently allows the systems 

to inter-relate pertinent data with one another and minimize the amount of interaction 

required from the user.  While system automation is not a replacement for direct user 
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intervention, the interaction between the user and system can at many times be mitigated 

by improved contextual perception.   

The following chapter will contextualize the findings from the explorations in the 

experimental phase of the project.  Human factors such as perceptual awareness and its 

effect on cognitive load will be contextualized with aspects of user interface affordances.  

The factors of simplicity versus complexity will further illuminate the interrelated aspects 

of the process.  When taken into the context of the iterative process at hand, trends can be 

revealed that illustrate aspects that might not have been foreseen.  Additionally, the 

contextualization of the process as a whole will provide a perspective into the 

relationship between user and technology. 

The interaction between user and technology, in the context of the current 

wearable exploration, has shifted from a direct interaction paradigm toward a 

contextually-augmented autonomous paradigm.  Through the transition, user interaction 

with the system has been shifted from direct manipulation to a scenario in which user 

intervention comes only when desired rather than required.  The interaction between the 

user and contextually autonomous system allows the system to operate independently of 

the user until directed otherwise.  As the system’s decisions are based on a combination 

of information from its own sensors as well as contextual information from other remote 

systems, the wearable system is able to validate its perceptions with supplemental data 

from independent external systems.  While autonomous operation allows for the 

minimization of cognitive disruptions for the user, the ability of the user to intervene 

when desired allows for system errors to be overridden.  Additionally, the ability to 

intervene allows the ultimate level of control to remain with the user.  By retaining user 

interaction and override capability, the connection between user and system is 



 209

maintained.  In effect, the relationship between the user and technology enhances the 

aspect of user perception of the system and allows both to function symbiotically.           
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RESULTS 

 

 

 The previous portion of the text depicts the evolution of the wearable performance 

systems of Project Aurora in the pursuit of the core questions of human machine 

interface.  Throughout the process, aspects other than the interaction between performer 

and system have come into play.  The facets of interaction between audience and 

performer versus that between performer with technology are in many ways interrelated.  

However, effectiveness in one realm might result in a compromise of the other.  In order 

to fully understand the intricacies of the myriad of variables, each factor has to be 

contextualized.  The focus on technological integration must not come at the price of user 

interaction with the system.  Likewise, performative needs should not necessitate the 

compromise of aspects of human machine interaction.     

 The iterative generations of the Project Aurora research center around the core 

concepts of simplicity versus complexity, perceptual factors and user affordances.  The 

inter-related nature of the three focal points implicitly links the aspects of each.  The 

following portion will delve into the findings according to each of these core questions.  

As the process of development is iterative, the phases of exploration increasingly hone in 

on the fundamental aspects of the factors at hand.  As each facet is variable and 

dependent on the other, the areas will be brought together to create an overall perspective 

on the research.  The following portion will reiterate the various phases of the research in 

order to contextualize the findings in the scope of the core questions of human machine 

interaction.  The perceptual aspects in relation to the user interface affordances within the 

perspective of simplicity versus complexity will be analyzed within the context of the 
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iterations in order to formulate a more cohesive perspective.  The overall questions at 

hand inherently explore the relationship between the human and the incorporation of an 

external technological element that is required to complete several somewhat disparate 

tasks.  Ultimately, the factors involved with the research, within the context of the core 

questions, will illuminate the efficacy of technological integration onto the human body 

and, in a broader context, into everyday life.     

   

 

I.  Simplicity 

 The Japanese concept of shibui is defined as simple yet refined characteristics and 

subtle and restrained nuances (Diego 2008).  Quintessentially, it defines simplicity   

without unnecessary complications.   The aesthetic of shibui serves as a cornerstone of 

the pursuit of the perfection of form and function, with a fundamental understanding of 

simplicity as an implicit factor of function. What is simple might be complex while 

complexity does not necessarily preclude simplicity.  The complexity of a single element 

should serve to simplify the overall aspect of a whole.  Rather than seeing each element 

as a discrete facet, it should be seen in the context of the whole.  The removal of elements 

in the name of simplicity without the overall perspective in sight might, instead, increase 

complexity.  The inherent interrelationship of the two variables requires a constant 

balance to maintain the respective qualities of each.  A good example might be the 

removal of physical buttons on a device in order to achieve a more streamlined 

appearance.  In theory, the removal of physical buttons would lessen the choices that the 

user has to make and consequently lessen the cognitive load required by the choice.  

While the physical removal of interfaces might initially seem to simplify the user 
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interaction with the device, the availability of a physical interface, for instance in place of 

software mediated interaction, might result in a more involved user experience.  Rather 

than the user being able to initiate the desired response through a single interaction, an 

overly simplified interface might require the user to navigate through a series of options 

to initiate the operation.  The initially simple task that can be accomplished via a direct 

physical interaction might be implemented through the flawed assumption of simplicity 

through deficiency.  The elimination of features instead results in a more complex 

interaction for the user.  By striving to simplify an element in one facet of the user 

interaction, complexity is introduced as a result of simplifying the physical interface.  

Rather than considering each aspect of the user interaction as a distinct facet, the entire 

experience has to be contextualized in order to understand the ramifications of any single 

change.  An aspect, when abstracted, might seem to be extraneous.  However, when put 

into the perspective of the overall context, the seemingly extraneous factor might instead 

prove to link otherwise disparate elements into a cohesive whole.   

 The balance between the functional capabilities of the system versus the inherent 

requirements of minimal disruption to the user is additionally factored with the 

fundamental limitations of the actual use environment.  The requirements of use factors 

inherently impose certain demands on the design of the device.  What might be desirable 

from a functional or aesthetic perspective might not be possible due to the intended use 

factors.  Whether through design or usage modifications, the dialog between the design 

process and use application has to take both aspects into consideration.  The inherent 

process of compromise requires changes from each interrelated aspect in order to achieve 

the desired result of usability.   

 The development of the Project Aurora system explores the balance between 

technological development and its inherent relationship with usability.  Use factors of any 
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given arena play a significant role in the efficacy of any interface.  Whether physical or 

virtual, the interface fundamentally relies on the requirements of the user environment.  

An interface that requires an active role from the user, to select options on a touch screen, 

for example, would not be viable in a physical movement environment.  Likewise, a 

gesture-based interface would not be practical in a traditional classroom setting.  Rather 

than presenting an ideal form of interaction, the gesture interface in this instance would 

result in a disruption of the task at hand.  Thus, there is no ideal interface.  Rather, the 

demands of the use environment dictate the requirements for a successful interaction in a 

particular instance. 

 The development of the Project Aurora system spans the use of direct input 

interface to interpretative gestural control.  Through the iterative stages of the system, 

methods have been refined in order to adapt to the demands of the use environment.  The 

efficacy of the various methods have been explored and tested through actual usage in 

testing and performance.  While there are merits to any particular method of interaction, 

each has its aspects of use given the proper circumstances.  Simultaneously, each method 

also exhibits inherent limitations given the proper use scenario.  Ultimately, the cognitive 

load imposed by the user interface as well as the ease with which the interaction is carried 

out determines the efficacy of any particular solution.  While the exploration between 

user and machine reveals insights with each successive generation, additional questions 

of efficacy also arise.  The simplification of the interface, for instance, in an effort to 

improve the cognitive load imposed by the system, might in fact accomplish the opposite 

result.   Since the questions often serve to inform rather than to resolve, the discoveries 

inform the next phase of the work.  The course of use brings into play the variables of 

usability, physical interface, haptic response for the user and its impact on perceptual 

awareness.  The variables not only have to be considered, but such factors have to also be 
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simultaneously weighed with consideration of the physical limitations of both the 

materials utilized and the technology.  At the same time, the usage requirements of the 

system require the consideration of aspects that might not be readily apparent in the 

initial design.  Only through iterative stages of trial and experimentation can such facets 

be discovered, explored, and better understood. 

  

ITERATIONS 

 

 The initial Automated Body system, developed for Yacov Sharir, utilized a direct 

input method of interaction.  In the scenario, the performer’s interaction with a virtual 

element is mediated by Sharir through the use of a body-worn keypad.  As the performer 

interacted with the virtual representation, Sharir would input the proper key command to 

cause the virtual element to respond accordingly.  While the interaction between the 

virtual and actual elements appeared seamless to the audience, the removal of the direct 

interaction between performer and interactive element abstracts the interplay between the 

two elements in that reactions are interpreted rather than direct.  The method of activation 

in which Sharir initiates the movement phrase of the virtual figure, and gestures to 

control the dynamics, requires a direct method of interface between the performer and 

machine.   

 The method of interaction utilized with the initial generations of the Automated 

Body system, while sufficient for the intended use in the performance context of the time, 

inherently limits the performer to a limited set of actions.  The separation of direct 

interaction between the dancer and visual effect, being instead mediated by Sharir and the 

wearable system, inserts an additional layer of abstraction between the two elements that 

are, in theory, interacting.  Consequently, the performative qualities of the movement 
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between the actual dancer and visual effect are moderated from the perspective of the 

controlling figure. 

 The indirect method by which the performer interacted with the virtual 

representation is not a true interaction, but rather, the illusion of a dialog between the 

performer and the virtual element.  Rather than exploring the core questions at hand, the 

first phase of the Automated Body system explored the technological feasibility of on-

body incorporation of sensory elements.  While crude in its initial incarnation, the first 

Automated Body system aided to identify key sensor placement points and methods of 

incorporation that would serve to inform later iterations of the technology. The initial 

exploration of the viability of the technology aided the subsequent systems to build upon 

the foundation established by the Automated Body system and more directly explore the 

core questions of user perceptual factors, affordances and simplicity versus complexity. 

 The balance between technological incorporation and use factors of the intended 

application in many ways determines the limitations of any particular approach.  While 

some methods would allow for a more efficient application of a certain technology, those 

methods might conflict with the use scenario.  A good example, for instance, would be 

the use of non elastic conductive fibers in the garment.  While the use of fibers without 

elasticity would suffice in most applications, the dance realm requires materials that are 

able to conform to the wearer’s body and adapt to the movement.  Thus, a seemingly 

efficient method of fabrication, while sufficient in most use scenarios, would not suffice 

in the current.  Consequently, an alternative method of fabrication has to be created to 

accommodate the unique requirements of the intended usage. 

 The following portion will compare and contrast the iterative generations of the 

Project Aurora wearable system.  Through each phase, modifications have been made in 

order to better adapt the technology for use in the field of dance.  While some theories 
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carry through to implementation, others, while initially promising, fail to come to 

fruition.  The process by which viable avenues of exploration are discerned from non-

optimal options requires trial and error through actual implementation.  As a theory can 

really be tested through actual use, each phase of Project Aurora serves to explore the 

questions from preceding generations in order to inform the choices of the next phase. 

Issues that are resolved in one phase, for instance, might result in the generation of 

additional questions and illuminate facets not previously foreseen.  

 

SHORTY 

 

 The Shorty system, born of the evolution of the Automated Body system and the 

exploration into the properties of conductive textiles, served as an initial test bed to gauge 

the efficacies of utilizing such materials in lieu of traditional electronic interconnections.  

The focus behind the Shorty system was to utilize the conductive textiles as the overall 

composition of the suit.  By following the natural electrical properties of the silk organza 

and its inherent tendency to only conduct electricity along one axis, a method of 

interweaving the fabric can be used to create a functional electronic network.  The 

parallel strands of the silk organza, however, created challenges in terms of fraying of the 

textile.  In conventional circumstances, the fraying of the fabric of the garment, while a 

nuisance, is not critical to the proper function of the garment.  Such frays however would 

cause considerable malfunction when the garment is utilized for its electrical properties.   

 Shorty explored the feasibility of implementing a garment composed entirely of 

conductive textiles.  While the implementation was flawed due to the fabrication methods 

involved, the concept of alternate conductive materials was validated.  The challenges 

imposed by the physical properties of the textile illustrated the need for a high standard of 
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quality control during the fabrication process.  In effect, a single stray strand on the 

Shorty system could potentially disable the entire system.  Even if all stray strands of silk 

were eliminated during the fabrication process, additional strands could be created 

through the course of normal use.  Ultimately, the use of conductive textiles as the 

primary material to construct a garment proves problematic.  The experience with Shorty 

illustrated the need for a better way to integrate the conductive textiles into the fabric of 

the garment.  Rather than creating a garment composed entirely of conductive textiles, a 

garment in which conductive textiles are selectively utilized and integrated would be a 

significantly more effective solution. 

 

HOODY 

The challenges faced by the Shorty system and its use of conductive textiles illustrated 

the need to approach the challenge of conductive material incorporation into a wearable 

garment.  Conductive pathways were created for the Hoody system by utilizing strips of 

silk organza rather than complete sheets of the material.  The strips allowed the material 

to be aligned along the natural flow of the body and consequently created a more 

physically comfortable garment.  Whereas the Shorty system created electrical pathways 

with respect to the physical properties of the silk organza and with lesser consideration of 

the requirements of the material, the pathways created by the organza strips of the Hoody 

system allowed the material to conform to the movement of the wearer.  The inflexible 

nature of the Shorty system was due to the multiple layers of silk organza used in its 

construction.  Since several layers of the material were necessary to create the electrical 

pathways, the resulting garment suffered from the cumulative effects of the construction.  

Conversely, the use of organza strips in Hoody allowed a single ribbon of the organza to 
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be used to interconnect the electrical pathways.  The dramatic reduction in fabric allowed 

the Hoody system to be significantly more resilient and flexible. 

 While the shift from sheets of fabric to strips allowed the Hoody system to 

overcome many of the challenges faced by the preceding Shorty system, the silk organza 

strips still proved problematic.  As the organza channels and data pathways shifted during 

use, the strands formed through movement created failures in the electrical integrity of 

the system.  Even though the amount of organza was significantly reduced from the 

Shorty system, the level of system faults due to use remained a significant challenge.  In 

essence the organza proved to be too fragile to be fully utilized either as a large substrate 

or in smaller strips.  The inherent nature of the material caused the individual strands to 

shift along the non-conductive axis inevitably leading to pathway compromises.  While 

the Hoody system illustrated the possibilities of technological incorporation without 

significantly hindering the physical nature of the garment, the silk organza used in both 

Shorty and Hoody proved problematic for consistent and durable results.   

 The exploration of the core questions of affordances, simplicity versus complexity 

and perceptual factors, centers around the ability to utilize a system that is able to 

function properly through regular use.   Both the preceding Shorty and Hoody systems 

suffered from an inherent flaw in the core material used to create the electrical circuitry.  

As the material foundation of the suits was problematic from a durability standpoint, 

consistent use of the system was infeasible.  As such, the systems served more as 

technological explorations than implementations with which the core questions could be 

explored. 

 

 



 219

 SLINKY AND STRINGY 

 

 The Shorty and Hoody systems illustrated the need for a new foundational 

conductive material.  As the silk organza proved to be problematic with use, the alternate 

material, Aracon™, which is similar in composition to Kevlar™, allowed for the 

technological exploration to further progress.  The advanced characteristics of Aracon™ 

allowed many of the limitations of the silk organza to be eliminated.  Furthermore, the 

material allowed for new methods of integration into the fabric of the garment.  Rather 

than be sewn directly onto the surface of the fabric, the thread-like nature of Aracon™ 

allowed it to be incorporated directly into the material of the fabric.  Electrical pathways 

can serve a double function as the stitching and hems of the garment.  Likewise, the 

technological aspects of the garment can be fully incorporated into the design rather than 

serving as a later addition.  The advanced characteristics of the material allowed a 

significant advance toward practicality due to its ability to be repeatedly laundered 

without harm to its electrical conductivity or to its physical capabilities as a fabric 

material.  The Slinky iteration initiated the exploration into the use of Aracon™ as the 

foundational conductive textile utilized in the system. 

 The Slinky and Stringy systems paralleled each other in that both systems were 

developed using the same fundamental technology.  While the technological foundation 

of the two systems allowed for a great amount of interchange between the two systems, 

the method of implementation differed significantly between the two systems.  Stringy, 

which followed the Slinky system by about six months, implemented the technology in a 

radically different way than the preceding Slinky system.  In the case of the Slinky 

system, the conductive fibers of the system were embedded within the fabric of the 

garment and were an integral part of the structure of the fabric.  Conversely, the Stringy 
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system routed the data and power interconnects along the outside of the garment.  In 

effect, the technological elements were attached to the surface of the fabric rather than 

incorporated within the fabric itself.  The end result was that the conductive fibers 

resembled dangling wires routed through the surface of the Stringy garment.   

   The implementation of the technological elements onboard Stringy as an external 

element rather than integral has several distinct advantages.  The time required to create 

an electronic network on the surface of a garment is significantly less than time required 

to integrate the network into the physical structure of the garment.  The incorporation of 

the conductive fibers within the fabric of the Slinky involves a significant amount of labor 

to craft the structure of the garment in a way that is amenable to both the requirements of 

the electronics as well as the garment.  Conversely, the simpler method utilized in Stringy 

allowed for a significantly shorter time frame to be employed  As the performance 

schedule at the time required Stringy to be ready for operation within weeks of its 

conception, steps had to be taken to reduce the amount of overhead required to 

implement the system. The incorporation of sensory elements as external elements 

enabled the pieces to be summarily attached to the surface of the garment.  In effect, the 

conductive fiber routing and sensory nodes were constructed as a completely external 

element on the fabric of the garment. While the two differed drastically in terms of 

implementation, they were essentially identical from an electrical point of view.  As such, 

the efficacy of the foundational design can be assessed from multiple methods of 

fabrication. 

 The implementation hurdles depicted in the preceding chapter of the Slinky 

system illustrate the sometimes unexpected characteristics of any new material.  A 

material that in theory functions in a certain way does not necessarily do so in an actual 

implementation.  Only by utilizing the material in an actual use environment can the 
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qualities of the fabric be ascertained.  As illustrated in the Slinky example, the Aracon™ 

fibers, despite a core consistency of Kevlar™, fractured explosively when worn against 

themselves.   The result could not be extrapolated from the data provided by the material 

data sheet of the fiber.  Rather, the failure characteristic could only manifest through 

actual use.  It is the unexpected failure that results from a combination of multiple 

variables, or from the addition of an unknown element, that can yield new and surprising 

results.   

 The similarities between the Slinky and Shorty systems allow a direct comparison 

to gauge variances that might be caused by the differences between them.  While some of 

the disparities might seem trivial from certain aspects, others might result in a dramatic 

difference in terms of resilience and usability.  From a software point of view, the two 

systems are identical.  The same firmware programming for the on-body control unit can 

be applied directly from one system to the other without any modifications to the code.  

From an electrical standpoint, the two systems are also identical.  If one were to map out 

the circuit diagram of the on-board electrical network, no difference would exist between 

the two. Rather, the physical construction of the electrical pathways differs significantly.  

Since the enclosures around the electrical pathways differ between the two systems, 

environmental conditions that influence the electrical conductivity of the pathways also 

vary depending on the system.   

 The difference between the two systems is akin to a car with snow tires versus 

one without.  The vehicle equipped with snow tires is better able to navigate hazardous 

road conditions due to its superior capability to handle environmental conditions.  The car 

with conventional tires, on the contrary, is exposed to the same inhospitable conditions 

without additional safety measures.  As such, it is at a significant disadvantage under 

those environmental conditions.  The same holds true of the comparison between the 
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Slinky and Stringy systems.  The Slinky system initially utilized uninsulated conductive 

fibers, integrated directly into the substrate of the fabric, to create the electrical 

framework of the system.  While the integration created a system that was practically 

indistinguishable from a conventional garment, the electrical pathways were exposed to 

the environmental stresses of use.  During usage, the conductive fibers were exposed to 

repeated expansion and contraction cycles from movement.  At times, the fibers were 

permeated with perspiration due to the usage.  The conductivity of the wearer’s 

perspiration allowed electrical signals to stray from their intended path and would create 

a tingling sensation at times during sessions with high physical activity.  The problem 

escalated as the expansion and contraction phases of use increased to the point that the 

Aracon™ abraded against itself in the internal pathways of the garment, resulting in 

small shards of the material.  The shards, in turn, created electrical faults and conveyed 

small shocks to the wearer in the course of the garment’s use.   

  The fiber implementation of the Shorty system implemented coated conductive 

fibers as its primary means of interconnection.  While the base materials were the same in 

both Slinky and Stringy, the difference of coating made a drastic contrast between one 

and the other.  Both the placement and the coating played a key role in the performance 

disparity between the Stringy and the initial Slinky system.  Whereas the uncoated fibers 

of the initial Slinky system exposed the electrical pathways to moisture and physical 

stresses of usage, the Stringy system mitigated the environmental effects by utilizing 

coated conductive fibers and loosely attaching the fibers along the exterior of the 

garment.  As such, the rigors of use only minimally affected the non-conventional 

elements of the Stringy system.  However, the low level of integration in the Stringy 

system exacted a toll in that the wearable system was never really a part of the garment.  

Rather, it represented an external element that had been attached and remained a distinct 
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aspect of the overall garment.  In effect, the non-conventional elements of Stringy are 

akin to the placement of a vest over a shirt.  While the two comprise the whole and, in the 

case of the vest, each would not be complete without the other, each can be considered 

independent in many ways.  Conversely, the Slinky system incorporated the conductive 

fibers as an integral aspect of the fabric itself.  As such, the garment would not exist 

without the non-conventional aspects and vice versa.   

 The comparison between the Stringy and Slinky system would be remiss were the 

second phase of the Slinky system not mentioned.  While the initial Slinky system utilized 

uncoated conductive fibers to comprise the major conductive pathways of the wearable 

system, the failure characteristics of the initial system required an analysis of the 

malfunctions to ascertain which aspects could be rectified.  The conclusions from the 

failure analysis led to the development of the second revision of the Slinky system.  The 

second revision of Slinky experimented with the use of the coated Aracon™ fibers as the 

primary means of interconnect.  The new material was tested during the development and 

realization of the Led performance in December of 2003.  Following the successful 

completion of the Led performance development, the coated fibers were gauged to have 

the resilience necessary to withstand the duress of physical activity in a closely embedded 

environment.  The revised Slinky system rectified the functional flaws of the initial 

iteration and established the foundation for the creation of the subsequent Stringy system.  

Both the Slinky and Stringy systems built upon the foundational research that would 

allow the development of the Ivy and Rosy systems. 
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IVY AND ROSY 

 

 The coated conductive fiber utilized in the Slinky system allowed the electrical 

pathways of the on-body network to be incorporated in close proximity to the skin of the 

wearer.  While the initial iteration of Slinky failed under the duress of use and exposed 

the wearer to a mildly uncomfortable sensation due to electrical current leakage, the 

revisions implemented with the subsequent iterations of Slinky and Stringy rectified the 

problem.  The improvements allowed for the conductive fibers to withstand the rigors of 

use without the risk of electrical compromise.  Additionally, the physical reinforcement 

of the coating allowed the fibers to be immune from the failure characteristics that 

plagued the preceding generation.  The design revisions allowed the improvements to be 

tested in actual use and integrated into the framework of the subsequent Ivy system.

 The Ivy system was developed to incorporate the techniques developed from the 

preceding generations of wearable systems.  While there was a high level of 

technological integration in terms of circuit design and sensor array layout, the 

components were designed with an exploratory slant rather than an implementation focus 

in mind.  That is, the components utilized in the initial systems were not the smallest that 

could have possibly been used.  Rather than push miniaturization to its smallest possible 

levels with the first few iterations, the goal was to assess the overall viability of the 

concept in terms of functionality, resilience, and capability.  While surface mounted 

components with an extremely low physical profile were utilized in the system modules, 

the placement of such components on the circuit board did not optimize the maximum 

allowable tolerances of the available space.  Rather, ease of modification was 

incorporated in the design of the initial system modules of the Shorty, Stringy and Slinky 

systems.  A higher level of system integration would preclude discrete circuit elements 
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from being easily modified or replaced during the course of testing.  While evolutionary 

reductions in size were implemented as each sub-system was individually validated, the 

overall form factor of the on-body components changed relatively little through the 

course of the series of systems that followed the Automated Body Project and preceded 

the development of Ivy. The electronic systems contained in those wearables 

implemented revisions upon the previous iteration and added improvements to allow for 

enhanced functionality.  With the second revision of the Slinky system, the fundamental 

aspects of each of the core components -- The conductive fiber pathways, the Winky 

processing unit, and the intelligent sensor modules of the core system components could 

be validated.  This validation allowed for the design to be finalized and reduced in size to 

utilize the components with a higher level of integration.  Consequently, the next phase, 

in which system modules are significantly reduced in size, could begin with the Ivy 

system. 

 The size of the discrete components and the dimensions of the resulting product 

are directly proportional.  By utilizing highly integrated components in the design, a 

significant size reduction can be achieved without compromising the performance 

characteristics of the system.  Instead, system capability is often enhanced by the use of 

integrated components.  Additionally, as functionality increasingly combined into the 

same physical component, power usage and complexity of the resulting design was 

reduced.  The use of highly integrated components throughout a system can result in a 

dramatic reduction in the physical profile of the overall wearable system.  The size 

reduction is often accompanied by a reduction in physical mass as well.  As such, the 

reduction in size can play a major factor in reducing user perception of technological 

incorporation as well as mediate physiological influences.  Any item added to a body 

imposes a weight penalty, however slight.  By increasing the scale of miniaturization of 
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system components, the physical qualities of the device can exponentially reduce and 

consequently enhance the perceptual aspects of the integrated systems. 

. The Ivy system was designed to take advantage of the high level of integration of 

core components.  The methods utilized in the previous iterations to achieve reliability of 

system operation served to inform the fundamental design of the Ivy system.  With Ivy, 

the aspects of the wearable system that had been stabilized in previous iterations were 

redesigned to incorporate the highest level of functionality into the small amount of 

physical space.  To that end, the Winky control module of the Ivy system was completely 

redesigned to better accommodate the physical profile of the new components.  Likewise, 

the sensor array modules were revised to incorporate newer-generation sensing elements 

that allowed the measurement of more channels of information in the same or smaller 

footprint.  The revised control system allowed Ivy to achieve a ten-fold increase in system 

capability while simultaneously requiring significantly less power. 

 From a usage standpoint, the Ivy system was a significant step forward in terms of 

user interface.  Rather than gesture control, in which a bend of the elbow can trigger an 

event, Ivy employed a more nuanced movement-based control system in which organic 

movements of the limbs are allowed. Rather than a sharp bend of a limb, the dynamics of 

the movements are monitored to gauge whether thresholds are met.  The increase in 

speed of the processing center of the Ivy system allows organic and nuanced movements 

to be used to communicate with the system.  Although gesture control can still be used to 

cause an effect with the Ivy system, the nuanced gesture system enables a more fluid and 

dynamic movement vocabulary.    

 Unexpected issues often accompany modifications in hardware design.  However, 

the robustness of the Ivy system despite the engineering changes illustrates the 

simplification of complexity.  As the component count is reduced due to higher levels of 
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integration, overall system reliability can increase despite modifications of the system 

design.  Since previously discrete components are now integrated into the same wafer of 

silicon, electrical connections between the different stages of the system can take place 

within the confines of the silicon chip instead of requiring interconnects between 

individual components.  Not only can the reliability increase as component count 

decreases, but the form factor of the resulting system can also benefit from the 

elimination of the interconnecting elements and support circuitry.  Previously, such 

support infrastructure was required to mediate the communication between discrete 

components.  As such, the system can utilize the space savings of the integrated 

components to achieve a level of incorporation that was not previously possible.   

 The technological aspects of Ivy allowed it to more seamlessly incorporate into 

the design of the garment.  While the previous iterations of the wearable system focused 

more on materials research in order to find a proper method of the implementation of the 

conductive fibers, the technological implementation of the Ivy iteration is able to progress 

toward the embodiment of a system that utilized the technological aspects of the Slinky 

system while also incorporating the facets of a custom costume design for the garment.  

The garment design of Slinky was based on a long-sleeved leotard to allow for maximum 

body movement while enabling technological integration.  However, the choice of the 

garment was in part for utilitarian purposes, to allow simplicity of integration.  With the 

development of the Ivy system, the choice was made to also gauge the efficacy of system 

incorporation into a customized and intricate garment.  Since the one of the main focal 

points of the wearable system is adaptability and ease of integration, the system should 

ideally be able to scale from simple to complex without any fundamental modification. 
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Rosy   

 

 While the Ivy system was created without the difficulties usually associated with a 

major system revision, the subsequent Rosy system embodied many of the difficulties 

that are usually encountered during development.  Despite being based on the same 

design as Ivy, the Rosy system was plagued with inconsistent performance as well as 

stability issues.  The failure, as depicted in the preceding chapter, was due to a seemingly 

inconsequential cosmetic modification that, in the final analysis, was a non-trivial 

change.  The rounding on the corner of the circuit board compromised the tolerable 

margin of one of the electrical pathways thereby causing instability and power issues 

throughout the system.  Since electrical faults can manifest far from the actual source of 

the problem, erratic behavior from the system is challenging to isolate.   During system 

diagnosis, the cause of the error might manifest itself as something else entirely.  An 

electrical failure can cause completely unrelated components to simultaneously 

malfunction.  Since proper power is not available to the system component, the diagnosis 

might be a faulty sensor module, when in actuality; the module might simply not be 

receiving a stable source of power.  Diagnosis of inconsistent aspects is exacerbated by 

the manifestation of malfunctions that point to different flaws.  As the malfunctions shift 

depending on circumstance, the diagnosis of the system error can vary drastically from 

one major portion of the system to another. 
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 The evolution of the wearable system from the initial material research with 

Shorty to the incarnation of Ivy and Rosy illustrates, in many ways, the challenge of 

technological development.  While the technological elements might behave predictably 

when considered in isolation, it is when disparate factors are combined that the 

unexpected happens.  As variables are combined with factors from other sources, the 

likelihood increases that unexpected combinations of variables can cause factors that are 

not expected in the initial design.  While the combinations at times lead to desirable 

results, the variability of the permutations can also lead to malfunction.  Ultimately, the 

variables of each element have to be quantified and evaluated before its incorporation 

into the overall system.  

   

II.  Affordances 

        

 The preceding portion reviewed the major aspects of each phase of the Project 

Aurora research.  The focus varied from the technological to the physical.  While 

development at times focused more on technological implementation, the concentration 

was shifted toward use factors at others.  Ultimately, the goal was to implement a system 

that could balance both facets of the equation. 

 Affordances are user interface elements that aid the user in understanding how to 

use a particular item.  Affordances can be mundane.  In his book, The Design of 

Everyday Things, Donald Norman illustrates an example of a door knob that has no 

affordances (Norman 1989).  Since the door knob is unclear on whether one is to pull or 

push the handle to get through the door, it causes confusion for the user.  Conversely, an 

affordance, like the placement of a hand grip, would be an affordance that clarifies the 
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function of the door knob.  The user is then able to open the door without having to stop 

and figure out how the knob functions. 

 Good affordance is the center point of user centric design.  With the guide posts 

of affordance, a user is able to recognize cues that allow her to properly utilize a device.   

The affordances incorporated into the Project Aurora wearable systems have evolved 

through the successive iterations.  The affordances incorporated into the systems 

encompass both the physical and the virtual.  The use of the term virtual here differs from 

its use in preceding portions of the work.  Virtual in terms of affordance is used to convey 

the concept of affordances created through user interfaces in the software of the system. 

 The ideal interface is one in which the intent of the device can be understood 

without instruction.  By providing cues where appropriate, a user can be readily guided 

through proper operation.  The cues provided by the Winky control system illustrate the 

approach utilized to benefit the use aspects of the system.  While the Winky system has 

undergone various changes in design to better accommodate advancements in component 

technology, its fundamental aspects of affordance remained user centric and improved in 

terms of clarity through the iterative generations. 

  

PHYSICAL INTERFACE 

 The Winky control system implemented physical affordances through several 

means.  The tactile, physical and visual affordance factors allow the Winky control 

system to communicate with the user and convey information as to its proper operation.  

The Winky system provides a tactile power control that enables the user to activate the 

system without needing to have visual contact with the control module.  The two-way 

slide-lock switch enables the user to have both a visual and audible response to system 

activation.  Since the system contains a single means of activation, the tactile switch 



 231

allows the user to have a method of system activation that can be accomplished based in 

either the tactile or audible feedback without requiring visual contact with the control 

unit.  The physical switch is recessed into the body of the unit to preclude accidental 

activation during movement activity.  Similarly, the contact of the circuit elements within 

the aspects of the switch in which activation or deactivation is only achieved at the 

extreme positions of the slider allows for accidental jostling of the switch without the 

interruption of the power to the system.  

 The physical affordances on the Winky unit also allow the user to more fully 

understand the system.  The interface of the zero-profile data and power connection 

between Winky and the on-body network allows the unit to lie flat against the skin of the 

wearer while simultaneously ensuring that the control system can only be properly 

oriented in a single direction.  Since the interface performs the tasks of data transmission 

as well as physically attaching the control system to the body, the system has a built-in 

validation for the user.  If the orientation of the control system is incorrect, the control 

system will simply fail to engage. Both the physical and electronic aspects of the 

interface would fail to function. 

 The visual affordances provided by the Winky system allow for immediate 

feedback to the user.  In essence, the visual feedback system blends the cues provided by 

the tactile and physical aspects of the system and supplements additional information for 

the user.  By using a system of color changing light-emitting diodes, the system status 

can be ascertained from a distance.  The user can, for instance, instantly recognize proper 

connection of the system, communication with the on-body network and establishment of 

wireless communications.  Conversely, the system will also indicate, using the same pair 

of light-emitting diodes, a failure in the on-body network, improper connection to the 

body or a system fault, whether on the body or with the unit itself.  The identification of 
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system faults allows the user to know instantly whether all of the sensor modules onboard 

the body are functional.  Likewise, the system’s diagnostic features allow it to convey to 

the user the severity of the indicated failure.  By using a combination of color, intensity, 

and persistence of pulse, complex messages can be conveyed simply using only two light 

elements. 

 The idea behind the visual affordance is simple.  If the system is fully functional 

and communicating properly, the lights will indicate green and blue respectively.   

Should a failure occur in the conductive pathways of the body network, for instance, the 

first light emitting element will turn to a muddy brown color while the second element 

will remain dark.  Depending on the severity of the event, the indicator will grow 

progressively more intense until the led is bright red.  The light system relies on color 

cues to convey the intention of the message. Colors in the green and blue range are in the 

cooler range of the spectrum whereas yellow, orange and reds are in the warmer end.  

The cooler colors can convey a sense of proper function while the warmer colors aid in 

the indication of possible trouble.  Why colors instead of a text-based display?  While an 

alphanumeric character set can convey system status in plain text, color-changing 

indicators allow for a more universal means of communication without requiring a 

common language.  Likewise, the capabilities of the light elements allow for information 

to be conveyed quickly and accurately and at a greater distance.  On an alphanumeric 

display, the letters have to be legible in order to convey the meaning.  Conversely, the 

color of the light element can be perceived at a distance without having to “read” the 

words displayed on a constantly moving object.  Since there are an infinite number of 

states possible with the color changing light elements, complex messages can be easily 

conveyed in a clear and intuitive manner.     
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 The light based affordance extends to the on-board sensor modules.  Each module 

is equipped with its own light element.  The light element can serve multiple purposes.  

For instance, the light emitting diodes can be configured to illuminate on system 

initialization and indicate proper system function of the sensor module as well as the data 

and power pathways.  The user is able to see at a glance whether a particular portion of 

the body is active.  If a particular portion of the body measurement has been deactivated 

due to an error, for instance, the system can order the sensor module to show a blinking 

trouble signal to the user.  The feature allows the system to self-diagnose potential 

problems.  For instance, if the reading from a sensor node varies wildly while others in 

the same vicinity remain relatively still, the system can flag the potentially problematic 

aspect and alert either the wearer or a remote system to the problem.  Likewise, a 

marginal issue might exist with the sensor in which it is able to maintain proper function 

for a majority of the time.  The indicator system allows the system to gauge the severity 

of the problem and properly escalate the degree of seriousness to the user.  The intuitive 

color scheme allows the wearer to understand the meaning of the indication without 

having to wonder what green or red is.  To lessen the perceptual impact of the visual 

affordance, the modules only illuminate when requested or when there is a problem.  The 

focal point of an affordance is to provide a cue for the user toward a certain interaction 

with the object or device.  Ideally, the affordance aids the user without distracting from 

the task at hand.   

 Since the improper use of an affordance can become a hindrance and actually 

cause a distraction for the user, the proper role for the visual affordance is to convey 

information only when needed.  As an aside, a recent example of a visual affordance that 

the author encountered was on a Toyota Camry in which the passenger airbag activation 

light remained constantly lit.  While the indicator allows the driver to understand that the 
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airbag is on when a passenger is in the front seat, the constant bright yellow indicator 

would seem to imply a malfunction and draw the driver’s focus.  Especially in a dimly lit 

cabin, the brightly lit indicator would serve as a distraction rather than an affordance for 

the driver.  The air bag indicator is a good example of a visual affordance that, while 

seemingly logical, does not fit into the use factor of the scenario.  An alternative 

implementation of a similar affordance on the Honda Accord, for instance, illuminates 

only when the passenger seat is unoccupied and only in the initial phases of starting the 

vehicle.  Rather than serving to cause a cognitive dissonance for the driver, the 

affordance in this instance conveys the pertinent information to the driver and then ends.  

As such, the affordance is able to accomplish its goal without impeding on the main task 

at hand.   

 The example above illustrates the challenge with creating an affordance for the 

user.  The effectiveness of an affordance depends highly on the user factors of the 

scenario.  An indicator that remains on constantly, for example, would be applicable to a 

desktop computer where the light is an indication of the readiness of the system.  

Conversely, the affordance would not be applicable to a cell phone where the constantly 

on indicator would seem somewhat extraneous and wasteful.  The theory behind the 

affordance is applied to the Itchy sensor nodes of the wearable system.  The default state 

of the leds onboard the Itchy units is to remain off until their use is necessary to create an 

affordance for the user.  The illumination capability of the sensor nodes (Itchy) can serve 

both a functional and an aesthetic purpose.  While the functional purpose of the lights 

allows a relatively simple way to communicate with the user, the lights can also serve an 

aesthetic purpose during a performance.  Since the leds onboard the sensor nodes can be 

controlled by the Winky control system, patterns and behavior can be coordinated with 

the movements of the performer.  In effect, the intensity of the lights can vary with the 



 235

dynamics of the wearer.  The light patterns, generated by the movements of the 

performer, synergistically combine with the shifts in intensity and patterns to create a 

unique visual effect. 

 

VIRTUAL AFFORDANCE 

 

 The development of hardware devices has traditionally been a balance between 

the capabilities of the hardware and the ability of the software to utilize those capabilities.     

More recently, however, hardware development has shifted due to the rapid integration of 

features onto the same physical space.  What once required custom hardware and circuit 

design for every unique capability of a system can now often be found integrated into a 

single chip.  For instance, microcontrollers now embed multiple processing cores and 

graphic processing onto the same silicon dice, features that previously required multiple 

discrete components and external support circuitry.  The increased capability of 

embedded processors allows many mobile devices to share the same fundamental 

hardware design.  As such, the major aspect that separates a cell phone, music player, or 

internet tablet is often the software.  The software is written to match the capabilities of 

the hardware.  The paradigm of hardware development leading the software has shifted 

due to the increasing integration of features and capabilities.  As each device is 

distinguished by the software set rather than the physical hardware, the affordances 

created by the software allow a device to interact in a unique manner with the user.     

 The software defines the very personality of the device and controls how it looks 

and feels to the user.  The programming of the system defines the way the user interacts 

with it.  Software can make the device simple and intuitive to use or cumbersome and 

difficult.  Nokia researcher Roope Takala, cited in Daniel Roth’s article about the iPhone 
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multi-touch interface, notes, “People have to get it right out of the box, otherwise, they’ll 

give up after two or three tries (Roth 2009),” Often, there is very little physically 

different between the devices.  A cursory look at the smart phone market following 

Apple’s introduction of the iPhone would reveal a myriad of touch-based smart phones 

with similar hardware features to the iPhone.  Often, however, affordances are missing 

from such devices that lead to usability issues.   Physically and from a hardware 

perspective, very little differentiates the iPhone from its touch-screen competitors.  While 

the devices are physically similar, the software affordances implemented in the operating 

system of the iPhone enables it to embody a greater level of usability.  The user interface 

implements software affordances that offer visual cues to the user to allow more efficient 

operation of the device.  Since the iPhone offers very little in terms of physical 

affordances, the crux of its interactive capability is the application of virtual affordances.  

As in traditional physical interface, virtual affordances can aid in the operation of a 

device.  The highlighting of a menu item during a contextually pertinent application, for 

instance, would create an affordance for the user.  The magnification of the virtual 

keyboard to enlarge the contact area as the finger approaches the screen likewise is an 

example of such an affordance.  In this case, the user is able to visually confirm that the 

device properly understands the intended keystroke.  Affordances are created by 

interactive features that aid the user in completing the intended task, and they serve as 

signposts in that they lead the user toward the right path.    The software is responsible 

for providing affordances as needed to guide the user toward the most efficient and 

effective method of operating the device.  In essence, the affordances provided by the 

operating system of the device can render the same hardware platform intuitive or 

cumbersome to use. Roth’s article states, “… with keyboards, the buttons are there; the 

new touch devices lack visual clues, and trying to manipulate them can feel hopeless” 
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(Roth 2009).    Without the physical cues, the interface and virtual affordances created by 

the software are the only means of interaction between the user and the device.  

Ultimately, such virtual affordances are the cornerstone of a successful user interface.    

 The virtual affordances on the wearable systems of Project Aurora manifest 

indirectly for the user.  Rather than directly involving the user in its operation, the 

software subsystem of the Project Aurora system utilizes environmental cues to 

accomplish its task.  The aspect of sensor calibration is a good example.  To attain the 

highest level of accuracy, the sensor modules of the system have to be calibrated to the 

particular wearer in order to perceive the nuances of movement.  Since no two performers 

are the same, the dynamics of one dancer might vary dramatically from the other despite 

the fact that both are executing a similar movement.  The traditional process of sensor 

calibration can be cumbersome.  The initial phases with the Automated Body wearable 

systems required a calibration phase in which the wearer had to work with the team 

through exact movements of particular limbs to calibrate each pertinent sensor module.  

As an implementation, the process of manual calibration was cumbersome and detracted 

from the task at hand.  However, the process was necessary at the time given the 

hardware and software capabilities of the system.  

 Rather than incorporating the cumbersome task of manual calibration into the 

process of use, the iterations of the Project Aurora wearable systems, beginning with 

Slinky, incorporated an automated method of sensory calibration.  Upon startup, the 

system utilized the natural movement of the wearer to establish baselines for calibration.  

As the wearer moves about in normal activity, the system collects movement data in 

order to fine-tune its calibration data.  The entire process takes place transparently for the 

wearer and does not involve any active participation by the user.  Rather than having the 

user adapt to the technology, it is more feasible for the technology to adapt to the user.  In 
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the case of the automated calibration, the system appears ready to use for the wearer 

without any external intervention.  While the data from the sensor modules might initially 

not be as precise as later in the process, the system is able to extrapolate enough 

information to execute the user’s desired intent. 

 The automation of the system calibration is an example of an affordance created 

by software.  The virtual affordance enables the system to be utilized by the wearer 

without undergoing a separate process to ready the system for use.  Likewise, the 

automation of the calibration process enables the system to be deployed to users who do 

not have to possess knowledge of the underlying infrastructure while retaining the ability 

to fully utilize the technology.  The removal of manual system calibration by the user also 

eliminates a layer of unnecessary technological hindrance.  A user does not need to know 

how a cell phone technically functions, but rather, that it functions properly when needed.   

Likewise, the virtual affordance implemented by the automated calibration enables the 

system to be utilized without the user needing to have a fundamental understanding of the 

inner workings of the wearable system.  Instead, the affordance allows the system to be 

worn and ready for use. 

 

VIRTUAL AFFORDANCE THROUGH GESTURES 

 

 The nature of interaction through gestures has evolved through the iterative 

generations of the wearable system.  In effect, the capabilities of the gesture 

interpretation software system have increased concurrently with the evolution of the 

automated calibration system.  The initial revision of the gesture control system on the 

Automated Body wearable required the user to perform absolute bends of the joints to 

trigger a reaction from the visualization system.  During the course of movement, the 
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wearer would have to execute an absolute movement, such as the bend of an elbow past a 

certain degree, in order to trigger a visual reaction.  The requirement of the extreme 

gesture precluded natural choreographic movement in terms of movement dynamics.  

While such gestures could in theory be choreographed into the movement phrase, the 

position is such that it would preclude a wide range of choreographic possibilities. 

 The enhanced gesture control utilized in the Slinky system enabled more natural 

movement gestures and methods of interaction.  Through the use of complex triggers, 

natural movement can be more readily blended in with movement that requires multiple 

points of reference to initiate.  The movement of an arm by itself, for instance would not 

result in a visual effect whereas the gesture combined with the physical dynamics of the 

movement would create a unique signature that would then consequently initiate the 

visual effect.  The capability of the system to better understand the data from its sensor 

modules also enable it to more fully utilize the information to formulate a perspective of 

the intended result.  As the movements required to initialize a visual effect become more 

integrated within the flow of natural movement, the wearer is consequently able to 

perform the movement vocabulary more fluidly without the need to execute gestures that 

are completely disparate from the rest of the movement.  The virtual affordance created 

by the gesture interface increases in effectiveness as the user is able to progress through 

more natural movement rather than aspects which require detachment from the flow of 

execution. 

 While complex cues allow for a more natural flow of movement, they preclude 

the repetition of the same movement in other contexts of the choreography.  As 

choreography often incorporates complex movements and gestures that are repeated 

throughout the piece, the restriction of certain movements to particular aspects is limiting.  

The contextual control implemented with the Ivy series enhances the gestural control 
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utilized in the Slinky iteration by incorporating contextual cues into the movement 

interpretation.  Whereas the interpretation system in Slinky utilizes multiple cues to 

determine the proper course of action, those very same cues can occur at other points of 

the choreography.  Conversely, if the system is aware of the dynamics of movement 

within one portion of the piece versus another, it is then able to contextualize the unique 

facets of that aspect of the movement.  The contextual gestural interpretation allows the 

system to utilize the information acquired from the sensor modules to contextualize the 

complex movement gesture not only by itself, but also based on the external 

environmental factors in that portion of the piece.  Using the multiple factors, the system 

is able to create a unique signature in which the complex gesture would be interpreted 

only in the proper context.  Consequently, complex gestures can be utilized for visual 

effects in one portion of the movement while having no effect in other portions of the 

piece.  The effect can be applied as required for the creative goal of the performance 

rather than due to technological necessity. 

 The virtual affordance created by the gesture control system increasingly allows 

for natural choreographic movement of the performer.  While the initial phases required 

the performer to execute extreme gestures to initialize a visual response, the later 

iterations allow the wearer to move naturally while the desired visualizations are 

generated contextually.  The refinement of the virtual affordance allows the wearer to 

transition toward more natural choreographic movement.  In addition, the contextual 

nature of the interpretation allows the functionality of the wearable system to blend more 

seamlessly with the intended use in performance.  Rather than compromising the artistic 

vision to accommodate the needs of the technology, the contextual gestural capability of 

the Ivy and Rosy systems allow the choreography to apply the technology where it is 

artistically pertinent. 



III.  Simplicity versus Complexity 

 

The aspects of affordance depicted in the previous section illustrate the challenges 

of utilizing the proper affordance in the pertinent context.  An affordance applied 

improperly becomes a hindrance.  Likewise, affordances can be physical, virtual, or a 

combination of the two.  The issue of simplicity versus complexity in terms of user 

interaction faces similar issues to that of affordance.  In 

the exploration of performative technologies and their 

interaction with the user, many seemingly simple aspects 

of interface are manifested in a complex, multi-faceted 

manner.  The Gypsy system depicted in the Literature 

Review portion is an excellent example of a complex 

implementation, but relatively simple interaction for the 

user.  The physical aspects of the system are decidedly 

complex in terms of the mechanical infrastructure 

required for operation. While restricted in certain aspects 

of movement, the facets of movement possible for the 

user are accomplished in a relatively normal manner.  

While the movements possible can be performed, the 

physical impediment imposed by the structure of the Gypsy system precludes many 

natural movements.   For instance, the user cannot execute any movement that would 

require physical dynamics typically used in dance.  Any rolls of the body would not be 

possible due to the physical structure of the system.  The movement vocabulary, 

therefore, would be inherently limited with the use of the system.   

Illustration 35:  The Gypsy system 
requires substantial physical 
infrastructure to measure user 
movement (Metamotion 2006).
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 The complex technological solution manifested in the Gypsy system 

informs the thought process on designing for the human body in the context of 

movement.  It is not enough to simply create a system that allows for the measurements 

of movement in certain respects, but fundamentally alters the nature of the movement in 

others.   

The challenge within the structure of movement dynamics dictates that simplicity 

at times requires complexity while complexity at times may result from simplicity.  That 

is, a complex integration of various factors maybe necessary to create simplicity for the 

end use.  Conversely, an attempt to overly simplify a task may result in an overly 

complex involvement for the user.  The process of identifying aspects of simplicity 

versus complexity in terms of user interaction is the crux of the research throughout the 

course of the Project Aurora development. 

As illustrated in the literature review portion of the document, simplicity does not 

necessarily result in an intuitive and simple interaction for the user.  Likewise, 

complexity does not necessarily result in a cumbersome result.  Inherently, use factors 

play a fundamental role in determining the aspects of the interface.  The design of the 

Project Aurora systems attempts to embody the concepts of simplicity and complexity in 

terms of user affordances in order to create an interface that allows for intuitive 

interaction without creating compromises due to over simplification of the interface.  The 

evolution of the Winky control system provides an illuminating analysis of the Project’s 

work to create an intuitive, yet useful interface for the user.   

The Winky data acquisition system serves as the interface between the on-body 

sensor systems and the external world.  The module is responsible for ensuring that all 

aspects of the system are functional, communicating with external information sources, 

and interfacing with the user.  Ultimately, the Winky system serves as the nexus for 



machine to machine as well as human to machine communications.  The Winky system is 

responsible for communicating complex information to the user in a way that is simple 

and readily understood.  The early 

predecessor to the Winky system utilized in 

the Automated Body, PIMP MCU, is a 

good example of a simple affordance to 

convey a simple message.  The lights on 

the unit function as single state indicators 

in which the pulsing red LED conveys 

proper communications with the discrete 

sensor nodes of the system.  While the 

indicator indicates that proper 

communication is taking place, it does not 

detect or notify the user if a fault occurs in 

an aspect of the sensor system.  Likewise, 

the blue LED serves as the power indicator 

for the unit.  In theory, the power indicator 

will illuminate even if the device is not properly functioning.  The lack of visual cues for 

the user in terms of more complex conveyance results in difficulties in ascertaining what 

data is being received from the on-body sensor components and whether anything is 

actually being done with the information.  In short, despite the two indicator lights on the 

unit, the user and operator cannot know for certain whether the unit is actually functional.  

The pulsing indicator of the sensor network light will not differentiate between valid 

incoming data and erroneous information.  Likewise, the power indicator merely 

indicates the delivery of power to the unit.  It does not indicate whether the unit is 

Illustration 36: Predecessor to the Winky system 
utilized on the Automated Body 
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actually functional.  Fundamentally, the lack of flexibility of the indicator lights leaves 

the user with merely pieces of an incomplete puzzle.  Rather than serving as an 

affordance for the user, the indicator lights at best give the user only a partial 

understanding of the state of the system and at worst mislead the user as to the proper 

functionality of the system.  An illuminated power light, for instance, would seem to 

imply that the system is likewise functional.  The pulsing red indicator indicating the 

flow of data would at first glance confirm the proper communication between the control 

unit and the sensor array.  However, without the capability of a more nuanced expression, 

the system is unable to convey a cohesive message to the user.  Rather than creating a 

simple and intuitive interface the lack of flexibility of the two indicator lights serves to 

ultimately confuse the user.   

The method of communication with a user depends largely on the capabilities of 

the communications device.  Due to their simplicity, one might initially assume that 

simple leds can convey relatively simple messages to the user.  In the context of single 

state response, the analogy is apt.  However, a light element can be utilized to convey 

complex messages through the use of nuances.  Rather than a solid on, or absolute off, 

the indicator can be controlled to indicate different levels of intensity.  Sequences of 

intensity can be utilized as well as patterns of blinks.  Likewise, the indicator, if properly 

equipped, can change colors.  When the factors are combined into a single indicator, an 

almost infinite number of combinations can be possible.  The proper indication for the 

proper scenario depends of course on the use factors of the intended application.   

The exploration of the multi-faceted single indicator approach was initiated with 

the development of the Winky series of data acquisition processors.    Complexity and 

nuance of indication correlate linearly with one another.  As the levels of complexity 

increase, the levels of nuance must also improve.  Since the proper function of a system 



depends on each 

component that forms the 

system, the user interface 

must be able to convey 

aspects of the system as a 

whole while retaining the 

capability for greater 

granularity.  The initial 

Winky system utilized on 

the transitional system between the Automated Body and Project Aurora focused on the 

creation of an indication system that allowed at-a-glance status indication to the user 

while enhancing the capability to convey a more nuanced message.  The initial system 

maintained compatibility with the preceding late-generation Automated Body system 

while exploring facets of technology under development for the Project Aurora phase.  

As such, the indication method utilized in the Automated Body PIMP MCU was carried 

forward into the significantly smaller Winky processor with minimal enhancement.  The 

most significant change between the two indication systems was the incorporation of the 

power indicator into a function of the internal Winky processor versus simply a normal 

power indicator light.  The light is able to illuminate upon system power-up, but rather 

than reacting as a function of power flow, the indicator is illuminated via a software 

command from the central processor.  This small change dramatically enhances the 

messaging capability of the blue indicator.  In addition to conveying the operational state 

of the unit, the indicator can now warn of impending battery exhaustion through an 

urgent on-off pulsing sequence.  Likewise, while the red indicator conveys the 

Illustration 37: Transitional iteration of the Winky processor 
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communication with the on-body support system, the blue indicator can also pulse in 

intensity to indicate proper data communication with the external radio.  Unlike later 

generation Winky systems, the unit in the depicted iteration required external radio 

equipment to broadcast the data off the body. 

The dramatic change in communication capabilities of the preliminary Winky 

system due to redesign of the system power indicator illustrates the concept of simplicity 

in the context of complexity.  While the two indicators physically remain the same 

between the PIMP MCU and the Winky processor, the integration of the power indicator 

into the command chain of the control unit allows its capabilities to be dramatically 

enhanced.  Likewise, the system is able to convey a vastly more cohesive picture of 

system readiness and operation to the user.  The additional information provided by the 

enhanced indicator removes much of the guesswork involved in operating the unit.   

Previously, the power levels of the batteries would have to be externally validated prior 

to every use.  Since the system is able to assess the battery to determine its capability, the 

enhanced indication system cannotify the user should a battery change be imminent.       

The breadth of the PIMP MCU indicators was inadequate to meet the complex 

requirements of the system.  As such the shift in design is made from a hardwired 

indicator, where the indicator is electrically directly in the line of the power, to a 

“softwired” approach.   In the “softwired” approach, no direct connection exists between 

the power and indicator.  The indicator is controlled by the onboard processing system, 

allowing the same physical light emitting diode to significantly increase in capability.  To 

the end user, the indicators between the PIMP MCU and the Winky system might appear 

to be extremely similar.  Both utilize two light emitting diodes as the means of 

communicating with the user.  However, where the indicators in the earlier system 

primarily utilize the hardwired approach, functionality and flexibility in communication 
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capability was inherently limited.  The “softwired” approach utilized in the later control 

system allows the indicator to dynamically adapt to the needs of the system.  Rather than 

simply being a light, the indicator in this case essentially becomes a single colored pixel.  

The pixel analogy is apt in that the indicator, under the control of the processing system, 

is capable of nuances in expression. 

The transitional Winky system initiated the exploration into the capabilities of a 

“softwired” indication system.  John Maeda gauges simplicity in design as follows: 

“when it is possible to reduce a system’s functionality without significant penalty, true 

simplification is realized” (Maeda 2006).  Depending on the use context, simplicity and 

complexity are inherently interchangeable.  The fundamental interrelatedness of the two 

factors play a pivotal role in understanding the effectiveness of the affordances and their 

role in reducing overall complexity.  By approaching the seemingly opposite variables as 

manifestations of one another, a better understanding can be achieved in the 

contextualization of the use factors.  Ultimately, a simple interface in the current context 

is a design that enables the device to convey potentially complex information to the user 

while simultaneously enabling the user to carry out her intended tasks without 

impediment from the affordance.  A persistent blinking light in the user’s or viewer’s 

field of view, for instance, would create a dissonant effect on the task at hand.  

Conversely, while the facet of a nuanced light indicator might cause a dissonance in some 

contexts, when in the realm of ascertaining system operation, the light can provide an 

effective and instant status confirmation for the user.  The key is to convey the 

information when needed and desist once the utility of the message is completed.  The 

fine balance between providing the user with a simple interface and the need to provide a 

detailed overview of a complex situation dictates much of the visual affordances 

implemented on the Winky system.  Likewise, the status of the indicators shifts 
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dynamically between informing the user and operational characteristics dynamically as 

the need dictates.     In order to maintain the balance between the simplicity of the 

visual interface and the necessity of conveying increasingly complex messages to the 

user, increases in functionality were integrated iteratively in order to properly assess its 

effectiveness from both perspectives.  Some additions, while seemingly effective from a 

theoretical point of view, prove otherwise in actual practice.  The methods by which the 

blue and red LED indicators are utilized on the Automated Body PIMP MCU is an 

excellent example.  The red LED indicated communications with the onboard sensor 

system while the blue LED indicated power to the system.  Since the indicators were 

located on the back of the wearer, the team could ascertain immediate the status of the 

variables illustrated by the indicators.  During trials, the visibility of the indicators 

seemed logical from a design perspective.  In theory, the lights would allow the team to 

Illustration 38:  Automated Body system using PIMP MCU during Lullaby performance 
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gauge the functionality from a distance.  Since the lights were located on the back of the 

wearer, it was thought to not be a distracting factor for the wearer.  However, the theory 

behind the indicators did not account for its potential effect during a live performance.  

Since the intended piece began in a complete stage blackout, any visible light would 

immediately draw the audience’s attention.  Conventional performance preparation has 

the performers move into place during the blackout sequence in order to have all the 

performers in place once the lights are intensified.  However, as Yacov Sharir was 

moving into place during stage blackout for the performance of Lullaby, a flashing red 

light, visible to the audience, moved across the stage. The presence of the blinking light 

onstage immediately signaled to the audience that a performer was onstage thereby 

reducing the impact of the reveal once the stage lights were restored.  Since the initial 

impression of a performer on-stage establishes the audience perception of the piece, any 

distraction from the process is likely to create dissonance.  If an audience perception was 

intended, the indicators would have been suited for the occasion.  However, since the 

illumination of the display was a consequence rather than the intent, the early performer 

reveal to the audience sent a somewhat confused message.  ‘What is the meaning of the 

lights and how does it fit into the overall piece?‘ might cross the mind of some audience 

members.  In performance, every element, no matter how small, can be perceived as an 

intent and consequently part of the performance.  The piece is rightly considered as a 

whole than as its constituent parts.  As such, while the indicators might be considered par 

for the course as a result of engineering design, their impact during a performance setting 

must be duly considered.    

Through the development of the Winky system, the elements of engineering and 

design have to be considered.  The aspects of simplicity versus complexity and the user 

factors involved implicitly link the design factors with the inevitable use scenarios.  
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Ultimately, the technologies have to wok with both the user and the intended audience.  

The subsequent iteration of the Winky system utilized LEDs capable of multiple colors 

within the same element in addition to the variances of intensity and duration.  In effect, 

the indicator goes from a single color to an infinite number without an increase in the 

complexity of the physical makeup of the display.  The addition of colors enables the 

system to significantly simplify the interpretative process of the message.  In addition, the 

aspects of the additional nuances allow for multiple discrete messages to be conveyed 

using the same light element.  For instance, shades of blue might indicate messages 

involving the wireless communication elements of the system.  Likewise, green from the 

indicator might indicate that all systems are ready whereas a red signal indicates trouble.  

The trouble signal can then be expanded by the addition of yellow following the initial 

signal to indicate a warning that still allows the system to function, albeit at a sub-optimal 

state.  To revisit the earlier pixel analogy, the effect of the multi-color capability of the 

light emitting diode is equivalent to going from a monochrome monitor to a full color 

display.   Significantly more complex information can be conveyed while retaining the 

simplicity of the dual light elements.  At the same time, color cues that are almost 

universal across cultures can be utilized to convey the meaning of the indicators.  Green 

means go while red means stop.  The basic premise can expand to yellow as warning and 

variants in between to indicate the severity of the event.   

The Winky system utilized with the Slinky wearable incorporates the multicolor 

Led elements in place of the single state elements used in preceding iterations.  By 

default, the normal operation of the device does not differ from the preceding iteration in 

terms of appearance.  However, the device employs several layers of fail-safes to ensure 

proper operation.  For instance, if the Winky unit is connected to the wearable system 

backwards, the Leds will immediately turn into a flickering muddy brownish color to 



indicate severe trouble with the connection.  If disconnected or improperly connected to 

the wearable, the Winky will search its lights from left to right to indicate that it is unable 

to find the sensor subsystem to connect to.  Likewise, the communications indicator will 

only light blue once a radio lock is established and transmission between the system and 

the remote is confirmed.  The multifaceted indication system allows the Winky system to 

be dynamically adaptable to changing conditions and possibilities.  Additionally, the 

capabilities of the indicators allow complex messages to be immediately and succinctly 

conveyed to the user.  The bottom facing indicators allow the user to determine the status 

of the system without the unintended effect of illuminating the surrounding environment.  

As seen with the earlier PIMP MCU system, the presence of lighting on the system can 

have undesired consequences during a performance.  As such, the downward facing light 

Illustration 39: The dual LED indication system utilized on Winky (Hardin 2006) 
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elements allow the technical team to gauge the status of the system locally while 

retaining the subtlety of the performer’s presence.  Ultimately, the augmented indicators 

enable a simple interface to be utilized in a dynamic operational environment and retain 

the capability to convey complex messages.  Complex elements are able to be manifested 

as a form that allows the user to readily interpret and communicate with the system. 

  

IV.  Perceptual Awareness 

 

The facets of perceptual awareness and its impact on the cognitive load of the 

performer form the core focal point of the research.  Ultimately, the question is whether 

technologically mediated performance can be accomplished without causing cognitive 

dissonance for the performer.  Mihaly Csikszentmihalyi describes the process of flow in 

which an undisrupted stream of thought enables the person to be immersed in a state of 

mind that would otherwise not be possible (Csikszentmihalyi 1990).  Csikszentmihalyi’s 

process of flow defines the goal of minimizing user perceptual awareness of any 

technological augmentation being utilized.  While it would not be possible to completely 

eliminate perceptual awareness of any object on the body -- the perception of clothing for 

instance -- the task for a technological implementation is to create a scenario in which the 

user’s attention is not drawn from their task at hand.  Ultimately, the minimization of 

perceptual awareness is concurrent with the aspects of user comfort and kinesthetic 

capability.  Throughout the evolution of the Project Aurora system, the wearable element 

as well as the technological element has been constantly revised in order to minimize its 

impact on the user.  While some methods have led to an expected result, others presented 

challenges that were both unexpected and surprising.  Through actual use in a 
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performative production environment, each phase of the system helped to inform the 

design aspects of the next.  Ultimately the exploration led to a highly integrated synergy 

of hardware, software and fabrication.  In order to understand the facets that contribute to 

the perceptual aspects of use, a comparison of different iterations of the wearable systems 

would provide much insight into the perceptual impact of the system from a movement 

standpoint.  Other facets, such as restriction of gestures in terms of trigger methods 

required by the technology and the subsequent complexity of interaction, combine with 

physical aspects of the garment to form an overall perceptual impact for the user.  The 

physical impact of each iteration of the wearable system creates a baseline from which to 

compare the various manifestations of the system.  In addition to gauging the virtual 

affordances for the user in terms of interacting with the technology in the course of 

movement, the physical affordances likewise play a significant role in the overall 

perceptual impact of the system.   

The aspects of perceptual awareness center on the combined factors of physical, 

mental and perceived nature of affect of the combination of the two factors.  Ultimately, 

the perceptual impact of the variables hinges directly on the interrelationship of the 

various aspects and how they combine to impact the physical dexterity of the wearer 

while affecting, adversely or not, the natural movement of the performer.  In many ways, 

a physical impediment can impact the natural movement of the performer without 

conscious realization on the part of the performer.  As the earlier discussion of the Gypsy 

system indicated, the wearer can quickly become mentally adapted to physical 

encumbrance and quickly perceive no effect on physical movement even when the 

opposite might be true.  The ability of the mind to adapt to adverse conditions allows for 

performance under duress; however, the physical impact of the encumbrance remains.  

Ultimately, the user is able to adapt on a conscious level to perceive no impact on 
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movement even when one exists.  While the user in effect remaps her mind to ignore the 

encumbrance, the effect nonetheless still directly impacts the physical dynamics of 

movement.  Whether the wearer consciously chooses to ignore any impediment or not, 

the impact on the movement by the physical characteristics of the garment will inherently 

affect the movement.  Ultimately, the effect on movement due to the toll exacted by the 

garment will create an increase on cognitive load for the user and consequently impact 

perceptual awareness of the technology.  In effect, the user might not be aware of what 

might affect them; however, lack of mental awareness does not mitigate the resulting 

physical impact for the user.   

COMPARISON 

The physical impact of a garment ultimately illustrates the cognitive load upon the 

wearer of the garment.  Since perceptual awareness can manifest itself in aspects of 

mental as well as physical affect, the impact of the aspects of physical encumbrance can 

be illustrated in terms of its effect on movement.  While the user can, on some level, 

adapt to a physical impediment presented by a garment, the inherent physical impact 

cannot be readily mitigated through adaptation.  Rather, the physical obstacles exert an 

effect that ultimately exacts a toll on the performance of the wearer.  In order to better 

understand the impact of physical encumbrance and form a direct analysis between the 

various incarnations of the Project Aurora system, a movement phrase was created in 

which a performer would utilize each system while being recorded in HDV, which is 

defined by the HDV Format Co-Producers as, “the recording and playback of high- 

 

 

 

 



 

 

 

Illustration 40: Extracted still from video sequence depicting with Hardin wearing the reference 
garment. 

 

definition video on a DV cassette tape” with a raw resolution of 1440 x 1080 

pixels in the HDV2 format utilized in the recording (Co-Promoters 2007).  Since HDV is 

an anamorphic aspect ratio in which the image is squeezed to conform to the native 

square pixel shape, the raw image would appear to be too narrow with objects distorted 

vertically.    In order to retrieve the correct aspect ratio of the image, the frames of the 

video have been adjusted to the display size of full high definition resolution of 

1920x1080.  The resulting frames allow for a detailed view of the nuances of the 

movement as well as aiding to identify areas of impediment.  The example in illustration 

40 depicts a sample frame from the video sequence in its full expanded 1920x1080 

resolution.  Illustration 41 shows the same frame, cropped so that the subject matter is 
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clearly emphasized. The resolution of the original image allows for the extraction of the 

point of interest without loss of detail.  Since the resolution of a 2 megapixel digital 

camera is 1600x1200 pixels, the resolution of 1920x1080 allows each frame extracted 

from the video to have a level of detail not available with traditional standard definition 

video (Video 2009).  In terms of the present discussion, the acuity of the reference 

footage will enable the nuances of the movement to be accurately depicted.  Moreover, 

the perceptual impact of the wearable systems can be assessed by illustrating the 

subtleties between each generation. Depending on the aspect of analysis, a full frame 

depiction of the movement might best suit the point of discussion, or, conversely, a 

cropped and focused frame might be called for.   Ultimately, the comparison between 

Illustration 41: Frame from Illustration 40 in native aspect ratio and pixel dimensions 
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different aspects of movement in an environment where the various incarnations of the 

Project Aurora system can be compared will help to illustrate the perceptual factors at 

hand. 
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Illustration 42: Systems engineer Shelley Hardin demonstrates the Slinky system 

 

The Slinky system described in the preceding chapter represented the first system 

in which the technology allowed the team to focus on the aspects of user comfort and use 

factors rather than basic functionality.  In essence, the Slinky system represented a radical 

departure from the previous iterations of the system, and it demarcates the separation 

between the Automated Body and Project Aurora phases of the research initiative.  

Rather than an outfit designed to conform to the requirements of the technology, Slinky 

was designed with use and comfort factors in mind.  The goal of the Slinky phase 

inherently focused on the ergonomic and aesthetic nature of the garment, specifically in 



terms of movement and physical restrictions.  Accordingly, the Slinky system would 

provide an ideal baseline to compare the subsequent systems where the perceptual impact 

of the technology on the user was a primary consideration.   

The Slinky system features an embroidery-like method in which the technological 

elements are embedded into the fabric substrate of the garment.  From an external 

viewer’s perspective, the suit exhibits few signs that it is anything but a standard long 

sleeved leotard.  To the wearer, the onboard sensors and circuits resemble textured 

patterns that comprise the embroidery-like patterns on the surface of the fabric.  Since the 

circuit is embedded within the fabric substrate, the wearer is not immediately aware of 

the difference between the system and a conventional garment.  As such, the user is able 

to execute the movement of the choreography with minimal disruption to the natural flow 

of the sequence.  In illustration 43 below, Shelley Hardin executes movement in which 

Illustration 43:  Shelley Hardin performs a movement phrase with the Slinky system 
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her arms are outstretched while the torso is bent.  The integrated nature of the onboard 

systems allows her to execute the choreographic movement without significant physical 

impediment.  Rather, the garment reacts similarly to the long sleeved leotard used as the 

baseline garment. Illustration thirty two demonstrates the dynamic nature of movement in 

the choreography.  Each frame of the illustration represents one fifteenth of a second.  

Accordingly, the movement in the following illustration is executed in two fifths of a 

second.  In the sequence below, Hardin executes an arm swing in which the momentum 

of the movement allows her torso to follow the inertia of the movement.  The swing 

carries the body in an arc from the top of the swing, through the trough of the movement 

and back through toward the apex of the parabola.  In the split second portion of the 

phrase, the movement through the curve of the arc illustrates the smooth transition 

between the initialization of the movement through its execution.   

Illustration 44:  Dynamic torso movement utilizing the Slinky system
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ASPECTS OF DIFFERENTIATION 

 

In many ways, the Slinky and Ivy systems share a core technological foundation.  

The use of Project Aurora’s single conductor network infrastructure allows the 

technological elements to be seamlessly integrated in a way that allows the use factors 

and affordances of the system to come into focus.   The core concepts of use factors along 

with affordances for the wearer are inherently designed into the fundamental aspects of 

the system.  Each instance of the wearable system serves to inform the design of the next 

in terms of the use scenarios.  The preceding iteration serves as a framework to determine 

the strengths and weaknesses of the design implementation.   As each generation of the 

system serves to inform the next, the juxtaposition of the systems, in their various 

incarnations, provides insight in terms of the efficacy of the use factors as well as the 

advantages and disadvantages of each.  In order to have a baseline for comparison, the 

un-augmented conventional leotard intended for the upcoming Ebi system is used as the 

reference garment.  Since Ebi utilizes a sleeveless leotard as the base garment, the 

kinetics of movement performed in the garment are equivalent to conventional dance 

attire. 

The physical incarnation of the Slinky system differs radically from the costume 

technology used in the construction of the Ivy system.  The long-sleeved leotard base of 

the Slinky system allowed for a quick implementation of Aurora technologies into the 

fabric substrate of the garment without the complexity involved in creating a garment 

entirely from scratch.  Rather, the base garment allowed modifications to be made in 
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order to comply with the needs of the project.  Since the technological components are 

integrated into the substrate of the fabric, the tactility of the garment is comparable to the 

baseline garment.  As such, the technology should, in theory, create minimal disruption to 

the movement of the wearer. 

   The costume technology involved in the design of the Ivy system required 

significant non-technological parameters to be in place in order to achieve the desired 

appearance.  Since the crafting of the garment required specific techniques to accomplish 

the design goals, the technological implementation required a compromise between the 

conventional fabrication methods and the facets of technological integration.  The 

methods involved required that the technology be adapted to suit the specifications set 

forth by the garment design.  As such, elements of the garment that might appear to be 

technological are actually decorative while others that might appear inconsequential are 

actually integral to functionality.  The costume design required that the garment be 

custom tailored and form fitted for the intended performer in order to achieve the desired 

visual effect.  Rather than directly incorporating the technological elements directly into 

all portions of the garment, the systems and network were incorporated into the separate 

portions of the suit.  Unlike Slinky, which is implemented using a one-part garment, the 

Ivy garment incorporates two separate elements that combine to form the whole.  The 

technology is incorporated into an undergarment as well as onto the corset component of 

the dress.   

The two-layered approach would in theory provide more flexibility in terms of 

usability since the outer layer can be changed to match the particular intricacies of a 

performance while the inner garment can be utilized without any modification.  However, 

the intricate costume design created a scenario in which the resulting garment was not 

conductive to the full dynamics of movement.  In addition, rather than technological 
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elements being integrated solely into the inner garment, the final design required 

technological integration into the inner and outer layers of the garment.   

The outer garment of Ivy utilizes a technique called boning, in which supporting 

struts are inserted into the fabric to create rigidity, which reduced the flexibility of the 

torso.  Other aspects of Ivy incorporated methods that allowed certain design elements to 

be implemented, but these too resulted in a compromise of movement dynamics.  The 

fabric construction of the Ivy system proved problematic in actual use.  While the 

technological aspects of the system theoretically enabled a greater ability for the wearer 

to execute the dynamics of the movement, the conventional facets resulted in a limitation 

of the kinetic range of the user.        

Movement in a long sleeved leotard is somewhat more confining than a sleeveless 

leotard due to the inherent impact of additional material on the body.  The material of the 

garment is composed of a more robust fabric than the comparable sleeveless leotard.  As 

such, breathability of the garment is a balance between usability and design.  Physical 

exertion can cause the long sleeve leotard to retain more body heat and ultimately result 

in discomfort for the wearer.  Despite its shortcomings, however, the long-sleeved leotard 

enables the wearer to retain a full range of movement and allows for a relatively 

unencumbered execution of kinetic dynamics.  For instance, the illustration below depicts 

the movement of Shelley Hardin as she moves from a curve of the back with the arm in 

flexion through a tilt of the torso to the right as the arm arcs towards an extension.  The 

sequence, taking place in the span of two-thirds of a second, illustrates the smooth 

transition between positions utilizing the long-sleeved leotard based Slinky system. 

Ultimately, the technology is assessed by how it affects the wearer as compared to 

the wearer’s behavior when utilizing a non-augmented garment.  If the effect of the 

technology makes no impact on the wearer in the garment, then it can be considered to be 
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minimally invasive.  Likewise, the aspects of integration can be evaluated based on the 

dynamics of the execution in terms of the movement.  Whether a garment has an implicit 

effect on the movement due to the technology versus the effect on the movement due to 

the nature of the garment itself can illuminate the perceptual effect of the technology. 

The comparison between the Slinky and Ivy iterations of the garment is especially 

enlightening in that the fundamental technical architecture onboard both garments is 

inherently similar.  As such, the difference between the two garments would in theory be 

illustrative of the physical disparities of the two rather than the impact from any 

technological incorporation.  Since the construction of the Ivy series involves an inner 

and outer layer in the form of a corset and inner body-stocking, the garment is inherently 

more complex than the leotard-based Slinky.  In an effort to scale the costume design of 

the system for performative purposes, the complexity of the construction increased 

significantly.  While the core technological integration remained fundamentally the same, 

the Ivy garment, compared to the Slinky garment, embedded the technology in a more 

byzantine manner in order to suit the costume design.  Despite the increased complexity 

of the construction, the Ivy garment was designed with the intended purpose of movement 

in mind and incorporates many garment techniques to make the outfit with as few 

encumbering elements as possible.      



 

 

Illustration 45: Hardin performing movement phrase in Ebi 
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Illustration 46: Hardin performing movement phrase in Slinky 
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Illustration 47: Hardin performing movement phrase in Ivy 
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 In order to create a point of reference between the disparate systems, a phrase 

consisting of several ranges of movement is performed by Shelley Hardin while utilizing 

each of the three systems.  The movement is executed for several iterations in each 

garment in order to eliminate spurious movements in any one run. By juxtaposing the 

execution of the phrase over the same portion and time period between each instance, the 

impact of each garment upon the performer can be analyzed.  Illustration forty five 

features the performance of the movement phrase utilizing the sleeveless asymmetric 

leotard base garment for the Ebi system.  Since the garment is not technologically 

enhanced as utilized in the example, it can provide valuable insight as a baseline.  In 

illustration forty six, Hardin performs the movement phrase utilizing the technologically 

augmented Slinky system. Unlike the Ebi example, the Slinky system worn by Hardin in 

the instance integrates the wearable systems onto the fabric substrate of the garment.  

Illustration forty seven depicts the movement phrase with team member Shelley Hardin 

utilizing the Rosy instance of the Ivy system.  The Rosy system is identical to the feature 

set of the Ivy system with only minor revisions to the design that has no impact on the 

nuances of the system.  As such the Rosy system will be referred to as Ivy in the course of 

the analysis.   

The movement phrase, choreographed by Hardin, combines arches of the torso 

and arms with turns, jumps, and leaps in order to encompass a wide range of movement 

dynamics.  The movement begins with an upward arch of the back and elevation of the 

left arm which then initiates the movement toward the forward curve of the torso.  The 

downward arm swing then creates the momentum to transition the performer back into a 

vertical stance and toward the rotation of a turn.  The turn immediately transitions into a 

high jetè in which the performer leaps forward with both arms stretched up to meet the 

dynamics of the movement.  In the sequences illustrated above, the excerpted images 



encompass the same timeframe for each execution of the movement phrase.  As Hardin 

executes the movement phrase repeatedly with each instance of the wearable system, the 

variations in her movement can be seen.   

The execution of movement can vary from one instance to the next simply due to 

variations of dynamics.  The approach to a turn, for instance, can dramatically change the 

kinetic nature of the turn.  Given that, the phrase is repeated several times in order to 

allow the variations due to execution versus variations from physical encumbrances to be 

illustrated.  The depiction of the movement in the examples provided by illustrations 

forty five through forty seven 

is indicative of the 

movement execution with 

each respective system.  

The execution of the 

phrase begins similarly in all 

three systems.  In frame six 

of the three excerpted 

sequences, the movements 

begin to diverge 

significantly. The dynamics 

of the phrase between the 

Ebi and Slinky system are 

closely correlated with each 

other while the Ivy instance 

has fallen behind.  The 

portion of the movement 
Illustration 48:  Comparison of frame 6 between Ebi, Slinky, and 

Ivy
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phrase depicted in the Ivy example of illustration forty seven seems to be several frames 

behind the Slinky and Ebi movement example.  In illustration forty eight, Hardin’s left 

arm is fully extended upward and arched toward the back in the top Ebi frame while the 

Slinky frame beneath correlates closely with the Ebi example.  In comparison, the Ivy 

execution lags behind the other two with the left arm rising just below the midpoint of the 

full extension.  The position of the right arm in the Ivy instance is likewise is positioned 

in a horizontal position, slightly toward the back versus the downward direction in both 

the Ebi and Slinky instance.  The deflection of the right arm is also interesting when the 

preceding and subsequent frames of the Ivy excerpt are compared to the corresponding 

examples from Slinky and Ebi.  The position of the right arm in the frames around frame 

six of illustration forty two show that the arm is somewhat perpendicularly to the body.  

Conversely, the same frames from illustration forty five and illustration forty six of the 

Slinky and Ebi example indicate a significantly greater angle of deflection of the right 

arm.     

In illustration forty eight, the three sequences correlate closely with one another.  

The position of the performer in the three excerpts allows a direct comparison to be 

made.  The Ebi and Ivy examples are extracted from frame ten of the sequence while the 

correlating Slinky frame is derived from frame nine of the sequence.  In the preceding 

example, Hardin’s movement in the Ivy garment lagged behind the two other systems.  

However, at the phase of the movement depicted by illustration forty nine, Hardin has 

adjusted her speed to correlate her movement in Ivy to more closely match the timing of 

the choreography.  The Slinky example is ahead of the other two instances by a frame.  

While the timing of the three sequences closely correlates, the nuances of the movement 

are illuminating in terms of their physical kinematics.  Hardin’s left arm is arched up and 

forward with her head following the arch of her arm.  Her right arm is diametrically 



aligned to the angle of the left. Together, the two limbs form a diagonal line across the 

body.     Conversely, the angle 

of the right arm in the Ivy 

example is more 

perpendicular to the body 

versus the more diagonal 

angle of the other two 

examples in relation to the 

floor.    In the excerpts from 

Slinky and Ebi, Hardin’s head 

is tilted forward at a greater 

angle than her stance while in 

the Ivy system.  The flexion of 

the body in the Ivy instance 

indicates that the neck and 

back are curved at a lesser 

degree than the other two.  

Likewise, the arch of the shoulder and arm correlates with the movement of the head and 

neck and is significantly less deflected in the Ivy example.  Conversely, the deflection of 

the head and neck in the Slinky sample correlates closely with the movement in the Ebi 

example.  The diagonal positioning of the arms in the Slinky and Ebi examples also 

correlate closely with one another.  Both instances of the right arm are deflected at the 

same angle away from the body. 

Illustration 49: Frame 10 of Ebi and Ivy and Frame 9 of Slinky

The positioning of the body in illustration forty nine illustrates the fundamental 

movement principle of interconnection of the body.  Since the parts of the body are 
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inherently connected, the movement of one aspect will impact the actions of another.  

Hardin’s tilt of the head forward influences the bend of the neck and upper torso and 

informs the angle with which to deflect the arms.  By tilting to a lesser degree in the Ivy 

instance, Hardin’s movement in the particular portion of the phrase is of a lesser degree 

than the other two examples.  Conversely, if the momentum of the diametrically 

outstretched arms creates the impetus for the head, neck and torso bend, the greater 

dynamic in the Ebi and Slinky example will result in a more aggressive deflection of the 

head and torso than illustrated in the Ivy instance.      

 The examples above depict Hardin executing an identical movement phrase with 

the three systems.  While the ultimate execution of the movement between the three 

garments is similar, a difference can be seen between the dynamics of the phrase with the 

Ivy system versus the same movement performed in the other garments.  The aspects of 

timing can be seen between Ivy and the other garments.  Throughout the phrase, Hardin’s 

movement in Ivy lags behind her movement in Ebi and Slinky. The example in illustration 

forty nine shows Hardin’s attempt to compensate for the lag and catch up to the portion 

of the phrase for the time interval.  However, when the full sequence is analyzed in 

illustrations forty five through forty seven, the execution of the phrase in the Ivy example 

consistently lags behind the other two until it is about seven frames behind by the end of 

the phrase. 

The movement dynamics in the Ivy garment also differ significantly from the 

Slinky and Ebi example.  Both illustration forty eight and forty nine show a similar lack 

of deflection of the arm in the Ivy example.  In both excerpts, the arm is decidedly 

perpendicular to the body rather than positioned at an angle away from the body.  The 

positioning of the head and upper torso in the example from illustration forty nine shows 
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that the movement in Ivy is executed at a considerably lesser degree than the other two 

garments.   

The differences of movement between the three garments can be readily seen 

when the phrase is analyzed on a frame by frame basis.  However, if the video is viewed 

at full speed, the nuances between each instance are somewhat subtle given the rapid 

nature of the movement.  While the impact is seemingly small, it can have an 

unanticipated effect on the overall performative capability of the dancer.  The variances 

in the range and dynamics of movement combine to create a subdued execution of the 

movement.  Rather than being able to reach the full physical range of the performer, the 

Ivy garment has a dulling effect on the overall movement.  The basic movement 

vocabulary is the same; however, the actual execution of each individual aspect is 

inherently restrained.  Much like movement would be impaired if attempted while 

wearing jeans versus dance attire, the construction of the garment has an inherent impact 

on the ability of the wearer to move.  In the case of Ivy, the torso of the performer is 

encased in a corset-like garment.  The hindrance of the inherent bulk of the fabric has an 

implicit impact on the dynamics of the movement.    The impact is not only the physical, 

but mental; while a dancer might be able to physically compensate for deficiencies in 

movement dynamics, doing so would require additional mental effort on her part.  The 

seemingly small impediment caused by the garment can cascade into a domino effect of 

unintended consequences.  The hindrance of an arm swing, for instance, can in theory 

retard the execution of a jump, resulting in a mis-execution of the movement.  The 

hindrance of movement dynamics as a result of the physical nature of the garment can 

create cognitive affects that are manifested through changes in the timing as well as the 

overall kinetics of the movement.   
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The impact of the inherent nature of the garment on the movement of the 

performer mitigates the effect of technological incorporation.  In essence, if the wearer 

cannot move in a natural way while wearing the garment then the assessment of 

technological impact upon the performer becomes problematic.  The impediment posed 

by the garment provides a perspective mainly on the impact of the fabric and costume 

design rather than a true assessment of the technology.  In many ways, the effect on the 

performer due to the limitations of the garment has a greater impact than that of 

technological integration.   

The examples depicted in illustrations forty eight and forty nine show the time 

and movement latency imposed by the garment design of the Ivy system.  In those 

examples, the movement vocabulary performed by Shelley Hardin did not attain the same 

degree of extension compared to the other two garments.  Furthermore, the dynamic of 

the execution consistently lagged behind that of the other two examples.  Rather than 

using Ivy as the basis for comparison, it would be more apt to utilize a garment in which 

the movement of the wearer is not constrained by the inherent nature of the construction.  

In that light, the long sleeve leotard based Slinky system would allow a more pertinent 

assessment to be made on the impact of technological integration.  The examples in 

illustrations forty eight and forty nine illustrate the comparative advantages of the Slinky 

garment in terms of comparison.    Since the Slinky garment does not suffer from the 

physical restrictions imposed by the Ivy system, the wearer is able to articulate her 

movements without the physical constraints of a more confining garment.  Inherently, the 

impact of the technology on the wearer can be illustrated by its impact on the dynamics 

of movement of the performer.   



Illustration 50: Part one of Ebi and Slinky phrase
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 The following examples directly compare a movement performed in the Ebi 

garment with the same movement with the Slinky system.  In the movement, Hardin 

arches her torso to the side with the arm held in a fifth position above her head.  The fifth 

position of the arms then transitions forward toward the front of the body.  Illustration 

fifty depicts the first four frames of the movement.  The Ebi example is placed alongside 

the example from Slinky in order to make a direct comparison between the two examples.  

In the beginning of the sequence, the positioning of the arms and head between the Ebi 

and Slinky correlate closely with one another.  The correlation continues through the four 

frames depicted in the illustration.  The position of the hands and head are especially 

illustrative of the minute similarities between the two examples.  As the arms transition 

down from fifth position, the head follows with a slight turn to the side and a lean into the 

direction of the bend.  Accordingly, the torso increases the degree of lean to the left as 

Hardin transitions the bend from the side to the front of the body.  In each frame, the tilt 

of the head in the Ebi example is closely correlated with a similar tilt in the Slinky 

instance. The position of the arms and shape formed by the hands also correlate from 

frame to frame between the two examples.  The angles formed by the tilt of the head and 

limbs correlate between each instance and illustrate the performer’s ability to move 

similarly in each garment.  Likewise, the timeframe required to execute the movement in 

the first portion of the phrase is virtually identical between the two.  The final two frames 

of illustration fifty depict the close correlation in timing between the two sequences.  

Hardin’s right hand in the example is positioned with the palm facing inward and her 

thumb out to the right.      

Illustration fifty one below depicts the second half of the movement comparison 

between Ebi and Slinky.  The movement continues with Hardin tilting her torso from the 

right side toward the front of the body.  As she continues the movement, the arms 



transition through the front of the body and toward the left.  The momentum of the arm 

initiates the forward bend of the torso and head and carries the body through the complete 

arc and back toward vertical.  The top two frames of illustration fifty one depict the initial 

transition from the side bend down toward the front of the body.  In the two frames, 

Hardin’s right arm is positioned perpendicular to the body with the elbow in an acute 

bend.   
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Illustration 51: Part two of the Ebi and Slinky example
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The correlation between the two sequences can also be seen in the two frames in 

the third row of illustration fifty one.  As Hardin transitions from the center of the body 

toward the left, the left arm carries through the kinetic energy of the movement and helps 

to pull the body back toward vertical.  The obtuse angle formed by the elbow in the Ebi 

instance corresponds to the same frame from the Slinky example.  The upper arm in both 

examples forms a parallel line to the floor while the forearm is tilted outward toward the 

left.  The head tracks the position of the left hand and accordingly tracks the position of 

the hand through the movement.  The tracking can be seen in the turn and tilt of the head 

in the example as the arms transition from the center toward the left.  Illustrations fifty 

and fifty one depict two portions of a single movement interval.  The close 

correspondence between the Ebi and Slinky example in the frames correlate to the 

findings depicted in illustrations forty five through forty nine.  In the earlier examples, 

the excerpts from the Slinky movement phrase correspond closely to the Ebi instances 

from the same interval.  Likewise, the dynamics of the movement as illustrated in the 

phrases show a strong correspondence between the two garments.  

The correlation in terms of movement dynamics and execution for Ebi and Slinky 

extends across multiple movement phrases.  Furthermore, each movement phrase 

encompasses different aspects of movement.  The earlier examples depicted in 

illustrations thirty three through thirty seven involve a fast-paced phrase in which Shelley 

Hardin executed several rapid movement transitions which culminated in a jeté.  The later 

examples explored the extensions of the upper body in terms of arms and torso and 

illustrate the dynamic range possible in the garments.  Through both phrases, the 

movement dynamics in the Slinky garment correlate closely with that of the Ebi baseline 

garment.  In essence, the technological components integrated in the fabric substrate of 
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the Slinky system do not impact the movement dynamics of the wearer.  When compared 

side to side with a baseline garment, the performer is able to achieve her full physical 

extension.  Likewise, the kinetic momentum of the phrases depicted shows no impact 

from the technological integration.  Through a range of intervals involving varying 

degrees of dynamic movement, the phrases executed in the Slinky system show no 

aberration from the performance in the baseline garment.  

The preceding portion illustrated that the physical composition of the garment can 

have an impact on the dynamics of a movement that is greater than that of technological 

integration.  In many ways, this represents a major paradigm shift.  Previous to the 

current research, the assumption was on the impact of the technological integration.  The 

integration of technology into a wearable form has heretofore imposed an encumbrance 

on the movement dynamics of the wearer.  Whether the wearer is limited in extension, 

flexibility or range, the technologically augmented garment would impact an aspect of 

movement.  The size, bulk and weight of the existing technologies precluded integration 

in a manner that allowed for a seamless fusion into the garment.  As such, the hindrance 

in preceding instantiations stemmed from technological limitations rather than other 

factors.  That the physical composition of Ivy inherently impacted the wearer more than 

the aspects of the technological illustrates the successful integration of the systems in a 

manner in which the conventional outweighs the technological.  Furthermore, the 

fundamental shift from technological factors toward conventional aspects in terms of 

hindrance to the user illustrates the scale of integration present in the Project Aurora 

systems.  Ultimately, the close correlation of movement dynamics between the Ebi and 

Slinky garments illustrates the successful integration of technology in a manner that does 

not encumber the wearer on a physical level.  The paradigm shift from the technological 

back to the conventional in many ways underlies the nature of movement in that physical 
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encumbrances, no matter the origin, can have a direct impact on the dynamics of 

movement. 

The basic question at the beginning of the research is centered on the challenge of 

integrating technology in a way that allows for a negligible impact on the movement 

dynamics, and consequently, the perceptual awareness of the wearer.  The initial 

Automated Body project incorporated technology in a way that made the impact upon the 

wearer unavoidable due to the physical instantiation of the technology.  Once the 

technology was refined and integrated into the fabric of the garment, as in the case of the 

Slinky system, the physical impact by the technology became significantly reduced.  As 

the preceding comparisons illustrate, the composition of the garment plays an inherent 

part in its physical impact.  Whether technologically enhanced or conventional, the 

garment itself more directly impacts the movement of the wearer than does the 

integration of technology.  That the consistency of the garment can have a fundamentally 

larger impact than the technologies that are incorporated is extremely significant.  The 

impact of any technologies is outweighed by the inherent qualities of the underlying 

material.  As such, technology can be integrated without physical impact on the wearer. 

While the physical construction of the Ivy system imposes a burden on the full 

movement dynamics of the wearer, the effect is akin to wearing a costume for 

performance versus rehearsal in a leotard.  That is, even though the physical nature of the 

garment has an implicit impact on the kinetics of the movement, the performer 

nonetheless can compensate accordingly as per the nature of the field.  Even though the 

Ivy system imposes more of an impediment on the movement of the wearer than the 

comparable Slinky system, the perceptual effect of the system results not from the 

physical bulk of the outfit, but rather from the nature of the interaction.  Though Slinky 

imposes significantly less physical impact than the comparable Ivy system, the 
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implementation of the user interface in terms of soft affordances requires a significantly 

higher level of involvement from the wearer.  Consequently, Slinky’s impact on the 

cognitive load of the performer is higher than that of Ivy despite the movement kinetics 

possible with the Slinky system..  Since the nature of the interaction between the 

technology and the wearer in the Ivy system is more nuanced and allows the wearer to 

execute the movement, the interplay between human and machine imposes significantly 

less cognitive load on the wearer. 

 

V.  Implications 

 

 The comparison between the Ebi, Slinky and Ivy systems illustrates the facets of 

integration that can enable the incorporation of sensory networks into the substrate of a 

garment.  Furthermore, the physiological impact created by the material of the garment in 

many ways outweighs the effect of technological integration.  In effect, the technological 

integration in the current instances becomes seamless and negligible.  If seamless 

technological integration is presumed, as illustrated by Hardin’s execution of movement 

phrases in Slinky, Ivy (Rosy), and Ebi, then it is the use factors, along with the inherent 

physical characteristics of the base garment, that have an impact on the wearer.  The 

method by which a wearer interacts with the technology in the use of the garment is 

pivotal to the applicability of the user factors implemented in the system.  The soft 

affordances implemented in the technology have an inherent effect on the usability of the 

system.  Slinky, due to the construction of its base garment, imposes significantly less 

physical impact than the Ivy system.  However, the user interface layer through which the 

wearer interacts with the on-garment system requires the wearer to perform certain 
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gestures to obtain the desired effect.  While such gestures conform to the language of 

choreography and dance, they are nonetheless perceptible when compared to the flow of 

the movement.  Rather than a movement option that is utilized when desired, it is utilized 

by necessity.  The difference between needing versus wanting to utilize a movement can 

greatly factor into the natural flow of choreography.  A movement, when apropos, can 

elevate an entire choreographed phrase in terms of artistic intent and execution.  

Likewise, a movement dictated by the requirements of the technology will inherently 

create challenges to the artistic nature of the choreography.  The challenge of creating a 

work that can balance the needs of the technological as well as the artistic is one that is 

fraught with such dilemmas.  However, in the current context in which the inherent 

perceptual factors are of concern, the very nature of how the wearer interacts with the 

technology impacts directly on the level of cognitive load.      

When compared to the user interface system implemented in the preceding Slinky 

system, Ivy implements a substantial refinement of the user gesture interface and allows 

the wearer to move in a much more nuanced and natural manner during interaction with 

the technology.  Rather than the perceptible gestures needed to interact with the Slinky 

system, the contextual interpretative capability of Ivy allows more nuanced interpreted 

cues that inherently blend into the natural flow of the movement.  It is in the physical 

implementation of the garment that Ivy imposes an impact on the movement dynamics of 

the wearer.  Since the overall Ivy garment is composed of several distinct aspects, its 

inherent physical properties as well as its breathability are implicitly determined by the 

composition of its component parts.  Additionally, the intricate design of the Ivy garment 

required that decorative elements be incorporated into the construction of the garment.  

Ultimately, the decorative nature of the fabric selection along with the multi-tiered facets 

of the garment created issues with overall mobility of the wearer.  Additionally, the 
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multiple layers of fabric resulted in a lack of breathability in the resulting garment.  The 

various factors combined to create an environment in which the wearer is required to 

exert more energy physically to achieve a similar movement.  Likewise, the increased 

effort by the wearer and lack of breathability of the garment creates a scenario in which it 

is comparatively easy for the user to fatigue from a prolonged execution of the 

choreography.   

While many aspects of interaction with the Slinky system were resolved in the Ivy 

system, the physical construction of the garment precluded the effective usage of such 

features.  Though the performer is able to perform in a more natural manner while 

actively interacting with the technology, the physical aspects of the Ivy garment 

precluded movement that would push the limits of the performer’s capabilities.  Rather, 

the movement had to take the fundamental nature of the garment into account.  The 

physical constraint imposed by the Ivy system precluded intense movement in the 

garment.  However, the methods of interaction between the wearer and onboard system 

enabled a significantly enhanced means of working with the technology.  

In the quest to create technology that enables user interaction without the burden 

of cognitive load, two separate results are reached with the respective Slinky and Ivy 

systems.  The physical embodiment of the Slinky system conforms more closely with the 

goal of unencumbered movement for the wearer while the use factors of Ivy enable the 

use of the technology without the cognitive load necessitated by the preceding 

implementations.  The load associated with the use of activation triggers and other 

nuances required to interact with the technology is significantly reduced with the Ivy 

system. While neither system by itself accomplishes the goals set by the research, 

together they provide an excellent insight into the inherent nature of technologically 

mediated implementations and their impact on the physical and cognitive load of the 
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wearer.  In essence, each system allows an understanding of a major aspect of the core 

tenets at hand.    Slinky implements the technology in a manner that proves that the 

physical impact upon the wearer depends more on the physical composition of the 

underlying garment than the impact of any augmentative technology. Slinky shows that 

technology can be implemented in a manner that results in no impact on the wearer in 

terms of physical constraint or impediment.  Likewise, the Ivy system illustrates the other 

side of the question in which the user can successfully utilize the technology without 

cognitive stress due to the nature of the interaction.  Through the implementation of 

nuanced movements and contextual interpretation of their movement by the system, Ivy 

allows the wearer to execute the movements of the choreography without the need to 

disrupt the flow of the movement.   

 Ivy is designed to create a visual impact in performance, but at a price of 

movement dynamics and performer stamina.  Unlike Slinky, Ivy imposes a physical 

impact on the wearer, but implements a refined user interface that allows for natural 

movements in the wearer’s interaction with the technology.  As such, the physical 

implementation of the Ivy system reaffirms the findings of the Slinky system.  

Conventional aspects such as malleability of fabric play a significant role in the 

movement dynamics of a garment.  In the experiments with Slinky, Ivy and the base 

garment for Ebi, the impact of technological integration is negligible on a physical level.  

Inherently, the construction of the garment plays a heaver role in the degradation of 

movement dynamics.  In terms of user affordances, however, the interpretative capability 

of the technology in Ivy can be use to minimize the cognitive load for the user. 

  The Slinky implementation creates a system that reduces the user’s perceptual 

awareness through thorough integration of the technology into the fabric of the garment 

and the use of simple gestures as the basis of the user interface.  The nuances of the user 
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interface are significantly refined with the Ivy system in that the perceptual awareness for 

the user is significantly reduced with the implementation of the enhanced gesture system.  

However, the efficacy of the enhanced user interface is impeded by the physical 

construction of the garment.  The resulting garment prevents the performer from being 

able to fully perform to their physical capabilities for an extended period of time.  While 

the Slinky and Ivy system each respectively explore a facet of the core questions at hand, 

they do not individually encompass the whole of the issue.  Ultimately, the findings of 

the two systems are implicitly interrelated, with each accomplishing a facet of the whole.  

Together, the two systems form a cohesive picture on the nature of human interaction 

with technology and its impact on the wearer. 

       

ACTIVE VS. PASSIVE INTERACTION 

 

The work with the Slinky and Ivy system indicates that technological integration, 

especially in light of external physical factors, has a negligible impact on the perceptual 

factors of the wearer.  Rather, it is the use factors that ultimately determine the cognitive 

load of a technological integration.   The level of attention that is required from the user 

as a requisite for their interaction with the technology is determined by the very nature of 

the interaction itself.  If the movement is conformed into the larger scope of the 

choreography or performance, the impact on the perceptual affect of the user is 

negligible.  The analogy can be taken as such:  If a subject wears a garment that has heart 

rate and respiration sensors incorporated into the fabric, then the user is essentially a 

passive participant in the use of the technology.  That is, the user has no active 

participation in the measurement of the sensors aside from the act of actually wearing the 

garment.  The technology is able to accomplish its function with or without the conscious 
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awareness of the wearer.  In many ways, such passive measurement technologies are 

determinant on the wearer’s passive participation.  Knowledge of the onboard 

measurement devices can actually skew the results due to the wearer’s ability to 

inadvertently alter respiration and heart rate as a result of environmental and 

psychological factors.  For instance, the user might be nervous about their physiological 

sensor readings and consequently distort the readings due to their anxiety.  Inherently, 

passive sensor devices require no active participation from the user in order to achieve a 

more accurate result. 

  In the scenario of passive participation by the user, movement measurement 

methods can be implemented to allow functionality within the envelope of the natural 

movement of the wearer.  The technology can gauge its data and interpret accordingly 

according to contextual information and formulate an appropriate response without active 

interaction by the wearer.  While active participation is desirable in certain contexts, 

passive interaction can, in other contexts, allow the user to function without the undue 

cognitive load involved in active participation.  The contextual interpretation of 

information, along with the collection of environmental data, can allow the wearer to 

utilize the technologies through their natural course of movement without the cognitive 

load required through active participation.  Rather than requiring the user to interact with 

the technology in a cause and effect relationship, the contextual interpretation of the 

user’s movements along with environmental variables allows the system to extrapolate 

the most likely scenario for the given moment.  Likewise, the ability of the system to 

react according to pertinent context enables the user to have a minimal level of 

interaction.  Ultimately, the user is able to focus on the task at hand and leave the system 

to carry out the task of contextual interpretation. 
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The paradigm of minimal cognitive load for the user or performer holds true in 

the realm of movement choreography.  By its very nature, choreography is the 

combination of movement and movement phrases into a cohesive whole.  The aspects of 

the whole are dictated by the artistic and stylistic intentions of both the choreographer 

and performer.  Though choreography can be composed of many distinct aspects, the 

performer can follow the natural flow of movement from one phrase into the next and in 

essence enter into a state of flow within the context of the movement.  Since flow allows 

the performer to carry out the aspects of the choreography in a manner that blends the 

movement with the nuances of expression, any disparate movements required to trigger 

the technology would necessarily disrupt the performer and, consequently, the inherent 

process.  Rather, the passive collection of information based on contextual data can allow 

the performer to maintain the mental flow of the choreography.  Likewise, the acquisition 

of information from use data can create the cues required to elicit the desired response 

from the system. 
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VI.  Contribution to the field 

 

The core factors of affordance, simplicity versus complexity and perceptual 

awareness combine to form a set of guidelines that are necessary for unencumbered 

technological integration and interaction.  Inherently, the three factors are interrelated.  

One cannot exist on its own without consideration of the other two.  Likewise, the 

implementation of a single core factor cannot by itself produce a successful user 

interaction.  Given the complex nature of the use scenario, the aspects afforded by each 

core question have to implicitly inform each aspect of design, construction and 

implementation.  Ultimately, the instantiations of the Slinky and Ivy systems serve to 

illustrate the fundamental factors at play.  In essence, the two systems each individually 

embody a tenet of a core factor.  Slinky combines physical affordance with the theories of 

simplicity to accomplish a complex task.  Ivy implements soft affordances in terms of 

user interface in order to reduce the perceptual factors involved in the interaction.  The 

physical aspects of the Ivy system, however, reduced the factors of affordance on a 

physical level.  The findings of the Slinky and Ivy systems illustrate the aspects of each 

core question and their inherent connection. 

The research contributes several significant insights to the field.  As the field 

encompasses aspects of the technological, the artistic and the psychological, the insights 

offered by the research at hand contributes uniquely to each constituent element.  The 

aspect of technologically augmented performance is unique in light of the core factors.  

While there has been work done to technologically augment performance and work with 

wearables in performances, the research of Project Aurora uniquely combines actual 
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implementation of technologies with the aspects of affordance, simplicity versus 

complexity and perceptual awareness for the user into an actualization of the theory.  By 

implementing designs informed at the foundational level by aspects of human machine 

interaction, the resulting instantiation embodies the theories on a physical level.  As such, 

the theories can be assessed and validated through practice. 

The practice of technologically augmented performance is strewn with single 

purpose designs or systems that have been repurposed from somewhere else.  The human 

machine interfaces in such instances often focus on the resulting performance first and 

foremost rather than the interaction between the user and the technology.  While the 

performance centric approach allows technologically augmented performances to be 

implemented, they very often sacrifice performance dynamics in the name of technology.  

The research has shown the challenges within the performative field in which the 

performer, in order to maintain the flow of movement execution, must have minimal 

disruption to the cognitive flow.  Likewise, the aspects of physical encumbrances often 

can intrude on a technologically augmented performance.  The ability for a performer to 

reach full extension, for instance, is often mitigated by the constraints of prior art.  The 

physical impediments combined with the involvement required from the performer for 

the desired interaction results in a performance that is often compromised either 

artistically or dynamically. 

By focusing on the human factors and the fundamental nature of human machine 

interaction, the instantiations of the Project Aurora system illustrate the possibilities when 

a synergistic relationship is created between the user and the system.  The Slinky 

instantiation proves that dynamic execution of movement with technological integration 

can closely correlate with the results of a conventional garment.  Likewise, the facets of 

garment construction can significantly outweigh any impact of technological integration.  
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The shared hardware design between Slinky and Ivy and the subsequent comparisons with 

Ebi show that rather than the hardware imposing a physical encumbrance on the user, the 

impediment in fact comes from the aspects of garment fabrication.  In essence, the fabric 

that is used to create the garment has a fundamentally larger impact than the 

technological integration.   

The research is also unique in its analysis of performer impact due to technology. 

In Knight’s work in The Comfort Assessment of Wearable Computers, the physiological 

impact of technological integration on the body was analyzed.  While the work involved 

creating affordances to make the devices conform more closely to the body, the inherent 

form of the devices nonetheless added bulk and weight for the wearer.  Conversely, the 

research at hand demonstrates the affordances inherent in a system that imposes no 

physical load upon the wearer.  Rather, the impact of the technology in the current 

instantiation is not assessed between different technological implementations, but 

between conventional and augmented garments.  In essence, the current research 

demonstrates the evolution of the technology in such a way that the effect no longer lies 

with the actual hardware of the system, but with the method of interaction between the 

wearer and system.  The earlier examples comparing the Ebi base garment with the Slinky 

system along with the aspects of the Ivy system illustrate the fundamental shift from 

analyzing technological implementations to assessing the close correlation between the 

baseline garment and the technologically augmented system.  Fundamentally, the shift 

goes from the hardware of the technological implementation to the software the controls 

how the user interacts with the system. 

Gesture control in its implementation within the Project Aurora systems evolved 

significantly from the Slinky to the Ivy system.  While gesture control offered a method 

for movement vocabulary based control methods to be implemented in the Slinky system, 
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the use of such controls nonetheless involved a certain level of cognitive load on the part 

of the user.  While such interaction is desirable depending on the artistic intent of the 

performance, in light of the three core questions, a solution was sought to allow the 

wearer to execute the movements of the choreography without the involvement needed 

by gesture control.  The evolution of gesture control in light of affordance factors for the 

user resulted in contextual control with the Ivy system.  The revolutionary interface 

method allows the system to determine the context of the user’s movement and quantify 

the proper action for that particular interval.  By assessing contextual clues determined 

from the onboard sensory systems as well as the dynamic of the wearer’s performance, 

the system is able to interface without direct involvement by the user.  The contextual 

capability of the Ivy system resolves one of the challenges posed by the core issue of 

cognitive load for the user.  The Slinky system showed that technology can be 

successfully integrated in a way that imposes no physical impediment for the wearer.  

Likewise, the contextual system within the Ivy system provides the soft affordances for 

the user through the soft interface which enables the wearer to not only wear the system 

but to interact with it in a manner that does not impose a cognitive load.        

The technological advancements inherent in the Project Aurora system are core to 

the enabling technologies that allow the sensory systems to be embedded in a manner that 

is imperceptible for the wearer.  The single conductor power and data network 

incorporated within the garment allows the sensory elements to be integrated without the 

need for bulk or any amount of wires in the system.  Likewise, the intelligent data 

concentration points within the system enable redundancy and improved reliability 

throughout the system.  In order to create a technological solution that is imperceptible 

for the wearer, a new method of incorporation had to be implemented.  The conductive 

textiles utilized in the system along with the uni-strand approach allowed the 
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technologies to be seamlessly integrated into the substrate of the fabric.  By following the 

inherent characteristics of the garment, the onboard systems can be incorporated in a 

manner that is imperceptible for the wearer.  In essence, the research has demonstrated 

that complex computational systems can be seamlessly embedded within the substrate of 

a garment in a manner that is imperceptible for the wearer.  Furthermore, through the use 

of interpretative and contextual techniques, such a system can be utilized by the wearer 

without the imposition of cognitive load.  Through the use of software based affordances, 

the complex technological system is distilled into something inherently simple.   

The performances enabled through the use of the Ivy system also reveal a 

heretofore unexamined facet of performance.  Traditional methods of performative 

interaction involve in essence a cause and effect relationship between the performer and 

visual effect.  The performer might trigger a sequence with which they can then interact 

accordingly.  The visual effect might be a video sequence, or a sequence of events 

triggered by the performer.  While there might be multiple visual elements present, they 

are confined within themselves.  The simultaneous use of multiple Project Aurora 

systems allows the concept of intra-interaction to be illustrated.   The idea of intra-

interaction is a meta concept in which the virtual representations of each performer is 

capable of interacting with the other without active intervention by the performer.  The 

interaction between the virtual elements creates a condition in which new and unexpected 

visual effects may result.  At the same point, each performer is able to interact with the 

elements created from the resulting encounter to create a multi-textured visual result.   

The concept is demonstrated in the Project Aurora piece, Fire and Ice.  For instance, 

visual effects generated by Charlotte Craff in the Ivy system are intercepted by visuals 

created by Shelley Hardin in the Rosy system.  The two visuals interact and create an 

effect that is then mitigated by Craff.  Ultimately, the piece Fire and Ice is a study in the 



 293

process of intra-interaction.  Throughout the course of the piece, the visuals generated by 

the two performers interact and result in reactions that cause the performers to adapt 

dynamically and respond accordingly.  The process of intra-interaction creates a visually 

unique performance each time it is performed.  As such, no two performances are alike 

and are dependent on the ever changing variables of any particular performance.  The 

research is unique in its work with the generative effects of performative interaction 

between the actual and virtual as well as the virtual with the virtual.  In essence, the 

virtual elements become another character in the performance with its own unique 

characteristics. 

 

VII.  Summary 

 

The results chapter has been divided into three major components.  Following the 

core questions of simplicity versus complexity, user affordances and perceptual 

awareness, each facet is broken down and analyzed in light of the current research.  In 

order to understand the deeper implications of the core questions, the concepts are 

explored not only by themselves, but also within the broader context of all three core 

factors.  By analyzing the interrelationship of the core factors, a better understanding of 

the fundamental nature of human machine interaction is achieved.  It is now clear that the 

core factors rely on each other to form a cohesive guideline of seamless integration of 

technology.  Both on a physical and a cognitive level, the principles of simplicity inform 

the physical and soft affordances implemented for the user.  Likewise, the hardware and 

software that together create the affordances are also responsible for the way the user 

interfaces with the technology and consequently its cognitive load.  Simplicity informs 
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the facets of design that forego complexity not for simplicity’s sake, but through a 

thorough thinking through of the methods in which the user might interact with the 

technology.  One of the initial tenets stated in the chapter is of the inherent fine balance 

between the complex and simple.  By veering in one direction and removing too much in 

the name of simplicity, complexity is introduced.  An overly simple implementation can 

result in an increase in cognitive load for the wearer.  Likewise, complexity has to be 

thought of in terms of the intended purpose.  What might seem simple in one context 

might in fact be extremely complex.  Conversely, the aspects of complexity can be 

reduced through user affordances into something that imposes no cognitive load to 

operate. 

The chapter begins by analyzing the iterative generations of the Project Aurora 

system leading up to Slinky and Ivy.  Beginning with the Shorty system, each aspect of 

design is considered in light of the core factors.  In Shorty, for instance, the initially 

simple theory of design resulted in a morass of complexity in which untraceable short 

circuits plagued the system.  While in concept, the idea of using a conductive textile with 

the unique property of uni-directional conductivity seemed ideal, the actual 

implementation revealed many unforeseen issues with the concept.  The basic structure of 

the textile tended to fray at the edges which resulted in considerable difficulties of 

implementation.  Thus the seemingly simple concept resulted in a challenging issue to 

resolve.  The Hoody mitigated the textile issue by utilizing the conductive fabric in strips 

as a means to counteract the natural tendencies of the fabric.  However, the resiliency of 

the material proved to be problematic in terms of overall system reliability. 

In order to push forward with the research on the aspects of cognitive load and 

user affordances, a stable foundation had to first be implemented.  With the evolution of 

the Stringy system, a viable solution was found with the Kevlar™ based Aracon™.  The 
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Stringy system allowed the material to be explored in terms of resiliency and reliability.  

Finally, with the Slinky system, the conductive fibers were able to be integrated into the 

fabric substrate of the suit.  The evolution of the conductive materials integration into 

fabric paralleled the development of the uni-conductor intelligent sensor node system.  

Together, the two major technological aspects combined to augment a garment in a 

manner that is imperceptible to the wearer.   After successful use of the Slinky system in 

performance, the research led to the Ivy and Rosy systems.  Whereas the Slinky system 

focused on the physical aspects of technological integration, the subsequent Ivy system 

explored the facets of soft affordances for the user.  The refinement of the Slinky 

hardware allowed more complex movement to be interpreted by the system and 

consequently enabled a new method of interaction with the user. 

Affordance is the center point of good user centric design.  Affordance is what 

allows something to be understood.  In the portion following the review of the Project 

Aurora systems, the focus turns to the aspects of affordance and its impact on the use 

factors inherent in the work at hand.  The core concepts of physical versus virtual 

affordances are introduced.  Physical affordances are features in the design that allow the 

user to innately understand the inherent qualities of the device.  The placement of 

activation switches, for instance, and the feedback they provide for the wearer can allow 

the user to quickly activate and disable the system without the need to make visual 

contact with the control system.  The audible cues provide the wearer with the assurance 

that their operation has successfully completed.  Likewise, the implementation of colored 

light indications onboard the system allow the user to quickly understand the status of the 

system.  By shifting the color dynamically with the state of the system, the wearer can 

readily understand the message without having to interpret the results.  The method of 

implementation of zero-profile interconnects of the intelligent modules allows the wearer 
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to utilize the technologically augmented garment without perceiving that the 

technological components are actually in place.  The focus on affordance in terms of 

design ensures that parts of the body that might need to flex or stretch are areas in which 

the more component-heavy aspects of the system are not integrated.  In order to create 

physical affordances that conform to the use scenario of dance, an understanding of the 

movement dynamics and usage patterns allows for the system modules to be placed in 

intuitive and unobtrusive locations on the body.    

Virtual affordances, on the other hand, are methods to allow a user to interact with 

the device without a physical manifestation.  For instance, the gesture control utilized in 

the Slinky system is an example of a virtual affordance.  While there are no physical cues 

on the system to inform the user of the gestures, the system inherently works with natural 

movement to create a system that easily allows the user to react according to instinct.  

The brush of a hand would cause a corresponding reaction from the virtual counterpart.  

The efficacy of the virtual affordance is inherently linked to its implementation.  An 

inaccurate implementation of the virtual affordance would cause a failure of cause and 

effect in which an unexpected response might result from a user’s gesture.  The virtual 

affordance system implemented in Ivy builds upon the gesture control on the Slinky 

system with the addition of contextual interpretation.  Whereas the virtual affordance 

implementation on the Slinky system required the user to react through gestures, the 

system implemented in the Ivy system allows the onboard system to gauge the dynamics 

of the wearer’s movement with environmental contexts in order to formulate the proper 

reaction without the wearer having to make a conscious gesture.  Rather, the user is free 

to execute the choreography while the system reads the scene through a combination of 

the wearer’s movements, dynamics and environmental cues.  Together, the virtual 

affordance allows the system to function without imposing a cognitive load on the user. 
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The section on simplicity versus complexity reviews the concept that the two 

terms are often contradictory.  Simplicity does not necessarily result in an intuitive and 

simple interaction for the user.  Likewise, complexity does not inherently lead to a 

challenging interaction.  The facets of both are inherently interrelated in that often one 

can manifest as the other.  The seemingly simple design of the lit indicator on the Winky 

control system has in many ways been a study of introducing complexity in the name of 

simplicity and simplifying through complexity.  By evolving the led indication systems 

from hard-wired to software controlled, a significant increase in messaging capability 

between the system and user is achieved.  Rather than simply indicate that power is 

applied to the system, the software controlled indication system allows the user to know 

that the system is activated, sensor sub-systems validated and wireless connection to the 

remote device has been properly established.  Through no physical addition to the 

indication system, the shift to a controllable indicator enables the simple indicator to 

serve a vastly more complex purpose while retaining the inherent simplicity of the 

interface.  The shift from single color indicator to indicators capable of many colors 

enables simple at-a-glance messaging while providing the user with more pertinent 

information about system status and operation.  In essence, with the multi-colored 

indicator, the system can emulate a mood ring in which trouble can be expressed 

immediately to the user.  A good example of an intuitive indicator system is that of a 

Macintosh laptop in sleep mode.  The indicator slowly fades in to full brightness and then 

fades out to off.  The message is universally clear without needing to understand the 

technological intricacies within the system.  Likewise, the expression of “moods” by the 

indication system can allow the user to know when the system is malfunctioning or when 

something is misplaced. 
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Ultimately, the perceptual awareness of the wearer is the determinant of the 

efficacy of technological integration into a wearable garment.  The issue of perceptual 

awareness and its impact on cognitive load is multi-faceted.  Physical and mental factors 

both have a bearing on perceptual awareness for the user.  Mihaly Csikszentmihalyi’s 

description of flow states that it is an undisrupted stream of thought that enables the 

person to be immersed in a state of mind that would otherwise not be possible 

(Csikszentmihalyi 1990).  The idea of flow is relevant to the concept of perceptual 

awareness.  In order for the wearer to achieve flow in her task, the system must not 

impose physical or cognitive load upon her.  Likewise, the facets of design for the 

instantiations of the Project Aurora system have been on the minimization of user impact.             

In order to assess perceptual awareness and any impact of technological 

integration, comparisons between the latter Project Aurora systems are made with a 

baseline conventional garment.  Choreographed movement is executed in the Slinky and 

Ivy systems as well as the baseline garment for the Ebi system.  Since the baseline 

garment for Ebi is a sleeveless leotard, it is utilized as the basis for comparison due to its 

intrinsic freedom from physical encumbrance.   The comparisons between the three 

garments are illuminating in that the Ivy garment, due to its construction, quickly reveals 

a retardation of movement dynamics.  In addition, the pacing of the performance in the 

garment is off tempo compared to the baseline garment.  Subsequent comparisons 

revealed a similar result with the performer needing to compensate by adjusting the speed 

of their movement execution.  The Slinky garment, on the other hand demonstrated a 

close correlation with the baseline garment.  Despite the technological integration, the 

movement dynamics in the garment reached the extensions of the baseline garment.  In 

addition, the aesthetic qualities of the choreography in the Slinky garment matched the 

phrases executed in the baseline garment.  The positioning and shapes formed by the 
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performer correlate closely between Slinky and the baseline garment whereas the Ivy 

instances revealed issues with flexibility and reach.  The close correlation between Slinky 

and the baseline Ebi garment remains through successive comparisons and ultimately 

leads to the conclusion that the technological elements incorporated into the Slinky 

garment imposes no perceptual impact upon the wearer.  Rather than technological 

factors, the impediments inherent in the Ivy system are due to the physical construction of 

the garment and its costume focused design. 

From an interaction standpoint, however, the Ivy system allows the user to utilize 

the system without the imposition of a cognitive load.  By dynamically interpreting the 

context of the user’s movements, the wearer is able to carry out the movements of the 

choreography without having to think about the interaction between wearer and visual.  

The soft affordances implemented in the Ivy system enable the user to mitigate the 

cognitive impact of actively utilizing the system.  In essence, the nature of user interface 

with the Ivy system brings about the issue of active versus passive interaction.  Through 

passive interaction with the system, the wearer is able to execute the desired tasks while 

the system reacts accordingly from contextual cues.  The system is able to accomplish its 

function with or without the active participation on the part of the user.  By enabling 

passive interaction between the system and user, the interface system within Ivy allows 

the utilization of the system without the imposition of cognitive load. 

The contributions to the field blend aspects of all three core questions.  In the 

context of affordance, simplicity versus complexity and perceptual awareness, the focus 

on technologically augmented performance utilizing systems designed with the core 

concepts in mind is unique.  The insights provided by the blending of theory with actual 

implementation allows for the ideas to be tested and validated.  The research has also 

illustrated the facets of technological integration necessary to create a seamless 
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experience for the wearer.  Through iterative generations of wearable systems, the Slinky 

system enables the wearer to perform with the full dynamics of a conventional garment, 

thus answering one of the foundational questions at hand – whether technology can be 

integrated in a way that is imperceptible for the wearer.  Likewise, the Ivy system’s 

contextual interpretative capability answers the other facet of the same question.  By 

allowing the system to passively acquire the pertinent information necessary for its 

operation, the wearer is freed to go about their task without needing to actively interact 

with the system.  Since the system can perform without intervention from the wearer, it 

imposes no cognitive load upon the wearer.  Together the two systems illustrate the 

physical and mental aspects of perceptual awareness. 

The research is also unique in the development of contextual control in which the 

system actively interprets sensory data along with motion dynamics to extrapolate the 

proper course of action without active participation by the user.  The revolutionary 

approach allows the wearer to be a passive participant and holds many implications in the 

realm of ubiquitous computing.  Likewise, the technological development is unique in the 

use of the single conductor system for data, power and networking.  Through the use of 

the intelligent nodes, the system is self-healing and redundant.  In addition, the zero-

profile nature of the onboard systems allows the technology to be embedded in a manner 

that becomes imperceptible for the wearer.   

Finally, the conception of intra-interaction is unique to the research.  By allowing 

not only the performers to interact with the visual effects, but the virtual elements react 

with one another while simultaneously interacting with the other performer creates 

another layer of interaction into the performance.  In essence, intra-interaction introduces 

the virtual elements as independent performers on stage and creates a scenario in which 

each performance is unique.  In addition, the interaction between the virtual elements can 



 301

create visual elements not specifically coded due to the nature of the interaction.  The 

improvisational capability of the virtual elements is unique within the context of intra-

interaction.   
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CONCLUSION 

 

Simplicity is beautiful.  The simple phrase belies the complexity behind the 

meaning.  To make something simple does not mean to eliminate the aspects that make it 

unique.  Rather, it is through understanding of the aspects of the complexity that 

simplicity can be achieved.  Simplicity dictates the implicit logic behind affordances.  

The handle of a coffee mug is an affordance that informs the user how to hold the cup 

while being able to function properly when held with either the left or right hand.  

Affordances, if implemented well, allow the user to intuitively understand its function 

without the need for instruction.  The facets of perceptual awareness and cognitive load, 

in the context of use factors, are inexorably linked to the aspects of simplicity and 

affordances.  By providing the user with the proper affordances to enable an interaction 

that is simple and intuitive, cognitive load for the user is significantly lessened.  Given 

such a circumstance, the user is able to more readily enter a state of flow. 

This research began with the quest to explore the facets of human machine 

interaction through the use of wearable motion dynamic systems.  The work of the 

research at hand, with the core foundations of affordance, simplicity versus complexity 

and perceptual awareness, has illustrated the fundamental levels of interrelationship 

between the three factors.  One cannot exist without the other in the current context and 

the three core aspects serve to inform the critical factors necessary for seamless 

technological integration on a wearable scale.  The nature of interaction between not only 

the user and technology, but also between disparate systems has significant implication 

for the realm of ubiquitous computing.  By incorporating localized information with 

pertinent information generated by near by systems as well as that of an overall data 
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network, the contextual interpretative capabilities of each individual system can be 

enhanced exponentially.  By adapting the foundational methods of peer to peer 

computing in which each aspect can equally contribute to the overall pool of information, 

the applicability of ubiquitous information becomes ever more pertinent for the 

individual.  The methods of intra-interaction illustrated in the previous chapter sets the 

groundwork for the development of a mesh architecture in which the devices can 

independently interlink to create a sum that is greater than the whole. 

The findings of the previous chapter illustrate the evolutionary nature of the 

research.  As one generation is implemented, it reveals insights that serve to inform the 

next.  Progressively, the ideas and theories behind each instantiation become increasing 

refined through the course of development.  The implementation of user affordance 

through the combined approach of physical implementation and software interface allows 

the technology to be integrated in a manner that frees the user in terms of cognitive load 

and physical encumbrance.  By understanding the facets of complexity in user interface, 

simplicity can be achieved by embodying the complex task in a way that enables innate 

functionality.  Furthermore, the removal of active interaction between the technology and 

the user removes the challenges of perceptual disruption.  Starting with the Automated 

Body system, the wearable systems implemented by the Project Aurora team explored the 

nuances of interaction between the wearer and system.  By creating actual 

implementations that reflect the evolving theories, the veracity of the ideas can be 

assessed through actual use.  Likewise, the aspects of interaction between the user and 

technology can be evaluated in order to provide points of comparison between the 

different instantiations of the system. 

The iterative generations of the Project Aurora system have progressively refined 

the physical implementation over the course of the research as insights about the use 
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factors in the intended use scenario have evolved.  The Automated Body system provided 

the groundwork for the initial exploratory efforts in wearable technologies.  Shorty and 

Hoody made the initial foray into the use of conductive textiles.  The challenges of 

implementation paved the way toward the more nuanced approach in the later systems.  

The implementation difficulties inherent in the Shorty system also forced the 

development of the single conductor interconnection method utilized in the subsequent 

systems.  Ultimately, while design challenges plagued the initial system implementations, 

those challenges in turn served to force the creation of technologies that served to not 

only mitigate the issues at hand, but to improve the approach as a whole.  The methods 

utilized in Shorty and Hoody in theory, seemed to provide a well thought out 

implementation.  However, the actual implementation proved otherwise.  Challenges and 

flaws not apparent in the design manifested during the implementation phase.  The 

constant process of research and development allowed theories and ideas to be 

manifested through implementation.  In turn, the process allowed the aspects that were 

problematic to be revealed.  It is through actual implementation that such discoveries are 

possible. 

The process leading up to the Slinky and Ivy systems allowed many of the 

physical challenges of implementing the wearable system to be mitigated.  Likewise, the 

iterative process of refinement in terms of software interface was also crucial in leading 

to the two systems.  The Slinky system epitomizes the evolution of Project Aurora’s 

hardware systems.  The highly integrated nature of the hardware systems along with the 

unique interconnection method between the system components allowed for seamless 

integration into the substrate of the fabric.  The Ivy system continued the process of 

miniaturization started with the Slinky system and built upon the gesture interpretation 

system of Slinky.  While the Ivy system was in many ways the evolution of the preceding 
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Slinky system, the instantiation of the system from a physical design perspective, allowed 

the Slinky system to better represent the aspects of hardware integration. The user 

interface aspects of the Ivy system, however, allowed the use of the technology without 

the requirement of active participation by the wearer.  While active participation is 

possible and most decidedly desirable given a certain performative context, the ability for 

passive participation represents a revolution in terms of cognitive load for the wearer and 

the resultant perceptual awareness.   

The preceding chapter explored the findings of the research at hand.  By 

comparing the physical dynamics of movement through a series of choreographed 

movements, the Slinky and Ivy systems could be compared with a baseline conventional 

garment.  In the comparison, the intervals of the movement phrase in the three instances 

were analyzed side by side to illustrate variations in the examples.  Likewise, the tempo 

of execution was analyzed to identify variances in terms of speed and execution.  In order 

to create a scenario in which minimal physical encumbrance was imposed on the 

performer, a sleeveless leotard was utilized to approximate conventional dance attire.  

Given the nature of the garment, the performer is able to reach the full dynamics of 

movement when executing the movement vocabulary.  Likewise, the lack of physical 

confinement of the extremities allowed a best case scenario in terms of movement 

capability to be established. 

The comparison between the three instances quickly revealed several insights.  

The execution of the phrase by Shelley Hardin revealed the discrepancy in terms of 

tempo of the Ivy system compared to the two other examples.  In the given frame excerpt, 

the samples from the Slinky and conventional example correlated closely with one 

another.  However, the Ivy example lagged several frames behind in terms of execution.  

When the Ivy sequence was equalized with the points of comparison, the dynamic of the 
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movement was relatively subdued.  The angle of attack of the arms was considerably less 

precise than the comparative action in the other two instances.  In addition, the angles 

formed by the body illustrated the inability for the performer to fully maneuver and reach 

full extension in the Ivy system. 

Given that the Ivy system was subsequent to the Slinky system, the results were 

initially surprising.  In terms of hardware, the Ivy system incorporated miniaturized 

refinements of the systems onboard Slinky.  While the systems incorporated onto Slinky 

were relatively minute, the Ivy systems incorporated a greater level of miniaturization on 

the component level.  As such, the garment, if gauged from a technological level, should 

impose less theoretical physical constraint than the Slinky system.  The conventional 

aspects of the Ivy system, however, mitigated the refinements in hardware design.  By 

utilizing a corset-based costume-like design and construction, the aspects of costume 

technology that enabled the construction of Ivy in its aesthetic instantiation also precluded 

a full range of flexibility and movement.  The dynamics of performance compared to the 

Slinky system and Ebi baseline garment illustrated the challenges of movement embodied 

by the Ivy system.   

On a physical level, the movement dynamics of the performer in Slinky and the 

Ebi garment closely correlated in each instance.  The execution of the movement phrase 

in both timing and movement dynamics correspond to the findings from the conventional 

garment.  Likewise, the actual execution of the movement vocabulary equate directly 

between augmented and conventional.  The correlation remained through distinct 

movement phrases and interval excerpts.  In essence, the comparisons demonstrate that 

the technological systems incorporated into the Slinky garment impose no physical 

encumbrance of the performer.  Additionally, the performer is able to achieve the full 
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dynamics of the movement vocabulary despite the sleeves on the Slinky garment versus 

the lack thereof on the Ebi baseline. 

The virtual affordances demonstrated by the Ivy system allow the wearer to move 

through the sequence of movements in the choreography without the requirement of 

active interaction with the technology.  By utilizing environmental and contextual cues as 

well as the dynamics of movement, the system is able to ascertain the proper reaction 

without direct intervention.  The contextual interpretative capability of the Ivy system 

also enables the elimination of cognitive load in terms of system use.  Whereas an active 

interaction system implicitly requires a certain level of cognitive load from the user, the 

passive method incorporated within the Ivy system allows the user to carry out the tasks 

at hand without the need to directly interface with the system.  By passively collecting 

pertinent information and amalgamating the data into a useful format, the system is able 

to execute its task independently of the wearer.   
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I.  Implications 

 

This work has centered on the core facets of simplicity versus complexity, 

cognitive load and affordance.  Rather than disparate variables, the previous chapter has 

shown the three to be inextricably linked.  The creation of an interface method that 

reduces the cognitive load for the user inherently requires that complex tasks be reduced 

to a method that is innately intuitive for the user.  In order to achieve the level of 

simplicity, the affordances, in terms of user cues, have to be designed in terms of 

hardware and software in a way that allows the functionality of the device while freeing 

the user from the cognitive load imposed by direct interaction.  The methods of 

interaction illustrated in the preceding chapter have significant implications for 

technological integration in a complex use ubiquitous environment. 

This section will explore the implications of the findings of the preceding chapter 

in the context of ubiquitous computing.  Since the work was started, the development of 

smart phones such as the Apple iPhone, Google Android and Palm WebOS that 

incorporate location based capabilities like GPS, accelerometers and compasses have put 

context-aware devices in the hands of the everyday user.  Currently, such devices operate 

in isolation from one another from a data standpoint.  Rather, the smart phones function 

in a client-server model in which the device queries a centralized database for the 

requested information.  Services like Google Latitude allow smart phone users to locate 

one another via the use of onboard GPS systems (Google 2010).  The use of the client-

server model inherently depends on the availability of the data link to the centralized 

database.  While an ideal world scenario would guarantee constant availability of the data 
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network, the current network can become easily overwhelmed by use.  The failure of the 

AT&T wireless network during South by Southwest Interactive in 2009 illustrates the 

challenges of depending on the client-server model (Calore 2009).  The number of smart 

phones accessing the wireless network quickly overwhelmed the wireless carrier’s 

network and resulted in devices unable to access simple services like text messaging and 

voice calls in addition to the inability to access online resources.  During such times, the 

client-server model fails to allow the device to carry out its functionality since the data 

inherently resides at a remote location. The mesh network architecture that enables the 

intra-interaction allows for the removal of the client-server model in favor of a peer to 

peer framework.  By decentralizing the access of information, the individual devices can 

retain some level of functionality regardless of the availability of the centralized data 

repository.   

The method of interaction between the user and current smart phones inherently 

requires direct interaction between the device and user.  The phone has to be physically 

accessed and software applications have to be loaded for use.  In order to utilize the 

location-based services, the user has to focus on using the mobile device rather than on 

any other task.  The use model of interaction with a computer or laptop remains largely 

the same with current smart phone devices.  While gestures might be utilized in lieu of a 

mouse and keyboard, the user is inherently involved in an input-output interaction with 

the device.  The level of user involvement remains the same in both instances and comes 

at a cost of user focus on the interaction with the device rather than on any other task.  In 

effect, the availability of localized contextual data generation in the context of smart 

phones, do not lessen the cognitive load imposed by said devices.  The method of 

interaction detailed in this research between the user and technology in which the device 

passively collects the pertinent information without active intervention by the user allows 
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the contextually pertinent information to be created and utilized without the imposition of 

cognitive load upon the user.  The research at hand allows a method of expanding the 

current implementation of location and context aware services in a manner that allows the 

removal of the current direct interaction model.  

Slinky and Ivy have demonstrated the factors necessary to achieve seamless 

technological integration.  From both the technological and interface level, the systems 

have accomplished the core objectives of the research.  With Slinky, the project has 

achieved seamless integration of technologies onto a wearable system, in a manner that 

imposes no physical impediment for the wearer.  The implications are significant in the 

realm of human machine interaction.   

The enabling technologies that allow a performer to execute choreography to the 

natural limits of her ability have significant implications in the broader scale of everyday 

use. Since one of the core questions examines the implicit impact of perceptual awareness 

due to technological integration, the capability for a complex motion tracking and capture 

system to be seamlessly integrated into the fabric substrate of a garment is a significant 

step toward the ultimate resolution of the issue.  Likewise, the physical affordances 

incorporated onboard the garment that allow for the performer to move naturally without 

encumbrance resolves another key aspect of the core question of encumbrance for the 

user and the resulting perceptual load.   

   Simultaneously, the contextual interpretative capabilities of Ivy, especially in 

the realm of ubiquitous computing, have infinite implications for possibilities of 

application.  By passively collecting information and reacting without direct interaction 

with the wearer, the ability to independently contextualize data allows the system to 

fulfill its function while leaving the user free to go about his or her task.  The contextual 

interpretative approach resolves the core question by eliminating the cognitive load for 
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the user in the course of utilizing the system.  Ultimately, if complete removal of 

perceptual awareness is desired, the technology can take an active role in response while 

the user can, through their natural action; provide the cues for the system to react 

accordingly.  By removing active or conscious participation from the user, the cognitive 

load involved in utilizing the technology is likewise eliminated.  The user is able to reap 

the benefits of the technology without needing to interface with it in any way. 

The two examples of Slinky and Ivy together resolve the major core questions at 

the foundation of the research.  However, each alone does not address the three major 

aspects of simplicity versus complexity, affordances and perceptual awareness.  Rather, 

each addresses facets of the core factors.  The lack of a unified solution to all three core 

questions at hand also elucidates the direction for future research in terms of the 

technology.  The Slinky system provides the foundational hardware systems for the Ivy 

technology.  While the hardware utilized in the Slinky system does not match the level of 

integration utilized on Ivy, it nonetheless allows the performer to reach the full dynamics 

of movement without physical encumbrance or tempo impediment.  As technologies have 

evolved over the course of development, commercial devices have implemented some of 

the facets of data collection without user intervention.  For instance, the Garmin 

Forerunner series incorporates GPS in a wristwatch form factor with the ability to 

wireless communicate with remote cadence, heart rate and speed sensors (Garmin 2010).  

In effect, the Garmin Forerunner has incorporated many of the hardware elements 

required for contextual collection of information.  In addition to basic calculations on 

heart rate or calories exerted by the user, the device serves as a data logger that stores the 

information for later use by an off-board computer.  The Forerunner has the ability to 

wireless communicate with its sensor network and to a computer within range using a 

wireless USB adaptor.  In essence, the Forerunner embodies the idea of a data collection 
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system applied to the realm of exercise and sports.  The Forerunner illustrates the current 

state of commercially available technology.  In terms of use factors and its relation to 

cognitive load in a complex use environment, variables like integration into a larger 

information network as well as intra-device communication come into play.  The 

evolution of hardware devices in many ways follows Moore’s Law which states that the 

number of transistors in electronic devices will double every two years (Intel 2010).  As 

such, hardware will continually evolve and increase in power.  It is the software 

implementation that in many ways ultimately will determine the use factors of the device 

and its viability in a ubiquitous environment. 

The findings of the research have shown that rather than the technology hindering 

the movement capabilities of the performer, it is the conventional aspects of the garment 

that preclude full motion dynamics in the Ivy system.  The greater level of technological 

integration in the Ivy system allowed the components to be adapted for use in a highly 

customized garment.  However, the high level of costume technology precluded the 

system’s full use in the arena of motion dynamics.  While the performer could execute 

the motions of the choreography, the comparative results illustrate the difficulties faced 

by the performer in terms of physical encumbrances.  The logical next step is to utilize 

the Ivy technologies in a baseline fabric garment that allows full dynamic of movement 

for the performer.  The resultant system should, in theory, provide the seamless 

integration of the Slinky system while combining the contextual interpretative capability 

of the Ivy system.  The baseline garment for the system has been utilized as the basis for 

comparison in the preceding chapter.  The next system, Ebi, will incorporate the physical 

affordances of the Slinky system with the virtual affordances of the Ivy system.  By using 

the sleeveless leotard as a baseline garment, the advantages of the Slinky system can be 
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retained and enhanced while the Ivy technologies will allow incorporation into dance 

attire that offers even less constraint than a long sleeved design. 

The elimination of sleeves will also require a technological advancement in order 

to implement a system that retains the advantages of the technologies at hand.  Up to the 

Ivy system, the core foundation of the wearable system has been the single conductor 

power and data system.  The single conductor approach allowed the sensor network and 

power distribution system to be seamlessly incorporated into the substrate of the fabric.  

However, in order to extend to the extremities of the body, a carrier medium is necessary.  

In the case of Ivy and Slinky, the medium utilized is the fabric of the garment.  However, 

the approach requires that fabric be present wherever technological integration is desired.  

Many new avenues exist for possible exploration.  The skin itself, for instance, can be 

utilized as the medium for power and data transmission.  With the rapidly decreasing 

power requirements of system components, what was not technologically feasible months 

ago can now be accomplished, in theory.  Likewise, technologies exist which can 

generate power from the temperature difference between the surface of the skin and the 

ambient air (Leonov 2009).  The challenge of the Ebi system is to enhance the 

foundational technologies of the Ivy system and push forward with the exploration and 

utilization of emerging technologies.  

Since the work with the Project Aurora systems, the state of art in mobile 

technologies has evolved to enable technological solutions not previously possible.  The 

realm of low power wireless networks has evolved significantly.  The ZigBee protocol, 

for instance, incorporates inter-personal area network communication capabilities on a 

short range basis (Alliance 2009).  While the protocol is not a long-range architecture, the 

protocol allows for intra-device communication in which a mobile device can 

communicate with another peripheral device. Sensor technologies have also significantly 
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evolved in complexity and integration.  Three-axis gyroscope sensors can now enable 

thre hundred and sixty degrees of absolute positioning (STMicroelectronics 2009).  

Previously, each axis of measurement would require an additional sensor resulting in an 

increase in size.  The power consumption requirements of microprocessors have been 

significantly reduced while the capabilities of the device have increased exponentially.  

The processing unit utilized in the Project Aurora implementations incorporated a single 

computational core that executed commands linearly.  The ARM11MPCore process, for 

instance, incorporates up to four processing cores while utilizing the power requirements 

of preceding processors (ARM 2010).  In essence, devices like the ARM11MPCore 

enables significantly higher levels of information processing to allow for more complex 

contextualization of data.  Not only can such technologies be incorporated into a body-

worn scenario, but also into stand-alone devices that can utilize the information present in 

the data networks to enhance their functionality.  The recent technological developments 

illustrate the constant evolution of technological capability.  In order to fully realize the 

goal of incorporation into everyday life, the inherent evolution of the technology must 

allow for changes that fundamentally shift the approach.   

In many ways, the direction of future research involves the nature of ubiquitous 

computing itself.  Ubiquitous computing or pervasive computing describes a scenario in 

which the access to information is as pervasive as the air we breathe.  In such a scenario, 

the ability to utilize such information in a manner that allows the user to go about tasks 

without constant interruption by the technology is essential.  In many ways, the 

unobtrusive requirement of the technologies in pervasive computing forms the 

foundational dictates of the research.  Should such technologies become integrated with 

everyday life, they implicitly have to function in a manner that allows the user to directly 

interact when desired, but also function independently and contextually when passive 
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interaction is appropriate.  The balance between functionality and encumbrance is a fine 

line in which a slant toward any one direction can result in the device’s inability to 

function versus an impediment on the user due to the demands of the device.  In many 

ways, the foundations of ubiquitous computing are still being defined.  Some pieces are 

increasingly in place while others are still in the process of development or still to be 

invented.  The hardware to enable location awareness of mobile devices has made 

significant progress with the adoption of smart-phones like the Apple iPhone.   In many 

ways, location based capability is now in the hands of the average consumer.  GPS 

capability has been incorporated into many conventional mobile phones.  However, the 

infrastructure that binds the disparate sources of data together with the overall 

information network is in its infancy.  The methods of intra-device communication and 

amalgamation of localized data into contextualized information has yet to be 

implemented on a wide scale. Likewise, current data networks are optimized for point to 

point communication with the device accessing a centralized repository of information.  

In order to incorporate the peer to peer facets of a mesh network, the information network 

has to adapt to intra-device communication and ultimately elimination of the client-server 

model. 

Inherently, the findings of the research at hand in terms of affordance, simplicity 

versus complexity and the relation to cognitive awareness have a direct relationship with 

the development of the foundational aspects of ubiquitous computing.  The physical and 

virtual affordances represent the aspects of the technology that face the user.  In effect, 

the affordance, for all intents and purposes, is the technology for the user.  As such, the 

implementation of the affordances directly relate to the functionality of the underlying 

technology.  An elegant and simple solution with poorly implemented affordances will 

result in a complex and arduous interaction for the user.  Conversely, an affordance that 
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simplifies inherently complex tasks will allow the user to harness an intricate technology 

without the challenges of grasping a variety of nuances that may be required for optimal 

use.   

The use of mobile devices in vehicles illustrates the inherent challenge of 

introducing a complex system within a complex use environment.  The mobile device 

functions without regard to the context of use.  Rather it imposes the same cognitive load 

on the user whether used in isolation in a complex and demanding environment.   In order 

for a technology to truly be integrated into a ubiquitous environment, such disruptions are 

inherently problematic.  In a ubiquitous realm, the application of a technology in an 

environment without consideration of context can result in risk not only to the user, but to 

those in the immediate surroundings.  Rather, the device must operate accordingly based 

on the context of use.  For instance, if the operator is occupied with a task, the device 

must be able to adapt to the change in operating conditions and either defer notification 

of the user or react in a way that does not disrupt the user from the task at hand.  A good 

example of an application that allows the user to maintain awareness of context while 

texting is the application, TXT’N’WALK (Miles 2009).  Designed for mobile phones, the 

application uses the onboard camera to display the environment in front of the user.  The 

user is able to converse via text messages while navigating her environment.  The 

application TXT’N’WALK is an exception rather than the norm.   As a whole, current 

technologies operate independently without consideration of the context of use or 

perceptual impact upon the user.  In order to create an environment in which technology 

is able to seamlessly integrate into the flow of everyday life, the capability to 

communicate with the surrounding devices and context of use is not optional, but rather, 

mandatory.  Ultimately, this is necessary for seamless integration of technology into a 

broader context.   
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The challenges with seamless integration balance the three core facets.  The 

contextual adaptability of the technology is necessary for a device to operate in a broader 

context, beyond its singular functionality.  In order to not impose an undue load on the 

cognitive awareness of the user in a complex use environment with external technological 

elements, the device cannot operate in isolation, but instead must exist in accord with the 

technologies in the context.  Ideally, the synergy between such devices must necessarily 

be dynamic and adaptable without extensive user knowledge or intervention.  Inherently, 

active intervention by the user would by default create cognitive load and counteract the 

efficacy of the multi-device interaction.  Seamless integration of technologies requires 

that the systems be able to operate and fulfill their functionality independent of the user.  

Likewise, the device must incorporate affordances that allow the interaction between user 

and device to impose the minimal cognitive and physical encumbrance upon the user.    

The instantiations of the Project Aurora research illustrate methods with which the user 

can utilize a technological solution without the imposition of physical and cognitive load.  

Through the contextual interpretive abilities of the Project Aurora systems, the system is 

able to function independently of intervention by the user.  Likewise, the physical 

encumbrance factor has been mitigated in the course of the research of physical 

incorporation of technological systems.   

The contextual interpretive capabilities of the Ivy system are the first steps in the 

exploration of cooperative interaction between context and technology.  The intra-

interaction between the Ivy and Rosy systems and the resulting interplay between the 

visual effects, the users and the systems are in many ways a depiction of the process of 

contextual negotiation between the technological systems independent of the user.  In 

effect, the process of intra-interaction demonstrates the foundational contextual interplay 

between the technological elements in a given environment.  The interplay implemented 
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with the Ivy and Rosy systems can in theory be scaled to an almost infinite number of 

implementations and be able to contextualize and react to each systems’ presence in the 

applicable context.  The inherent limitation of such an implementation is with the 

underlying technology in terms of the actual number of constituent systems currently 

possible.  Nonetheless, the interplay between such systems, if scaled to a large number, 

would provide a view of the possibilities of ubiquitous computing. 

A single system with contextually aware capabilities is limited in its data 

gathering abilities since it builds on input from its sensory systems on a localized level.  

Due to the finite number of sensing elements possible with any one system, the system 

can execute its tasks with the passive participation of its user and react accordingly to the 

given context.  The potential of a single contextually capable system can be seen with 

Ivy.  However, the contextually interpretative capability of the technology increases 

exponentially as systems are incorporated into the context.  With each addition of a 

constitutent system, the systems can react not only to their own sensory input, but also 

the perceptions of the other systems.  The piece Fire and Ice demonstrates the intra-

interaction between two systems in which the visualizations illustrate the interplay 

between the capabilities of the two systems as each independently contextualizes the 

incoming information and reacts accordingly.  The capabilities of the contextually aware 

systems, while enhanced dramatically with each additional system, are inherently linked 

to the sensory perceptions of the constituent systems.  The systems as a whole have no 

perception of context outside of the scope of the combined sensory elements.  The 

addition of a data network, however, brings a whole new level of interpretative 

capabilities to the contextually aware systems.  What was previously interpreted in the 

context of the sensory elements and the context can, with the addition of the external data 

network, be also put into a frame of reference that also incorporates the data available in 
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a ubiquitous network.  In essence, the data online can be utilized to contextualize the 

sensory and environmental information generated by the wearable systems.  Likewise, 

the information generated by the intra-interaction of the wearable systems can in turn be 

used to create location-specific information in a way that is heretofore unavailable.  The 

interplay between the ubiquitous hardware, software and data networks forms the 

contextual information pertinent to the user as well as to the broader information 

network. 

 Accordingly, the data networks that compose the ubiquitous environment need to 

inherently flow in two directions.  The data networks of today are in many ways modeled 

after a consumption model.  The rate of data that can flow inward is orders of magnitude 

greater than the amount of data that can flow outward.  Increasingly, data networks 

pervade with information that is pertinent to a given context.  Likewise, as people 

become increasingly connected with social and online networks, the contextual 

information as well as the pertinence and immediacy of such information becomes 

relevant to the person and surrounding networks.  The location based service Google 

Latitude, for instance, incorporates GPS information from participants’ mobile devices 

with information about the location of their social contacts to create a method for friends 

to gather (Google 2010).  However, the localization of data and the contextual generation 

of pertinent information implicitly require an equal flow of data back to the network.  In 

order for the vast amount of contextual information to mesh with data in the broader 

context, the inherent flow of data between local and remote approach parity.  In essence, 

the differentiation between client and host becomes blurred as each system in effect 

generates information that pertinent to a larger context.  The constituent systems in each 

localized arena together form a greater whole in the broader context.  Rather than the 
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client and host architecture, a peer to peer paradigm becomes more apt in the context of 

ubiquitous computing.   

The capability of a system to become an integral part of a greater whole is a basic 

tenet of the concept of peer to peer.  In essence, the amalgamation of the systems 

becomes a mesh architecture where each aspect of the whole is linked in multiple ways to 

its neighboring constituent.  The mesh architecture allows the independent systems to 

utilize the information generated by the other while simultaneously contextualizing the 

data in a broader context.  In the mesh architecture, systems can be added or removed 

without interruption to the overall structure.  As systems are added, the information 

collected can be contextualized within the whole.  Likewise, as systems are removed 

from the mesh, the information can be retained and used to supplement data obtained 

from neighboring systems.  The interplay between the systems along with the 

contextualization of the information in the broader context provides an insight into the 

possibilities of ubiquitous computing.  The foundational explorations into intra-

interaction by the Ivy and Rosy systems illustrate the cusp of possibilities inherent in the 

contextual interplay between localized systems.   

In many ways, the aspect of intra-interaction forms the foundation of a mesh-

based ubiquitous architecture.  Intra-interaction begins with the exploration of a localized 

context with a limited number of systems.  The addition of elements inherently enhances 

the capabilities of the overall system. Given the broader context of data networks, the 

ability to contextualize generalized information would require an additional layer of 

interpretative capabilities.  Likewise, the capabilities required for contextualization of not 

only the information created by localized systems, but also the information available 

from social and search arenas would necessitate a fundamental leap in technological 

capabilities.  The theory of intra-interaction, however, implicitly allows for the 
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contextualization of additional data sources in a manner that allows the systems as a 

whole to utilize the information in an effective manner for the user.  The implication of 

intra-interaction is the creation of contextually specific information for a localized aspect 

which in turn can be utilized on a broader scale by the overall information network.  The 

level of information available on a local scale, generated from the amalgamation of 

information from the discrete localized sources, inherently enables a level of resolution 

and pertinence not otherwise possible with a more general data network.  By localizing 

the generation of data, the broader information network is able to more readily adapt to 

rapidly changing conditions.  An unexpected event, like an earthquake, would be detected 

by localized systems all reporting the same environmental conditions.  In effect, the 

information about the event can be distributed more readily than conventional news 

gathering methods.  Likewise, the peer to peer mesh approach would prevent an outage of 

data communication due to the loss of infrastructure.  Rather, the information can be 

distributed from point to point until it reaches the broader information network.  The 

methods of intra-interaction with the inherent combination of localized information with 

the broader information network will allow unprecedented capabilities to identify and 

react to dynamically shifting conditions.    

The core facets of simplicity versus complexity, affordances and cognitive load 

link directly into the seamless integration of technologies into a complex use 

environment.  In order for successful use of the technologies, the aspects of simplicity 

versus complexity, affordance and the consequent cognitive load have to be met equally.  

The Project Aurora systems have demonstrated the affordances necessary to physically 

incorporate a technological system in a manner that imposes no physical encumbrance for 

the user.   Through the use of physical and virtual affordances, the user is able to execute 

a task without directly interfacing with the system.  Likewise, the contextual 
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interpretative capabilities of the system allow the user to maintain focus on the primary 

task rather than on the interaction with the system.  The passive participation of the user 

allows the system to impart no cognitive impact upon the user.  The reduction of complex 

systems into a simple interface balances versatility with intuitive functionality.  By 

maintaining a balance with the two other core factors, the precepts for basic functionality 

allows the design of the systems to incorporate affordances that embed complex 

interactions into simple nuances.  Together, the three factors combine to form a cohesive 

guideline for the implementation of a complex technological system in a manner that 

allows seamless incorporation for the user while retaining functionality without the 

imposition of cognitive load.  The aspects of peer to peer communication between each 

system have broad implications for ubiquitous computing.  By aggregate the information 

generated by each system and decentralizing the information network, the implications of 

intra-interaction illustrate a method of data distribution that is not only contextually 

appropriate, but also infinitely dynamic.  The combination of localized data sources with 

the overall information network allows for unprecedented capabilities to distribute 

information that is relevant and immediately applicable. 

 

II.  Significance 

 

Technology has infused every aspect of society.  From the bar codes printed on 

envelopes for automatic sorting to smart phones with capabilities that exceed even recent 

computers, technology has been incorporated into both the mundane and the cutting edge.  

One of the fundamental philosophies of Project Aurora has been to create enabling 

technologies that allow the technology to adapt to the user rather than the user having to 
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adapt to the technology.  Instead of forcing a person to change her routine, the technology 

should accommodate the person regardless of how or why it is used.   

The three core factors of simplicity versus complexity, affordance and perceptual 

factors all build toward the creation of a framework that enables technological integration 

without impacting the wearer on a physical and mental level.  Many technological 

innovations combine to enable the facets of the three core factors to be implemented.  

Project Aurora’s use of conductive fibers and method of incorporation presents a 

significant advance in the use of such materials.  By replacing metal wires with fibers that 

can be washed, bent and worn like conventional cloth, communication technologies can 

be readily integrated into clothing.  In addition, Project Aurora’s innovation of using a 

single pathway to connect all the aspects of the system allows the fiber to be hemmed 

into the natural seams of the garment.  Conversely, traditional circuit routing would have 

required a complex web of connections running throughout the garment.  By following 

the single pathway approach along with the conductive fibers, the resulting garment is 

nearly indistinguishable from a conventional garment to the naked eye.   

  The ability to maintain functionality without involvement by the wearer is 

significant.  For example, as people age, a balance has to be found between quality of life 

and supervision, in the interest of safety.  Often, independence is lost in the interest of 

health and safety.  One way in which the Project Aurora technologies can be applied is to 

the care of senior citizens.  By passively monitoring the wearer while interpreting the 

context of use, the technology can allow the wearer to maintain independence and quality 

of life while enabling assistance only when needed.  The invisibility of the technology is 

also the method through which it allows commonplace occurrences to take place.   

The ability for the Project Aurora systems to communicate with each other along 

with a wider information network enables information that is obtained locally to be 
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contextualized into a larger scale.  The foundations of mesh networking, explored by the 

Project Aurora systems have significant implications.  If Project Aurora technologies are 

widely deployed, significant advances in the immediacy of information can be achieved.  

For instance, if an earthquake were to take place, the systems in the immediate vicinity 

would indicate something amiss in that region.  The information will be able to be 

contextualized and interpreted to understand the scale of the event.  Likewise, the 

information from the individual systems will be able to provide a level of granularity not 

previously possible.  The information can be assessed both from an overall perspective in 

which a broad swath can be analyzed, to a minute level to account for each individual 

peer.  The aspects of search and rescue could also be significantly advanced with the 

technology.  The well being of each individual can quickly be determined and located if 

needed.  The peer to peer nature of each system also enables its functionality in the event 

of loss of infrastructure.  The reliance on a central point of access by traditional 

information systems also makes it vulnerable to failure.  By enabling each system to 

intercommunicate, pertinent information can be passed along until it reaches the intended 

destination.  In the earthquake scenario above, the peer to peer method would allow the 

systems to convey the information even with the loss of mobile and phone networks. The 

combined discoveries of Project Aurora establish a foundation from which unprecedented 

applications for contextual information can be utilized.       

Ultimately, the role of technology is to enable and preserve quality of life.  Rather 

than constantly changing and expecting everything else to adapt, the true role of 

advanced technology is to fit seamlessly into everyday life.  As Arthur C. Clarke once 

famously stated, “Any sufficiently advanced technology is indistinguishable from 

magic”(Clarke 1961).  By applying the Project Aurora discoveries to applications that 
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enable activities not previously possible, the methods quickly transcend the field of dance 

and technology and move into the realm of everyday life.   

 

III.  Closing Summary 

 

The Project Aurora research initiative was initiated to explore the impact of three 

core factors.  Through the course of the initial research with the Automated Body system 

to the instantiations of Ivy and Slinky, the core tenets have informed the research and 

design process.  The multi-faceted approach to the research has allowed many insights 

into the nature of human machine interaction in the ubiquitous realm.  The construction 

of physical instantiations allowed each phase to explore the theories of simplicity, user 

affordances and cognitive load.  The core factors of simplicity versus complexity, user 

affordances and the effect on cognitive load have been shown to be interlinked.  In order 

to achieve a seamless level of technological integration, the principles of the three 

theories have to be combined.  Likewise, the exploration of software algorithms that 

enable simplification of the user interface ultimately revealed the implications of passive 

user interaction.  With Slinky, the physical interface for the user was refined to the point 

where the incorporated technological systems imparted no physical encumbrance upon 

the user.  The Ivy system demonstrated the efficacy of passive participation of the wearer 

through the contextual interpretation system and as a method to eliminate the cognitive 

load of use.  The process of intra-interaction was illustrated by the Ivy and Rosy systems 

in the piece Fire and Ice.  Ultimately, the intra-interaction capabilities utilized in Fire 

and Ice demonstrate possible application in the realm of ubiquitous computing and 
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establish the foundational precepts for incorporating localized contextual information 

gathering with data from a broader context. 

The foundational research inherent in the instantiations of Project Aurora 

establishes a method of ubiquitous implementation on a localized context.  In addition, 

the intra-interaction methodology illustrates the approach that can be taken to 

amalgamate real-time information into a broader realm.  Many of the methods described 

in ubiquitous computing make the initial foray into contextualizing disparate sources of 

information.   How such information should and can be used has yet to be determined.  In 

addition, the scope of each device in terms of what data is made accessible is inherently 

contingent on the actual implementation.  The scale of what is public versus what is 

available to only those permitted and the methodology in doing so is determinant on the 

architecture of the mesh architecture.  The implementation has a direct relationship to 

user involvement.  How much action should be determined through passive interpretation 

by the technology?  In addition, at what point, should the user make the ultimate 

decision?  As illustrated in the research, the aspects of cognitive load link directly with 

the level of direct user involvement.  As direct user involvement increases, so does the 

level of cognitive load imposed upon the user.  However, from the viewpoint of privacy 

and protection of information, the challenges lay within the nature of determination by 

the system.  Its implementation, influenced by the system architects, will ultimately 

determine its behavior in terms of information accessibility.  The issues of individual 

privacy and rights in such a scenario have yet to be explored and defined.  In many ways, 

the implementation of the methods described in the research has to be weighed between 

utility and integrity.  In effect, the scenario described in terms of information access is an 

excellent example of the challenge of simplicity versus complexity.  Inherently, 

information access is fraught with challenges that try to balance between security and 
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user factors.  Microsoft’s User Access Control system in Windows Vista, for instance, is 

an implementation that weighs security concerns over user interaction with the system.  

The resulting outcry from users illustrate the challenges of balancing security versus 

usability (Fisher 2008).  In the context of ubiquitous computing, the challenge is to 

contextualize the complexities of the dissimilation of information with the privacy needs 

of the user in a way that does not impede on the user. 

In conclusion, the words of veteran NASA Flight Director, Gene Kranz would 

seem appropriate to describe the challenges so often encountered by research initiatives.  

The lessons he details are especially apropos to the pursuit of the seamless integration of 

technology into everyday life.  In his speech to mission control following the Apollo 1 

disaster, Kranz detailed the core values that should guide any initiative to push forward 

the boundaries of the field.  Known as the Kranz Dictum, the lessons in the speech have 

relevance far beyond that of spaceflight. 

 

 "Spaceflight will never tolerate carelessness, incapacity, and neglect. Somewhere, 
somehow, we screwed up. It could have been in design, build, or test. Whatever it 
was, we should have caught it. We were too gung ho about the schedule and we 
locked out all of the problems we saw each day in our work. Every element of the 
program was in trouble and so were we. The simulators were not working, 
Mission Control was behind in virtually every area, and the flight and test 
procedures changed daily. Nothing we did had any shelf life. Not one of us stood 
up and said, 'Dammit, stop!' I don't know what Thompson's committee will find as 
the cause, but I know what I find. We are the cause! We were not ready! We did 
not do our job. We were rolling the dice, hoping that things would come together 
by launch day, when in our hearts we knew it would take a miracle. We were 
pushing the schedule and betting that the Cape would slip before we did. From 
this day forward, Flight Control will be known by two words: 'Tough' and 
'Competent.' Tough means we are forever accountable for what we do or what we 
fail to do. We will never again compromise our responsibilities. Every time we 
walk into Mission Control we will know what we stand for. Competent means we 
will never take anything for granted. We will never be found short in our 
knowledge and in our skills. Mission Control will be perfect. When you leave this 
meeting today you will go to your office and the first thing you will do there is to 
write 'Tough and Competent' on your blackboards. It will never be erased. Each 
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day when you enter the room these words will remind you of the price paid by 
Grissom, White, and Chaffee. These words are the price of admission to the ranks 
of Mission Control. (Kranz 2000)" 

In many ways, Kranz describes the challenges encountered by the Project Aurora 

team in the process of designing and constructing the technologies for use in the wearable 

systems.  Often, device failures and malfunctions were due to pressures in the schedule to 

meet performance deadlines.  At other times, warning signs were ignored with the hope 

that everything would come together in the end.  More often than not, this would fail to 

come true.  However, each misstep, rather than a failure, is merely a lesson that later 

helps to refine the overall process.  Failures lead to the discovery of new avenues of 

investigation.  The initial failure of the conductive textile approach led to the use of the 

conductive fibers in the later instantiations of the Project Aurora system.  Innovation is 

not a process that proceeds from start to finish.  Often, it moves with starts and fits.  At 

times, it moves backwards.  Sometimes, there seems like there is no progress at all.  At 

those times, the challenges seem to be the most insurmountable.  The task at hand is not 

to back away from such challenges, but instead to face them directly.  For that is when 

the biggest accomplishments take place.  

   Project Aurora has shown that it is possible to seamlessly integrate a complex 

motion tracking system into the substrate of a garment.  In the process of investigating 

the aspects of simplicity versus complexity, the nuances of user interface were refined.  

User perception of the hardware was enhanced until movement dynamics equaled that of 

conventional dance attire.  The contextual-interpretation capabilities of the Ivy system 

allow the user to passively interact with the technology in a way that enables the task at 

hand to be maintained without the imposition of cognitive load by the system.  Through a 

synergy of factors from the three core facets of investigation, a method has been devised 

that enables seamless integration of technology into the use scenario of performative 



dance.  In many ways, the findings of the research extend beyond the use scenario of 

dance into the wider scope of ubiquitous computing.  The aspects of interface hold true in 

the broader context.  Active interface inherently imposes cognitive load no matter the use 

scenario.  Likewise, the ability for the technology to actively interpret user intent through 

passive context enables a technique with which to approach interface in the ubiquitous 

realm.  The precept of intra-interaction defines a foundational approach for inter-device 

cooperation and communication.  The demonstration of the intra-interaction in Fire and 

Ice illustrates the interplay between the discrete system aspects.   

In order for technology to be truly integrated seamlessly into everyday life, many 

factors have to coalesce.  Technological approaches resolve only an aspect of the 

challenge at hand.  The Project Aurora systems have shown methods that physically and 

mentally incorporate the use of technologies in a manner that allows the user to maintain 

focus without distraction or impediment.  Likewise, the process of intra-interaction 

enables the additive effect of individual constituents that combine to form a greater 

whole.  Together, the discoveries of the research provide an insight into the challenges 

that lay ahead for ubiquitous computing.  Through a combination of use factors, cognitive 

affects and innate response, the Project Aurora systems illustrate methods of computation 

foundational to a ubiquitous computing scenario.    
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