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ABSTRACT 

DESIGNING FOR NEW GENERATION ELECTRONIC MUSICAL 

INSTRUMENTS:  STRATEGIES TO IMPROVE INTERACTION, USER 

EXPERIENCE AND LIVE PERFORMANCE 

 

 

¥ke, Ethem H¿rsu  

Doctor of Philosophy, Industrial Design 

Supervisor: Prof. Dr. Owain Francis Pedgley 

Co-Supervisor: Prof. Dr. Bahar ķener-Pedgley 

 

 

August 2020, 373 pages 

 

 

Since the turn of the 21st century, ground-breaking advancements in technology have 

led to the emergence of a completely new óspeciesô of electronic musical instrument. 

These instruments, which are heavily driven or dependant on technology, have been 

accompanied by an interdisciplinary movement in the field of musical instrument 

research and design, interconnecting music-making to disciplines including, but not 

limited to, industrial design, interaction design, user experience (UX) design, 

computer science, software engineering, electronic/computer engineering, 

mechanical engineering and materials engineering. Although all of these disciplines 

have staked a claim to the profession of electronic óinstrument-makingô, much of the 

output comprises prototypical research, technical innovation and invention rather 

than instruments that are clearly aimed at, designed for, or adopted by professional 

musicians. Notably absent from the field is user-centred research, aiming to uncover 

professional musiciansô needs, preferred interactions and desirable user experiences 

with electronic musical instruments. Furthermore, there exists a lack of theory 

concerning how electronic musical instruments should be designed so that the needs 
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and expectations of professional musicians in live performance situations can be 

fulfilled.  

This thesis seeks to address the lack of fundamental user understanding as well as 

bring forward guidelines and strategies for user-centred electronic musical 

instrument design. Following a review of the state of the art, a substantial field study 

based on a hybrid of repertory grid technique (RGT) and cross impact analysis (CIA) 

is reported. The study involved professional musicians offering expert commentary 

on the design, interaction and experiences of purposefully disparate electronic 

musical instrument exemplars. The principles of personal construct theory (PCT) 

formed the basis of data collection and processing, with the interconnection and 

prioritization of musiciansô constructs revealed qualitatively and quantitatively 

through CIA. The principal outcome of the thesis is a set of strategies for designers 

to consider ï especially in the conceptual front-end of new product development ï to 

achieve appreciated interaction and desirable user experiences from electronic 

musical instruments in the context of live performance. 

 

Keywords: electronic musical instrument design, musical interfaces, interactivity, 

design for interaction, user experience 
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21. y¿zyēla girilirken, teknolojide ­ēĵēr a­an geliĸmeler yeni bir elektronik m¿zik 

enstr¿manē ót¿rô¿n¿n ortaya ­ēkmasēna neden olmuĸtur. B¿y¿k ºl­¿de teknolojiye 

baĵēmlē ve teknolojiyle iĸleyen bu enstr¿manlara, m¿zik enstr¿manē tasarēmē ve 

araĸtērmalarē alanēnda disiplinlerarasē bir oluĸum da eĸlik ederek; m¿ziĵi, end¿striyel 

tasarēm, etkileĸim tasarēmē, kullanēcē deneyimi tasarēmē, bilgisayar bilimi, yazēlēm 

m¿hendisliĵi, elektronik/bilgisayar m¿hendisliĵi, makina m¿hendisliĵi ve malzeme 

m¿hendisliĵi gibi ­ok ­eĸitli alanlarē birbirine baĵladē. Her ne kadar t¿m bu 

disiplinler elektronik enstr¿man yapēmē mesleĵini sahiplenmeye ­alēĸmēĸ olsalar da, 

alandaki ¿retim ve ­ēktēlarēn b¿y¿k ­oĵunluĵunu, a­ēk bir bi­imde profesyonel 

m¿zisyenleri hedefleyen, onlar i­in tasarlanmēĸ ve onlarēn benimseyeceĵi 

enstr¿manlar yerine, prototipsel araĸtērma, teknik inovasyon ve buluĸlar 

oluĸturmaktadēr. Alanda gºr¿len en belirgin eksiklik, profesyonel m¿zisyenlerin 

elektronik m¿zik enstr¿manlarēna dair ihtiya­larēnē, tercih ettikleri etkileĸimleri ve 

arzu edilen kullanēcē deneyimlerini ortaya ­ēkartmaya yºnelik ókullanēcē odaklēô 

araĸtērmalardēr. Buna ek olarak, profesyonel m¿zisyenlerin canlē performans 
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baĵlamēndaki ihtiya­ ve beklentilerinin karĸēlanmasē i­in elektronik m¿zik 

enstr¿manlarēnēn nasēl tasarlanmalarē gerektiĵine dair bir teorik bilgi eksiĵi de 

bulunmaktadēr. 

Bu tez, bir yandan alandaki kullanēcē i­gºr¿s¿ eksikliĵini ele alērken, kullanēcē odaklē 

elektronik m¿zik enstr¿manē tasarēmē i­in stratejiler ve yºnergeler ºnermeyi 

ama­lamaktadēr. G¿ncel literat¿r taramasēnē takiben, Repertuar ¢izelgesi Tekniĵi ve 

¢apraz Etki Analizi karma yºntemiyle yapēlan zengin i­erikli bir alan araĸtērmasē 

sunulmuĸtur. ¢alēĸma, profesyonel m¿zisyenlerin, farklē ºzellikleri doĵrultusunda 

se­ilmiĸ yeni nesil elektronik m¿zik enstr¿manē ºrnekleri ¿zerinden yaptēklarē uzman 

yorumlarēna dayanmaktadēr. Kiĸisel Kurgu Teorisiônin esaslarē veri toplama ve 

iĸleme s¿recinin temelini oluĸturmuĸ, m¿zisyenlerin kiĸisel kurgularēnēn 

arabaĵlantēlarēnēn tespiti ve ºncelleĸtirilmesi, ¢apraz Etki Analizi ile nitel ve nicel 

olarak ortaya ­ēkartēlmēĸtēr. Bu tezin temel ­ēktēsē; tasarēmcēlarēn, yeni ¿r¿n 

geliĸtirme s¿re­lerinin ºzellikle ilk/kavramsal tasarēm aĸamalarēnda 

deĵerlendirebilecekleri, canlē m¿zik performansē baĵlamēnda, elektronik m¿zik 

enstr¿manlarēyla, tercih edilen etkileĸimler ve beklenen kullanēcē deneyimleri elde 

etmelerini saĵlayacak bir dizi stratejidir. 

 

Anahtar Kelimeler: elektronik m¿zik enstr¿manē tasarēmē, m¿zikal aray¿zler, 

etkileĸim, etkileĸim i­in tasarēm, kullanēcē deneyimi 
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CHAPTER 1 

1 INTRODUCTION  

1.1 Overview 

Having evolved from centuries old music-making paradigms, musical instruments 

have never been considered a subject of major interest for design or engineering 

disciplines up until the 20th century. The reasons behind this lack of concern can be 

speculated based on the following arguments: 

Traditional acoustic musical instruments have evolved through a trial-and-error 

process, which could take centuries (Sachs, 1940). They have been óinventedô and 

not ódesignedô. Thus, they are considered as óinventionsô rather than óproductsô. 

¶ While it is possible to mass-manufacture traditional musical instruments, 

majority of their components are hand-made; causing the óinstrument 

makingô process rather inconvenient to be industrialized.  

¶ Additionally, due to the natural materials used (especially wood) even when 

mass-manufactured each instrument will sound unique due to variations in 

componentsô inner structures.  

¶ In the context of acoustic musical instruments, alterations or fundamental 

changes in design (i.e. form, dimensions or volume) will inevitably change 

the character of the generated sound. Thus, design or re-design attempts will 

transform the instrument into ósomething elseô other than itself (i.e. altering 

the form or dimensions of a violin will turn it into something that sounds not 

like a violin). 

During the first half of the 20th century, the use of electrical energy for actuating, 

amplifying and oscillating sound, marks a critical shift in instrument-making 

paradigms. Actually, the technology behind electric/electronic music has a longer 

history than it is commonly believed. Holmes (2002) states that rudimentary 
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experiments in electrical production of sound were taking place before the invention 

of the light bulb. Telharmonium (also known as Dynamophone) was invented by 

Thaddeus Cahill in 1896 and it is considered to be the first electronic music 

synthesizer. What Holmes (2002) describes as the most ambitious electronic music 

project ever conceived; Telharmonium featured 145 tone wheels, nearly 2000 

switches, weighed about 200 tons and looked more like a ópower plantô than a 

musical instrument to the casual viewer (Figure 1.1). 

 

  

Figure 1.1 Telharmonium console by Thaddeus Cahill, 1897 

Noteworthy examples of what followed in the next decades are Theremin (1920), 

Electrophon, (1921) ï which was improved and renamed Sphªraphon (1926) 

(Glinsky, 2005), Dynaphone (1927), Ondes Martenot (1928) and Trautonium (1928-

1930). This first generation of electrical/electronic musical instruments have 

revolutionized the field of musical instrument design and they became the archetypes 

and predecessors of modern day synthesisers. Furthermore, these instruments were 

all designed for live performance contexts. Their inventors, along with the composers 

of the time (e.g. Var¯se, Messiaen, Hindemith, Sala), intended to bring these 

instruments into the fold with classical music, through composing solo parts for them 

and featuring them with ensembles composed of traditional acoustic instruments 
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(Holmes, 2002). Theremin, which uses a very unorthodox interaction model (non-

contact gestures made in air) is probably the most popular of the aforementioned 

musical instruments. Soloists ï or virtuosos ï of Theremin are still performing with 

this instrument in many different music genres (e.g. film music, popular music, 

classical music) with an expanding repertoire. 

While the aforementioned inventions looked nothing like conventional musical 

instruments in regards to their design, semantics or semiotics, the basic working 

principles of their electro mechanics also shaped the foundations of modern electric 

and electroacoustic musical instruments such as electric guitar (1932), electric bass 

(1930s), Hammond Organ (1935) and Moog Synthesiser (1964) and the óinfamousô 

Minimoog (1970). Furthermore, the infinite possibilities concerning the electrically 

synthesized/amplified sound inspired instrument makers to experiment with new 

designs, materials and manufacturing methods. It is reasonable to propose that this 

critical step upwards in technology brought the field of musical instruments closer in 

context to industrial design and engineering. In addition, electric and electronic 

musical instruments either affected the dynamics of existing music genres (e.g. pop, 

jazz, blues) or facilitated the birth of completely new ones (e.g. computer music, 

electro-acoustic music, rock ônô roll and heavy metal).  

Going forward into the 21st Century, groundbreaking advancements and innovations 

in technology had even a bigger impact on musical instrument design. While this 

progress did not necessarily happen in the field of musical instruments, the 

miniaturization of computers (e.g. silicon based CPUs), LCD/LED screens and 

touchscreens, emergence of human computer interaction (HCI) (starting from 1980s) 

as a discipline in its own right and expanding research on new materials eventually 

led to a completely new species of electronic/digital musical instruments.  

Similar to the óelectrical/electronic stepô in the evolutionary journey, this 

óelectronic/digitalô progression gave birth to a new species of musical instruments. 

But this time, music-making paradigms (in regards to both making and playing 

musical instruments) shifted severely because they did not derive from the historic 

ólineageô concerning previous instruments. These óarchetype-lessô instruments 
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feature never-seen-before user interfaces, interaction models, functions and sound 

compared to their traditional acoustic and electronic counterparts.  

As a result, these heavily ótechnology drivenô and ótechnology dependentô products 

transformed musical instrument design into an interdisciplinary research area, which 

interconnects Music to disciplines including and not limited to industrial design, 

graphic design, interaction design, HCI, user experience (UX) design, computer 

science, software engineering, electronic/computer engineering, materials 

engineering and mechanical engineering.  

This new óbreedô of instruments share 5 unique characteristics: 

- They do not have any archetypes or predecessors (e.g. classical guitar - electric 

guitar) 

- They are heavily technology & innovation driven  

- They offer new interaction models not found in conventional musical instruments 

- They have advanced features unavailable in traditional/conventional musical 

instruments 

- They are not plug & play (Musicians cannot generate sound with them immediately 

due to often sophisticated Set-up and configuration obstacles) 

In order to further clarify the scope of the research, ónew musical instrumentô refers 

to a professionally designed and manufactured new generation electronic and/or 

digital product in the service of a professional musician to be used in its full 

potential. Musical toys, objects, hand crafted acoustic artefacts or similar products 

intended for amateur/hobby use, while they do have their many benefits, are not 

considered as part of this research.  

Lastly, this research considers and explores the musical instrument in the context of 

live musical performance and not musical composition, because the interaction 

between the musician and the instrument involves distinctly different dimensions in a 

compositional context as opposed to a live musical performance. 
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1.2 Problem Background and Problem Statement 

ñMany new instruments are being invented. Too little striking music is being made 

with themò (Jord¨, 2004a, p. 59). 

Today, almost any product or óobjectô equipped with sensors, processors and circuits 

can be transformed into a ómusical instrumentô (Mase & Yonezawa, 2001; 

Franinovic et al., 2007; Delle Monache et al., 2008; Kim et al., 2011). However, 

ótechnology interventionô does not always translate to improving the product or the 

usersô interaction with that product.  

While new musical instruments feature state-of-the-art technology and many new 

performance possibilities, they also embody un-orthodox user interfaces, novel but 

sophisticated interaction models, over-engineered or too simple functionality and 

unfamiliar product semantics/semiotics.  

In the current scene concerning new musical instruments, the majority of the 

products are either: 

- Easy-to-use musical instruments with little to no space for mastery (low 

ceiling for virtuosity), musical expressiveness, or improvement in 

musicianship through practise, or, 

- Over-designed instruments óarmedô with state-of-the-art computing and 

sound technologies; in other words, what Cook (2001) calls óSuper 

Instrumentsô.  

One of the factors affecting musiciansô decisions for deciding to engage with a 

musical instrument is the ólearning curveô. In other words; the amount of time it takes 

a novice to gain enough skill with the instrument that the experience of playing it is 

rewarding (Vertegaal & Eaglestone, 1996).  

Any human-made device must strike the right balance between challenge, frustration 

and boredom: devices that are too simple tend not to provide rich experiences, and 

devices that are too complex alienate the user before their richness can be extracted 

from them (Levitin & Adams, 1998; Wanderley & Orio, 2002).  
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While some of these instruments seem to offer infinite potential, it is actually the 

constraints rather than affordances of an instrument that characterize it (Magnusson, 

2010). In addition to the complexity of functions and features, unfamiliar interfaces 

and interaction models combined with obscure affordances create perception 

problems for musicians. 

Additionally, perception problems are not limited to users (musicians) only. If the 

three fundamental components of a live musical performance are musician, 

instrument and audience, the aforementioned features of new musical instruments 

also affect how the performance is perceived/received by the audience. Lyons and 

Fels (2013) state that when there is a lack of obvious connection between the 

musicianôs gestures and the generated sound, the audience may not understand the 

interaction, and consequently, may not feel engaged during the performance. 

This study proposes three main reasons behind the above-mentioned problems: 

1- A paradigm shift concerning the identity of new musical instrument makers 

2- Lack of theoretical knowledge in literature concerning the design of new 

musical instruments 

3- Lack of user-centred research to inform the design process of new musical 

instruments 

1.2.1 A paradigm shift concerning the identity of new musical instrument 

makers 

One critical difference in regards to new musical instruments lies within the question 

of who designs and makes them. Throughout the history of musical instruments, the 

concept development, design and construction of acoustic musical instruments were 

carried out by experts with specific training knowledge and experience in the subject 

matter. These instrument makers passed on from one generation to another through a 

ómaster and apprenticeô model and had specific titles, which usually derived from the 

type of instruments they made (e.g. a óluthierô is a person who makes lutes; a term, 

which later evolved to include makers of all types of stringed instruments). 
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Today, however, many of the new musical instruments are designed by the same 

people who use them (Jord¨, 2005). Thus, it is reasonable to propose that current new 

musical instrument design scene is populated by óself-proclaimedô interdisciplinary 

instrument makers coming from diverse backgrounds such as computer scientists, 

software developers, musicians and engineers. Even within the music-related 

professions, the once clear borders between instrument-makers, performers and 

composers are vague and blurry. Furthermore, it is not evident whether if these 

instrument makers possess the necessary background (in design disciplines) or 

training. Medeiros et al. (2014) claim that this new generation of instrument makers 

sometimes fail to incorporate basic design principles into their design and 

development process. 

This is contradictory to ótraditionalô instrument making which by convention is a 

skilled craft, requiring a broad and intense training period for each and every 

instrument. 

1.2.2 Lack of theoretical knowledge in literature concerning the design of new 

musical instruments 

Currently, there is an obvious lack of theory concerning new musical instrument 

design in the literature. Medeiros et al. (2014) mention that there are some design 

challenges concerning New Interfaces for Musical Expression (NIME) research and 

practice, which are not well described, analysed together or explicitly discussed in 

the literature. The authors further propose that dimensions such as usability, 

efficiency or fun are not obvious when applied to new musical instruments design.  

In fact, some issues are especially hard, such as how to deal with virtuosity, how to include 

cultural elements surrounding the artefact, how to consider the musician context in his/her 

experience in using the artefact, how to catalyse the creation of new artefacts, how to define 

what is a successful design, how to promote adequately the adhesion of adopters, etc. 

(Medeiros et al., 2014, p. 644).  

The aforementioned challenges need to be addressed by researchers working in 

industrial design and interaction design, particularly who specialize in user-centred 
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design and user experience (UX), since the area sits in the intersection of music, 

computing and design (Medeiros et al. 2014). 

1.2.3 Lack of user-centred research to inform the design process of new musical 

instruments 

There is no doubt that the most important stakeholder in the process of designing and 

building a DMI is the performer. Unless the instrument can successfully translate their 

musical intent into sound in a reliable way it fundamentally fails as an instrument 

(OôModhrain, 2011, p. 33).  

Mulder (1996) states that existing musical instruments require the musician to adapt 

to the instrument rather than stretching the parameters of the instrument to make it 

adaptable to the needs or preferences of the musician. Mulder further proposes that 

this case is true for both traditional and new musical instruments due to factors such 

as inflexibility or standardization.  

Rebelo (2006), however, suggests that traditionally, a musical instrument is very 

much treated as a difficulty, an obstacle that needs to be overcome in order for the 

musician to become óoneô with it. Rebelo believes that a desire to alleviate this 

obstacle is evident in recent research in the field of musical instrument design using 

new technologies. Todayôs technological possibilities also elevated expectations in 

terms of what new musical instruments can deliver to the musicians on multiple 

aspects of musical performance (i.e. creativity, expressiveness, efficiency, 

functionality, etc.) 

Decades after their introduction, only a small fraction of professional musicians are 

aware of the existence of new musical instruments. According to Medeiros et al., 

(2014) it is hard to find instruments that have been widely or convincingly adopted 

by musicians. Furthermore, there are very few NIME virtuosi or professional 

musicians who adopted these interfaces as their main musical instrument.  

If the musical instrument is considered as an óinterfaceô between the musician and 

sound (music), the lack of awareness and adoption may be explained by lack of user-

centred research conducted with professional musicians. Considering the specificity 
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of the subject matter and uniqueness of the dimensions related with music-making 

paradigms, it is only natural to seek consultation from professional musicians in 

order to inform the design process of new musical instruments.  

The majority of novel electronic musical instruments are not specifically intended for 

the musician (as a highly skilled professional). Rather, a considerable amount of 

research has been dedicated to designing instruments for non-experts and óordinaryô 

users (i.e. people who would not profess to being musicians) (Robson, 2001; Jord¨, 

2003; Beyer & Meier, 2011; Cappelen & Andersson, 2011; Luhtala et al., 2012). 

Throughout the history of music, never before have a class of musical instruments 

been designed for amateur (not musician) users. 

Since the majority of new electronic musical instruments are neither designed and 

developed by professional instrument makers, nor intended to satisfy the needs and 

expectations of musicians, their design specifications (i.e. affordances, usability, 

usefulness, expressiveness, etc.) have not emerged from conventionally established 

criteria. 

1.3 Aim of the Study and Research Questions 

In light of the arguments revealed in the problem background, this thesis aims to 

generate strategies and guidelines for designers to consider for improving musiciansô 

interaction, user experience and performance with new generation electronic musical 

instruments in the context of live musical performance.  

As this thesis considers new musical instruments in a professional use context, it is of 

utmost importance that the contributions of the research is beneficial for the intended 

expert user group; namely professional musicians. Thus, it is critical that the 

construction of the aforementioned design strategies is based on findings, which are 

revealed through an actual user-centred research conducted with the same intended 

user group; the musicians themselves.  
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This way, it would be possible to ensure that the findings are actionable and 

beneficial for both the designers who will act upon them and the musicians who will 

use the end products.  

In order to acquire the knowledge needed to construct the aforementioned design 

strategies, this study seeks answers to three major research questions:   

RQ 1: What are the dimensions of new musical interactions, which matter to 

musicians? 

RQ 2: Why do these dimensions matter to musicians? 

RQ 3: How can these dimensions be utilized to improve musicians' interaction, user 

experience and live performance with new generation electronic musical 

instruments?  

To answer the third research question, it is essential to have a deeper understanding 

of how these dimensions exist within the conceptual space of the musiciansô ómind-

setsô. Hence, the third research question is broken down to two further sub-questions: 

RQ 3.1: What are the similarities and diversities between the elicited dimensions? 

RQ 3.2: How/In which ways are these dimensions interrelated?  

 

Throughout the thesis, there is a flow of terminology in parallel with the progression 

of the chapters. Thus, these basic terms need to be defined in order to establish 

clarity of communication. Dimensions; is an óumbrellaô term, which refers to the 

network/system of concepts in musiciansô mind-sets that define the conceptual space 

of live performance with electronic musical instruments. (Personal) Constructs; is 

used in relation to the theory titled óPersonal Construct Theoryô (Chapter 3), which 

forms the methodological basis of this research and it refers to the unique 

interpretations of individual musicians, which were acquired during the data 

collection. Qualities (i.e. product qualities, design qualities or qualities of 

interaction); refers to the shortlist of 31 prioritized qualities, (Chapter 5) which affect 

the design for interaction with electronic musical instruments in a live performance 

context.  
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The aim, objectives and research questions are stated in Table 1.1. 

 

Table 1.1 Aim, objectives and research questions of the study 

AIM  OBJECTIVES RESEARCH QUESTIONS 

EXPLORATION OF MUSICIANSô PERCEIVED EVALUATION OF NEW GENERATION ELECTRONIC MUSICAL 

INSTRUMENTS 

 

Construction of strategies and 

guidelines to improve musiciansô 

interaction, user experience and 

performance with new generation 

musical instruments in the context of 

live musical performance 

 

Å To elicit each individual musicianôs 

perceived evaluation of new musical 

instruments. 

 

Å To understand why the elicited 

dimensions are important. 

 

What are the dimensions of new 

generation electronic musical 

instruments, which matter to 

musicians? 

 

Why do these dimensions matter to 

musicians? 

INVESTIGATION OF THE INTERRELATIONS BETWEEN THE ELICITED DIMENSIONS OF NEW MUSICAL 

INTERACTIONS 

 

Construction of strategies and 

guidelines to improve musiciansô 

interaction, user experience and 

performance with new generation 

musical instruments in the context of 

live musical performance 

 

Å To explore the similarities and 

diversities among the abovementioned 

dimensions. 

 

Å To investigate the nature, importance 

and possible implications of the 

interrelations between the elicited 

dimensions. 

 

How can these dimensions be utilized 

to improve musiciansô interaction, user 

experience and live performance with 

new generation electronic musical 

instruments?  

 

What are the similarities and 

diversities between the elicited 

dimensions? 

 

How/In which ways are these 

dimensions interrelated? 
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1.4 Contributions to Knowledge 

This thesis intends to make contributions to both theoretical and practical knowledge. 

The proposed strategies and guidelines to improve musiciansô interaction, user 

experience and performance with new generation electronic musical instruments 

contribute to theoretical knowledge in the field of musical instrument design. The 

hybrid methodological approach, which is employed for this thesis (personal 

construct theory ï repertory grid technique with laddering and pyramiding ï cross 

impact analysis) makes this study the first of its kind in the field of musical 

instrument design. Thus, design researchers and academics working in the field of 

new generation electronic musical instrument design may take the methods of the 

research as well as its findings and the insights, and build further work ultimately 

directed to help designers in improving new musical interactions.Ο 

Furthermore, the aforementioned strategies are also reveal practical knowledge, 

which is actionable in nature. In other words, the findings of the research can be 

useful and applicable for design professionals working in product innovation and 

R&D activities in the area of musical instrument design, especially during the earlier 

phases of new product development, such as ideation and concept generation.  

This user-centred research was conducted with professional musicians. Hence, the 

findings of the study might convey design professionals a better óunderstandingô of 

the musiciansô attitudes needs and expectations concerning new musical interactions. 

1.5 Structure of the Research 

The structure of the research is presented in Figure 1.2. in relation to the four 

research questions mentioned in the previous section.  

The first stage of the research (Chapter 2) identifies core concepts and dimensions of 

new generation electronic musical instruments and new musical interactions through 

the literature. In this stage, a preliminary list of constructs is created to act as a 

glossary of terms for the study. Second stage (Chapters 3 and 4) involves a series of 

in-depth interviews with 30 professional musicians through repertory grid technique, 
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in order to elicit the musiciansô personal constructs through their perceived 

evaluations of new generation electronic musical instruments. During this stage, an 

iterative process was also carried out to identify and add each new musiciansô 

personal constructs to finalize the glossary of terms. As a result, a large and diverse 

set of constructs were identified as the dimensions of new musical interactions. Third 

stage (Chapters 3 and 4) was simultaneously carried out during the RGT interview 

sessions and it involved capturing the superordinate and subordinate constructs in the 

musiciansô personal constructs systems through laddering (asking ówhy?ô questions) 

and pyramiding (asking ówhat?ô or óhow?ô questions). 

The fourth stage (Chapter 5) is carried out through an initial content analysis in order 

to cluster and organize the constructs. The first step of analysis grouped the 

constructs based on semantic similarity, where as, for the second step a conceptual 

framework was created in order to further cluster and identify the core design 

qualities in the research. The conceptual framework was also instrumental in 

establishing a hierarchy between these design qualities based on the three main 

components (musician, instrument and audience) of a live musical performance. The 

fifth stage (Chapter 5) employs cross impact analysis in order to identify and 

interpret the interrelationships and interactions between the core dimensions of the 

study. Cross impact analysis also established a hierarchy of importance and purpose 

between the design qualities that form the whole system while identifying the 

systemôs end goals as well as the means to achieve them. The combined findings of 

the abovementioned stages led to the development of a set of design strategies and 

guidelines to improve musiciansô interaction, user experience and performance with 

new generation musical instruments, in the context of live musical performance. 
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1.6 Structure of the Thesis 

The thesis is composed of seven chapters. The first two chapters provide an overview 

and insight into the theoretical background in literature in regards to the research area 

under investigation.  

Chapter 1 states the research area, its brief historical origins and lineage, problem 

background, aim of the study, research questions and expected contributions to 

knowledge. 

Chapter 2 is a detailed review of the theoretical background and state-of-the-art in 

the literature. It is composed of seven sections and explores core concepts related 

with new musical instrument design, which are essential for the research.  

Chapter 3 gives detailed information regarding the background of the chosen 

methodology; personal construct theory (PCT), repertory grid technique (RGT), 

laddering and pyramiding. The second section gives examples of previous design 

research carried out with PCT as well as a discussion on the advantages and 

shortcomings of the selected methodology while reflecting on why it was chosen 

over other alternatives. The chapter concludes with a brief description of the general 

philosophy concerning the methodological approach for the thesis and presents the 

flow of the remaining research stages illustrated by a diagram. 

Chapter 4 is a detailed walk-through of the data collection procedure. It starts from 

the strategic approach, continues to research design and planning, experiment 

equipment, experiment set-up, participant selection and recruitment, the pilot study 

and ends with reflections regarding the complete process including a discussion on 

limitations and hardships of the study.  

Chapter 5 reveals the coding and analysis procedures in two sections.  The first 

section is a step-by-step explanation of the coding procedure and the initial content 

analysis, including the construction of a conceptual framework. The second section 

gives detailed information on the background and procedures concerning cross 

impact analysis (CIA) and presents the analysis results through individual 

discussions and interpretations for each finding.  
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Chapter 6 presents the main output of the thesis: design strategies and guidelines to 

improve musiciansô interaction, user experience and live performance with new 

generation electronic musical instruments.  

Chapter 7 is a óconclusionô, which summarizes the work undertaken, re-visits the 

research questions, presents a holistic view of the major findings, states the 

contribution to knowledge, discusses possible future directions, and ends with further 

reflections concerning the entirety of the thesis. 
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CHAPTER 2 

2 KEY CONCEPTS IN ELECTRONIC  MUSICAL INSTRUMENT 

DESIGN 

The literature on musical instruments is too broad an area to fit inside the scope of 

this thesis. Thus, this chapter surveys the literature in the context of new electronic 

musical instruments and their surrounding interactions, with the exception of a brief 

introduction on the classification of musical instruments in general.  

The first part of the chapter is composed of the scope of literature under 

investigation, taxonomy of musical instruments as well as a brief product review in 

relation to new electronic musical instruments. The second part of the chapter 

explores key concepts and dimensions of new musical instrument design: 

stakeholders, longevity, decoupling, gesture and mapping, feedback, musical 

expressivity, virtual instruments, wearables, collaborative instruments, and state-of-

the-art in research dedicated to designing and evaluating new musical instruments. 

2.1 Scope of Literature Under Investigation  

The main research concerning new electronic musical instruments is carried out 

through The International Conference on New Interfaces for Musical Expression 

(NIME). NIME initially started as a workshop at the Association for Computing 

Machinery (ACM) Conference on Human Factors in Computing Systems (CHI) in 

2001 in Seattle, Washington. Today, NIME is an annual conference devoted solely to 

encourage and support research for new musical instruments.  

Various terms exist in the literature to identify new musical instruments. Among the 

most commonly used are: Digital musical instruments (DMI), electronic musical 

instruments (EMI) and new interfaces for musical expression (NIME). While some 

authors make distinctions between these terms, based on conventional availability or 
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popularity, they arguably refer to the same class of musical instruments. For the 

purposes of this thesis ónew musical instrumentô is used to refer to all new generation 

electronic and digital musical instruments. 

There is a diverse spectrum of mainstream electronic and digital instruments, which 

are widely commonplace and available to musicians. This spectrum includes 

instruments and devices such as MIDI keyboards, workstations, synthesisers, 

sequencers, real-time samplers, sound modules, sound effects pedals and drum 

machines. However, these conventional instruments are not considered as part of 

new musical instruments and thus, are not in the scope of this research.  

The above-mentioned term óMIDIô deserves special attention due to its fundamental 

connection to new musical instrument design. MIDI (musical instrument digital 

interface) is a protocol developed in the 1980's which allows electronic instruments, 

digital musical tools and computers to communicate with each other. MIDI itself 

does not make sound, it is just a series of óI-Oô messages, which are then interpreted 

by another device tasked with sound generation.  

Dave Smith, founder of Sequential Circuits and Ikutaru Kakehashi, founder to 

Roland Corporation are the two people who are credited with creating the vision for 

MIDI (midi.org). Robert Moog announced MIDI for the first time in the October 

1982 issue of Keyboard Magazine (Manning, 2004, p. 267). Moog, along with Don 

Buchla, Harold Bode, Pete Zinovieff and Dave Cockerell, are credited for their work 

in miniaturizing óroom sizedô synthesizers into more acceptable components; with 

Moog specifically credited for taking them out of the university laboratory and in the 

hands of the musicians (midi.org). Among similar communication protocols, the 

most noteworthy alternative is Open Sound Control (OSC), which was first 

introduced in 2002 with the intention of offering higher resolutions and a richer 

parameter space (Wright, 2002). MIDI 2.0 was announced in the winter of 2019 and 

introduced January, 2020. MIDIôs developers consider this version as an óextensionô 

rather than a replacement and they state that the most significant features of the 

MIDI 2.0 are bidirectional communication (between the devices) and backwards 

compatibility. Figure 2.1 presents diverse examples of new musical instruments, 

which use MIDI protocol.  
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Figure 2.1 (A) MTC Express (B) óHandsô (C) Yamaha Tenori-On (D) Squeezables (E) Rhytem Tree (F) AudioCubes              

(G) Haken Continuum (H) Tooka (I) Beatbugs (J) Samchillian 
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2.1.1 Taxonomies and Classifications of New Musical Instruments 

In regards to the taxonomy of musical instruments, musicologists Curt Sachs and 

Erich Moritz von Hornbostel created the most widely used and comprehensive 

approach for the classification of musical instruments. The Hornbostel-Sachs System 

(also known as óH-S Systemô) (1914), classifies musical instruments in four 

categories: Chordaphones (stringed (plucked) instruments), aerophones (woodwinds 

and brass instruments), membraphones (drums) and idiophones (percussion 

instruments except drums). Each of these classes also have their multi level sub-

categories. 

The underlying principle is based on the ónatureô of the sound-producing component: 

an air column (aerophones), string (chordaphones), membrane (membraphones) and 

the body of an instrument (idiophones). In 1940, Sachs updated the H-Sachs System 

in order to classify and sort a fifth species of instruments called óelectrophonesô, 

which were further grouped into three sub-categories: 

1. instruments with an electronic action Ο 

2. electro mechanical, acoustic sounds transformed intoΟelectric through amplificationΟ 

3. radioelectric, instruments which are based on oscillating circuits (Sachs, 1940; as cited in 

Paine, 2010), 

Even though the addition of the electrophones category made it possible to categorise 

all electrically actuated, amplified and oscillated musical instruments of its time, it is 

obviously insufficient to provide a comprehensive picture in relation to the richness 

and diversity of current new musical instruments and interactions (Paine, 2010).  

Paradisoôs (1997) detailed and extensive classification of new musical instruments 

include a chronological walk-through with all cornerstone instruments while pairing 

the history of related technological advancements with the mentioned instruments. 

However, due to its publication date, this taxonomy does not reveal the óbig pictureô 

anymore as it has not been updated. 

Birnbaum et al. (2005) propose a dimension space representation, which can be 

adapted for visually displaying new musical instruments (Figure 2.2.). Binrbaum et 

al.ôs dimension space is composed of 7 dimensions: role of sound, required 



 

21 

expertise, music control, degrees of freedom, feedback modalities, inter-actors and 

distribution in space.ΟThe authors suggest that the dimension space is useful for both 

exposing patterns among existing instruments and for informing the design of new 

ones.  

 

Figure 2.2 The 7-Axis dimension space (Birnbaum et al., 2005) 

Pressing (1990) also compares and discusses new musical instruments based on a 

similar multidimensional space. Pressingôs comparison of extended, reconfigured, 

interactive and intelligent musical instruments approaches these devices with a wide 

range of concepts such as user control, gesture, reconfiguration, articulation and 

unpredictability, range of operation, time independence, pre-composed materials and 

design flexibility.  

Malloch et al. (2006) adapted an existing human information-processing model to 

construct a framework (Figure 2.3) for the categorization of digital musical 

instruments in terms of performance context and performance behaviour. According 

to the authors, the proposed framework is useful in two important ways: Firstly, it 

may be used to analyse, compare, and contrast existing instruments. Secondly, it may 

be used for the conceptual design and development of novel musical instruments and 

interfaces. The research also involves a practice-based study which evaluates three 

prototypes built by the authors in order to illustrate the frameworkôs utility. 



 

22 

 

Figure 2.3 A visualization of the framework (Malloch et al., 2006) 

Paine (2010) argues that current taxonomies and classifications fail to address 

evolving approaches concerning the design and use of new musical instruments. 

Paine conducted an online questionnaire ï as part of the TIEM (Taxonomy of 

Interfaces for Electronic Music performance) project ï in order to inform the creation 

of his taxonomy and identify four main classifiers: gesture, instrument, digital 

controller and software. Paine constructs his taxonomy (Figure 2.4) mainly around 

three of these classifiers excluding óinstrumentô (as it is too broad a term) and 

proposes the interplay of control and create as a possible direction for the 

classification of real-time interfaces for electronic music performance. 

  

 

Figure 2.4 Taxonomy of real-time interfaces (Paine, 2010) 

Magnusson (2017) considers musical organics to be a philosophical attempt to deal 

with the problems inherent in the organological classification of new musical 
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instruments. Hence, Magnusson proposes an organic and óbottom-upô organological 

classification with a collaborative approach.  In order to display the open and 

participatory character of the system, Magnusson also presents an organological 

ontogenesis of three musical instruments the saxophone, the Minimoog and the 

Reactable (Table 2.1),  

 

Table 2.1 Selected ontogenetic categories of the Reactable (Magnusson, 2017) 

Instrument  The Reactable  

Inventor  Team at Pompeu Fabra  

Opposition  Some Catalan media were critical at first  

Adopter  Bjºrk  

Marketer  Sergi Jord¨  

Innovation strategies  
The release of reacTV source-code, the use of YouTube and social media for 
marketing purposes.  

Time  5 years to become stablished  

Networks  100 primary networks  

Team size  5-10  

Rationale  Physicality in virtual instruments. Synth visualization  

Nonhuman actors  
Projectors, cameras, real-time video libraries, software protocols, sound synthesis 
software, etc.  

Patents  none  

Public awareness  YouTube, project website, social media, festivals and media appearances  

 

All of the aforementioned attempts on the classification and taxonomy of new 

electronic musical instruments contribute to the field by taking different perspectives 

(i.e. focus on products or stakeholders) and employing different priorities. However, 

as new musical interactions and new music-making paradigms continue to evolve 

constantly, the research efforts for the evaluation and classification of new musical 

instruments will inevitably update and adapt to these changes simultaneously. 
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2.1.2 Market and Pre-Market  Review 

In order to have a better understanding of the field under investigation a brief market 

and pre-market review has been made to set the scene óvisuallyô through examples 

representing the spectrum of available new musical instruments. The market review 

has been done based on 3 product classes (Figure 2.5, Figure 2.6 and Figure 2.7): 

1- Commercially available mainstream electronic musical instruments 

2- Commercially available new musical instruments 

3- New prototypical (R&D and experimental) musical instruments 

 

Commercially available mainstream electronic musical instruments;  

refers to electronic musical instruments, which are already on the market, commonly 

used by musicians in various musical contexts and genres. 

Commercially available new musical instruments;  

refers to new electronic/digital musical instruments, which are commercially 

available on the market and being used by musicians. However, in most cases these 

instruments are manufactured in very small quantities. 

New prototypical (R&D and experimental) musical instruments 

refers to new electronic musical instrument prototypes, which are either in R&D 

stages or unique, one-of-a-kind instruments hand-made for research and 

experimental purposes.  

The breakdown of each class of instruments is based on interaction types and each 

product section presents the instrumentôs controller interface components and 

available feedback modes.  

Concerning mainstream electronic musical instruments; the once stand-alone 

products (e.g. synthesisers, sequencers, samplers, effects modules) are replaced by 

new generation óworkstationsô that combine multiple functions in single products. 

Concerning new musical instruments; the essential impression based on this brief 

review reveals that the current market is heavily dominated by controllers (i.e. 
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decoupled interfaces) rather than embodied musical instruments (i.e. inbuilt sound 

generators and sound output). Modularity of form, tangible interfaces, wearables 

(wearable interfaces), digital pads and mobile touchscreen devices (music apps/soft 

synths) are some of the defining exemplars of this new species of instruments. 

These controllers offer new interactions, a wide range of input possibilities (i.e. not 

limited to hands), legacy and/or unconventional user-interface control elements and 

multiple feedback modes. Visual feedback seems to be the dominant feedback mode, 

in most cases a prerequisite for proper operation; which is completely in contrast 

with the entire acoustic/traditional musical instrument conventions. 
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2.2 Key Concepts and Dimensions in New Musical Interactions 

This section discusses the key players, concepts and dimensions concerning new 

musical instrument design and their surrounding interactions. It also includes 

theoretical and practice-based research efforts for the design and evaluation of new 

musical instruments. 

2.2.1 Stakeholders 

In the context of new musical instrument design, one of the most important paradigm 

shifts happened concerning the óstakeholdersô of new musical interactions. It is 

possible to propose four major roles in todayôs new musical interactions: composer, 

performer, instrument-maker (designer) and the audience. These roles can be further 

extended to include instrument and component manufacturers (although global music 

corporations rarely mass manufacture commercially available new musical 

instruments; an immediate exception would be Yamahaôs Tenori-on). Hence, it is 

also possible to consider ómanufacturersô from the perspective of manufacturing 

electronic components (OôModhrain, 2011) for various industries, which are also 

used in new electronic musical instrument design (e.g. processors, memory, sensors, 

hard disks, sound cards). 

2.2.1.1 Concerning Performers, Composers and Instrument Makers 

In traditional/acoustic musical instrument design, the roles of stakeholders are well 

defined and clearly separated. Even though performer/composers and 

performer/composer/conductors can be frequently identified especially throughout 

the history of classical music; instrument makers/luthiers and musicians had clearly 

defined and separate roles. Furthermore, the audience always had a passive role in 

the context of live musical performances.  

Composer Paul Lansky (1990) stated that the composer-performer-listener triangle ï 

ña good simple model of a classical notion of musical-social interactionò ï has been 

rendered obsolete with the new paradigm, which is reflected in the title of his paper 
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óWhen machines make musicô. Lansky believes that this traditional triadic model is 

indeed representing a very rigid social structure, where, the degree of passiveness 

and activeness of the individual nodes are relatively fixed. In his words; ñThe 

composer writes, the performer plays, and the listener clapsò. However, Gurevich 

(2017) states that while the composers form the ócreatorô nod in the model, they 

neither make the instruments nor the sounds, but the abstract representation of music, 

in the form of a score (notation).  The performers interpret the scores of the 

composers in order to generate the actual sounds (music) that the audience hears.  

In order to better reflect the social consequences of the ómachine interventionô, 

Lansky (1990) proposes to update the traditional composer-performer-listener model 

by inserting two more ónodesô. He calls the first node ósound-giverô. This role 

represents a wide spectrum from a professional publisher producing CDs (or digital 

music in todayôs context) to individuals socially sharing music with each other 

(through a cassette tape in Lanskyôs example, or in digital platforms for listening and 

sharing music in todayôs world). Lanskyôs second node is the instrument-builder. 

However, according to Lansky (1990), the identity, characteristics and capabilities of 

this role radically transcend traditional luthiers:  

An instrument builder is no longer necessarily dependent on the evolutionary state of the 

musical climate to determine the next step. Instrument design and construction now become a 

form of musical composition. The vision of the instrument-builder can be idiosyncratic, and 

even compositional. Playing someone else's instruments becomes a form of playing someone 

else's composition. (p. 108) 

Lansky further proposes that composers, performers, instrument-builders and even 

listeners can become sub-classes of each other within different contexts. In other 

words, in todayôs music making paradigms, the dividing lines between these 

previously well defined roles of designer/maker, composer and performer are often 

blurred; in fact, it is more likely than not, that these once distinct roles are often 

inhabited by one person; an opinion shared by many researchers in the field (Lansky, 

1990; Jord¨, 2005; Magnusson & Mendieta, 2007; Stewart, 2009; Magnusson, 2010; 

Baguyos, 2014; Johnston & Ferguson, 2016; Morreale & McPherson, 2017; 

Gurevich, 2017; Morreale et al., 2018; Armitage & McPherson, 2018; Hºdl, 2019).  
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Furthermore, the literature also created new names for this new generation of 

instrument-makers: ï ótechno luthierô (Paradiso, 1997) or ódigital luthierô (Jord¨, 

2005) are commonly used in the current literature to define instrument designers and 

makers.  

Morreale et al. (2018) have conducted an online survey in order to explore the 

óidentityô of the new musical instruments from the perspective of their performers. 

The survey was carried out with 102 musicians who have performed in the NIME 

conferences between the years 2013-2017. The findings reveal striking facts in 

regards to the characteristics of these stakeholders, which Morreale et al. define as: 

designer = composer = performer. According to the results, 78% of the performers 

designed the instrument that they play. An even more striking finding was that 97% 

of the performers have been involved in the instrument making process. The authors 

also argue that composition can be strictly connected to performing and designing an 

instrument.  

Morreale et al. (2018) explain this equivalence from two perspectives: 

i) The performers/composers had to develop their own instrument because 

commercially available instruments did not meet their artistic needs 

ii)  The roles are inherently fused together in such a way that it wouldnôt be 

possible for them to be separated, in other words, the instrument itself is 

conceived as part of the artistic composition and performance. (i.e. the 

instrument was specifically designed to realize a particular composition) 

 

According to Morreale et al., (2018) there is an ongoing debate in the NIME 

community in relation to whether the instruments follow the artistic goals or vice 

versa. There seems to be evidence supporting both points of view. Cook (2001) 

suggests composing musical pieces first can influence and facilitate the design of the 

instrument. Conversely, Wanderley (2017) suggests that certain musical instruments, 

which were designed without a musical piece in mind such as T-Stick or Gyrotyre 

(Ferguson & Wanderley, 2010) were extensively used musically. A similar argument 

can be proposed for the role of the ósoundô in composition. The character of the 
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sound (i.e. designed, tweaked, selected) can have a big impact on the process of 

composition; especially in the context of electronic music. 

The answers to Morreale et al.ôs survey suggest that the overlap between the roles of 

designer-performer-composer results in a tension (Morreale et al., 2018; Hºdl, 2019), 

because the iterative process involving the designing of the instrument intervenes 

with the designerôs role as a performer; as expressed by one of the surveyôs 

participants; Abdi Dezfouli: ñdilemma between changing the design of the 

instrument or learning its current featuresò. Another participant; Leeuw states that 

bringing balance in practising and designing is the most challenging aspect of 

learning to play his instrument, Electrumpet. A third participant; Blasco makes 

similar reflections, claiming that covering two roles is the most challenging aspect: 

ñI could keep on working with it forever, since I am also the designer so it is a 

constant process of re-tweaking and advancingò. ñIt is hard to just be the 

performerò (as cited in Moreeale et al., 2018).  

Ferguson and Wanderley (2010) believe that when a single person acts as the 

designer, composer and performer of a musical instrument, there is a substantial risk 

of that instrument being ever used only by its inventor. Wanderley and Orio also 

support this view, proposing that many of these instruments were ñdesigned to fit 

idiosyncratic needs of performers and composers,ò and hence, ñhave usually 

remained inextricably tied to their creators.ò (Wanderley & Orio, 2002; as cited in 

Everman & Leider, 2013). Further more, there can be a considerable tension between 

óplayabilityô and óusabilityô of these ódesigner-is-performerô instruments because 

ergonomic considerations can be very esoteric in such situations, where, making the 

instrument fit to performers other than its inventor can be very problematic. Morreale 

and McPhersonôs (2017) online survey, which was conducted with 70 digital luthiers 

revealed a similar finding: the most common target user for the new musical 

instruments were the instrument-makers themselves (58 out of 70 respondents). 

Furthermore, Gurevich (2017) proposes that all the roles being inhabited by a single 

person, can be the failure to create a repertoire (for new generation musical 

instruments). Hºdl, (2019) also argues that digital luthiers often give their 

instruments to composers for them to study unconsidered issues and musical 

opportunities. 
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2.2.1.2 Audience Perception and Engagement 

New musical instruments and their surrounding interactions caused a paradigm shift 

also in relation to the audienceôs live performance experience. The emergence of 

digital technologies empowered performers with immense flexibility in relation to 

how they generate sounds. In other words, the musicians are no longer bound with 

specific physical gestures, which form the building bricks of acoustic musical 

interactions. However, this flexibility creates serious perception problems for the 

audience due to lack of obvious cause and effect relationships during the 

performance (Schloss, 2003; OôModhrain, 2011).  

It is common knowledge that for any performing musician, audienceôs perception 

(and thus, appreciation) of and engagement to the performance is of utmost concern.  

There are multiple factors, which facilitate this appreciation and engagement: 

1. Music (óEnd Productô of the Performance) 

2. Visibility of the performance 

3. Cultural associations with the music and musical instruments (Fels et al., 2002) 

4. Instrumentôs construction (embodied vs decoupled) (Winkler, 1995; Hunt, 

Wanderley & Kirk, 2000; Jord¨, 2001; Fels et al., 2002) 

5. Mapping transparency (Fels et al., 2002; Medeiros et al., 2014) 

However, for the audience, óunderstandingô the musicianôs interaction with the 

musical instrument becomes a prerequisite for being engaged to or appreciating the 

performance; (Lyons & Fels, 2013) because the audience can get frustrated by the 

lack of óobservable primary causeô (Paine, 2013). Among the above-mentioned 

factors, the third and fourth directly influence the fifth. There is a clear consensus in 

the literature, which suggest that decoupling in new musical instruments cause more 

opaque mappings compared to embodied instruments. In addition, temporality of a 

musical instrument (for how long it endured) and the cultural associations linked to 

that instrument also affect the transparency of the mapping:   

Both player and listener understand device mappings of common acoustic instruments, such 

as the violin. This understanding allows both participants to make a clear cognitive link 

between the playerôs control effort and the sound produced, facilitating the expressivity of 
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the performance. For many instruments, this link is sufficiently integrated into the culture as 

to make it bi- directional. In this situation, observing either the sound or the effort provides 

access to the other. For example, one can picture the vigorous sawing of a virtuoso violinist 

while listening to an audio-only recording of a particularly exuberant performance. Likewise, 

watching a good pantomime of a vigorously sawing virtuoso violinist evokes an expressive 

sound performance [é] The audience also benefits from a long cultural association with 

traditional instruments, expecting certain inputs to result in certain outputs. Both of these 

factors make the mapping transparent for the audience. (Fels et al., 2002, p. 110) 

Medeiros et al. (2013) suggest that utilizing well-designed visual feedback, (visual 

cues in instrumentôs design, visualization of the interaction, visualization of the 

sound output (Lyons & Fels, 2013) and interaction metaphors (Fels et al., 2002) 

might be a useful strategy in order to improve audienceôs perception of and 

engagement to the performance. 

For software instruments and unconventional controllers, the performance dynamics 

get even more unfamiliar. Live performances, which involve the use of laptop 

computers or digital tablets (as shown in Figure 2.8) feature extremely opaque 

mappings. The lack of physical effort (for playing the musical instrument), familiar 

gestures or visible ócause and effectô, alienate the audience from the performance. 

From the audienceôs perspective, interactions involving keyboard and mouse clicks 

become unknown territory in musical context.  

How could we readily distinguish an artist performing with powerful software like 

SuperCollider or PD from someone checking their e-mail whilst DJ-ing with iTunes? 

(Collins 2003, as cited in Jord¨, 2005). 

In such circumstances (including DJ performances), musicians often exaggerate their 

physical gestures in order to capture the audienceôs attention and help them find their 

way into the performance. However, as these gestures are not directly related to 

sound generation, they donôt improve the situation sufficiently. In a more traditional 

musical performance such as a classical music concert, audience can easily recognize 

the ócause and effectô (e.g. pianistôs hands move towards the right hand of the piano 

and the sounds get more treble) and engage in the performance.  
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Figure 2.8 Audience engagement: Iron Maiden vs. óLaptop Orchestraô 

Krefeld (1990; as cited in Vertegaal et. al., 1996, p.2) states that 

1. Artists need to feel a piece, as it is being created and performed. [é] 

2. The audience perceives the physical effort as the cause and manifestation of the musical 

tension of the piece [é]  

Fels et al.ôs (2002) two-axis transparency framework explores transparency of 

mapping for the performer and the audience in relation to each other in order to 

predict the expressivity of a musical instrument. The transparency of each axis varies 

between 0 and 1 and the transparency of the mapping depends on different factors for 

the player and the audience (shown in Figure 2.9).  

 

Figure 2.9 Transparency Framework for performers and audience to predict expressivity (Fels et al. 2002) 

For the performers, the factors, which determine the transparency of mapping are 

cognitive understanding and physical proficiency. Cognitive understanding requires 

the performer to be familiar with the control parameters and their expected sonic 

outcomes. Experience gained with the instrument improves this familiarity. Physical 

proficiency is based on the performerôs level of dexterity on the controller interface, 
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which improves through practise. The audienceôs degree of transparency does not 

require physical proficiency but a general understanding of óhow that musical 

instrument worksô. This understanding comes from both the cultural knowledge and 

the physical causality relationships (Fels et al., 2002).  

As seen in Figure 2.9, there are four regions in the framework marked OO, OT, TO 

and TT. The OO quadrant indicates a mapping that is opaque for both the performer 

and the audience, where as, mappings fall within the TT quadrant are transparent for 

both the performer and the audience. The mappings that are transparent for the 

performer but opaque for the audience or vice versa fall in the OT and TO regions. 

Most traditional acoustic instruments (e.g. piano, violin, guitar) fall within the TT 

quadrant. Embodiment (as opposed to decoupling) and cultural familiarity makes the 

affordances (Norman, 1990) apparent to both the performer and the audience. Many 

of the new musical instruments, especially the ones which do not derive from 

existing archetypes, feature extremely complex or unfamiliar mappings that are 

opaque to both performer and audience (OO).  

Fels et al. (2002) propose that new musical instruments can be moved out of the OO 

quadrant by: 

1. Making an instrument simple 

2. Adding desirable functionality 

Simplifying a musical instrument might make it easier for the audience to understand 

the mapping and interaction but it does not necessarily make it simpler to play (OT 

quadrant) (e.g. a piano keyboard is a simple interface yet very hard to master). 

Adding functionality might increase the motivation of early-adopters (Norman, 

1998) to learn and play the instrument but would not positively affect the audienceôs 

perception or engagement (TO quadrant).  Fels et al. further conclude that the 

drawback of this approach is that neither of these methods have a base in existing 

literature.  

Hundreds of years of acoustic tradition has made it a common known fact that 

musicians rely on the micro-changes in the vibrations emanating from the bodies of 

their instruments, i.e. vibrotactile feedback, in order to simultaneously inform and 



 

37 

readjust their playing during a performance (Rebelo, 2006). Haptic and vibrotactile 

feedback is critical for both high levels of control and engagement with the 

instrument. However, the audience experiences the musical performance through 

only sonic and visual stimuli. Hence, a lot of research effort have been focused on 

facilitating the audienceôs perception of and engagement to live musical 

performances with new musical instruments.  

Gunther et al. (2002) carried out an experiment in order to enhance the audienceôs 

performance experience through haptic simulation. Gunther et al. introduced what 

they call ótactile composition or aesthetic composition for the sense of touchô; a 

musical composition which also included specially designed vibrotactile elements. 

They developed full-body vibrotactile stimulators (suits) for audience members to 

experience a series of concerts both sonically and physically in MIT Media Lab in 

2001. The results of their experiment revealed that haptic stimulation improved the 

audienceôs ability to comprehend and appreciate the compositions.  

Similarly, in their research, McDowell and Furlong (2018) propose to enhance 

audienceôs performance experience and engagement through an augmentation, which 

they refer to as óhaptic-listeningô. McDowell and Furlong carried out two 

consecutive experiments where, the listeners were presented a representation of 

vibrotactile feedback experienced by a classical guitarist during a performance 

through a haptic component. The results showed that the haptic stimulation not only 

improved the audienceôs engagement, but perceived expressiveness of the 

performance as well. The authors propose that the multimodal mediation of music 

could be the next step in improving the audienceôs performance experience.  

Bin et al. (2016) conducted an audience study in order to explore how technical and 

musical familiarity affect the audienceôs response to new musical interactions. The 

authors sought answers to two basic questions: Whether audienceôs increased 

understanding of the instrument contributed to their enjoyment or interest in the 

performance, and whether the music style had any effect on the audienceôs 

engagement. The experiment involved a concert where two DMI designer/performers 

each performed 2 pieces in different styles. The audience were given technical 

explanations of the instruments each half of the concert. The results showed that 
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while the technical explanation had improved the audienceôs understanding of the 

instrument, it had no effect on their interest or enjoyment where as, performance of a 

conventional music style as opposed to an experimental one significantly increased 

the audienceôs enjoyment. Bin et al. (2016) further propose that the audienceôs 

listening habits affect their overall experience. 

OôModhrain (2011) proposed a framework for evaluating digital musical instruments 

(DMI) based on the perspectives of different stakeholders: audience, 

performer/composer, designer and manufacturer (and even possibly the customer). 

OôModhrain believes that the audience evaluate performances based on their 

engagement and argues the importance of the audienceôs perception and perspective 

of the performance as a critical parameter of instrument evaluation; especially in 

relation to gesture and sound relationships in new musical interactions. OôModhrain 

further proposes that involving the audience in the design process of a DMI can 

ensure that the casual gesture-sound relationships are evaluated by an important 

stakeholder, who is primarily affected by the opacity of interactions during the live 

musical performances.  

Taking OôMohdrainôs suggestion to include the audience in the actual design 

process, Fyans et al. (2012) carried out a participatory design study that took into 

consideration the óentire ecology of digital musical interactionsô including the 

audience. A post-performance audience questionnaire was used in order to explore 

the audienceôs perception of the novel interactions as well as the performersô skill 

levels. According to Fyans et al., the audience were neither able to understand the 

interactions nor make accurate judgments regarding the skill levels of the performers 

due to the opacity of the interactions. Hence, the authors believe that designing DMIs 

through a participatory design based approach that includes the audience can address 

the issues concerning audienceôs understanding of the musical interactions.  

Departing from OôModhrainôs framework, Barbosa et al. (2012) proposed an 

evaluation methodology based on the audienceôs perspective. The authors 

demonstrated the practical application of their methodology through a case study 

carried out with a prototypical instrument called Illusio. Similarly, Jord¨ and Mealla 

(2014) followed OôModhrainôs ideas on the importance of different stakeholders and 
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proposed a methodological framework for teaching evaluating and informing NIME 

design, where they specifically consulted the audienceôs perception in relation to 

mapping strategies. Wu et al. (2016) carried out an empirical evaluation of a gesture 

controlled vocal processing DMI (Tibetan Singing Prayer Wheel) where they 

compared the effectiveness of alternative gesture mappings through the audienceôs 

perspective.  

Fyans et al.ôs (2010) experiment explored how the audience forms an understanding 

of error between a performer and an interactive electronic instrument.  

Taking into account OôMdohrainôs framework, Lai and Bovermann (2013) carried 

out a practice-based research study in live sound performance with electronics in 

order to investigate audience experience for new insights. Their experiment was 

based on a structured improvisation system called WOSAWIP, which involved two 

players and two instrument sets. Following the WOSAWIP performances, Lai and 

Bowermann (2013) conducted post-performance interviews with the audience 

members and they were able to generate four guidelines, which may be used in the 

decision processes concerning the design of new musical instruments, interactions 

and the performances: 

1. Make a performance space that is visually and sonically comprehensive. Ο 

2. Consider showing the instruments and your interaction with it to the audience. Ο 

3. Consider having clearly evolving musical and performance structures. Ο 

4. Involving multiple performers in an ensemble setting adds contrast and dynamic to the 

performance, however, closer connections, such as the performersô roles and the music-

making process, have to be established. (p. 173) 

 

Similar to Magnussonôs (2010) study on designing constraints, Bin et al. (2018) 

explores how disfluency of a musical instrument affects the audienceôs perception of 

the musical interaction. Bin et al. argue that while constraints and disfluency appear 

to be analogous, the main difference between these two dimensions lies in their 

temporality. Constraints of an instrument remain stable over time where as, 

performers improve on a disfluent instrument as they get more familiar with it in 

time. A user-centred study was carried out with 6 professional musicians who 
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performed on 3 prototypes with varying levels of disfluency (i.e. none, mild and 

heightened) in front of a live audience. According to Bin et al., (2018) incorporating 

disfluency does not have an impact on audienceôs perceived enjoyment, however, it 

facilitates the audienceôs understanding and appreciation of the performerôs skill 

because the disfluency of the interface allows the performers to display effort and 

control on the instrument.  

2.2.1.3 Audience Participation 

While the audience has remained a ópassive entityô in live musical performance 

contexts for centuries, the new musical interaction paradigms have indeed attributed 

new roles to the audience as óparticipantô or óco-creatorô of the performances. On the 

other hand, the audience participation in computer music has long been limited due 

to resources and technology (Hindle, 2013). A substantial amount of practice-based 

research has been carried out, especially with mobile musical instruments, which 

enable and facilitate audienceôs active participation to the live musical performances.  

Golan Levinôs Dialtones: A Telesymphony (2001) is the first large scale live musical 

performance to engage the audience by using their mobile phones (Freeman, 2005; 

Lee & Freeman, 2013). While this performance can be considered as a collaborative 

work between the audience and the composer, the audience still retains its ópassiveô 

role (McAllister et al., 2004; Freeman, 2005; Oh & Wang, 2011; Lee & Freeman, 

2013) because the music is created by dialling audience mobile phones at specific 

times to play pre-composed ring tones.  

Hindle (2013) proposes a framework, which uses mobile phones and similar mobile 

devices to provide the audience an interface of a ósharedô computer music instrument 

in order to facilitate their interaction with the musical performance. Hindleôs (2013) 

practice-based research involves seven different instruments that can run on a 

relatively cross-platform system called SWARMED (Shared Wi-Fi Audience 

Reactive Musical Extemporization Design), which can be used on any web-enabled 

device such as smart-phones tablets and laptops. SWARMED allows the audience to 

control part of a sonic performance or installation through the browsers of their 

mobile devices. 
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Weitzner et al. (2012) also proposed a client-server system for mass audience 

participation called massMobile, which allows for real-time bi-directional 

communication between the performers and the audience through existing wireless 

protocols. They describe massMobile as being a configurable flexible and scalable 

framework for collecting and processing audio input.  

Similarly, Lee and Freeman (2013) propose a work called echobo for large-scale 

audience participation and engagement through networking the audienceôs mobile 

phones. Lee and Freemanôs system provides two types of instruments: a ómaster 

musicianô controls the high-level musical structure but does not generate any sounds. 

The musical structure is then transferred to the audienceôs mobile phones, where they 

can generate sounds in a harmonically controlled manner. An additional acoustic 

instrument player also joins the performance not only to improve the music but also 

to improve audience engagement through co-creation. 

S. Park et al. (2013) report a collaborative work called Sound Surfing Network (SSN). 

SSN is a new mobile phone based interactive system which facilitates the performer 

and audience to control spatial sound distribution. SSN uses the audienceôs 

smartphones to form a multichannel speaker system, where the audience can sense 

the soundôs spatial movement not only aurally but also visually through their 

smartphone screens and an on-stage visualization.  

Mazzanti et al. (2014) employ a different approach and facilitate audience 

participation through the use of augmented reality (AR). The authors report their 

concept and platform titled Augmented Stage, where participatory audiovisual 

performances are created with audience collaboration. Their concept is based on 

superimposing virtual objects on the concert stage and allowing the audience to 

manipulate these objects through their mobile devicesô camera in order to control 

visual and sonic feedback.  

Nishida et al. (2019) explore the performer-audience interaction and collaboration on 

smart mobile devices through AR, VR, real-time 3D audio/video streaming, 

advanced web audio and gesture controller virtual instruments.  According to the 

authors, the performers can use the audienceôs mobile phones in order to add an 

additional layer of musical expression to their performance while also turning the 
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audience into active collaborators. Nishida et al. believe that VR and AR 

technologies have a strong potential in facilitating the paradigm shift regarding the 

role of the audience in live musical performances. 

The use of biometrics to create sonic and visual outputs have been a popular method 

in new musical interactions. According to Angel (2011), composers and artist such as 

Alvin Lucier, David Rosenboom, Atau Tanaka, Yoichi Nagashima and Mariko Mori 

have experimented with biometrics to create music, installations and interactive 

performances as early as the mid 1960s.  

Since then, various research studies have used a wide range of biometric 

identification techniques, such as: hemodynamics (measuring blood volume changes 

through a photoplethysmograph (PPG) (McGee, Fan & Ali, 2011), electromyography 

(EMG) (measuring electrical currents generated in muscles) (Nagashima, 2003; 

Angel, 2011), electroencephalography (EEG) (picking up electrical activity from the 

scalp surface) (Angel, 2011), galvanic skin response (measuring fluctuations in the 

electrical resistance of the skin) (Hamilton, 2006).  

While the aforementioned studies have focused on the user (performer), thanks to the 

developments in wireless communication and smart devices, recent research has also 

collected biometric data from the audience in order to facilitate audience 

participation and co-creation during live performances.  

Fan and Sciotto (2013) report a study, where they achieve audience co-creation of 

real-time audio-visual content through a hybrid interface for mobile devices that 

collects biometric information from the audience through PPG (heart rate) and EEG 

(brain waves).  

van Hout et al. (2014) propose a different direction in audience participation in live 

performances through a system they designed for dance clubs. Experio is composed 

of several designated interactive areas on the dance floor, which have been 

illuminated through laser beams. While dancing, the audience members influence the 

music by interrupting the laser through their movement. In other words, they shape 

their sonic experience by their own gestures and dancing.  
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Lee et al. (2014) introduced a system that requires no infrastructure and minimum 

user configuration in order to distribute mobile applications using mobile ad-hoc 

network in context of audience participation.  

Hirabayashi and Eshima (2015) developed a method of communication, which they 

call óUltra Sound Communicationô (USC), in order to enable the participation of the 

audience by utilizing high frequency sound IDs. Through their musical work titled 

Sense of Space, Hirabayasahi and Eshima (2015) achieved synchronized real-time 

music compositions between the main performance and mobile devices of the 

audience.  

Shaw et al. (2015) report their project Fields, a web based sound diffusion method, 

which enable the audience to participate in the live performance through their 

handheld mobile devices that are used as a collective array of speakers. 

Similar networked collaborative studies have been carried out by Tanaka and 

Toeplitz (Tanaka, 2000) where their multi-site network music installation enabled 

performers and visitors in physically different places on Earth to collaborate with 

each other in real time.  

Gimenes et al. (2016) conducted two live sound installations titled Performance 

without Borders and Embodied iSound respectively through two distributed computer 

systems called Sherwell and Levinsky Music. The former offered a cloud based 

voting system for the audience where as, the latter enabled the audience to participate 

in sound generation by motion tracking through their smart phones. 

2.2.2 Design and Evaluation of New Musical Instruments 

The task of evaluating DMIs is in fact strongly linked to that of designing them, and knowledge 

gained in any side of the equation should complement the other (Jord¨ and Mealla, 2014). 

Perry Cookôs Principles for Designing Computer Music Controllers (2001) is one of 

the earliest sources in the literature, which gives recommendations for designing new 

musical instruments. Cook considers his principles (and in his words: óa loose 

philosophyô) as a set of opinions based on his practice-based research spanning over 
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15 years of designing and constructing controllers. Cook (2001) believes that his 

principles relate to ópractical issues for the modern instrument craftsperson/hackerô: 

Some Human/Artistic Principles  

1. Programmability is a curse Ο 

2. Smart instruments are often not smart Ο 

3. Copying an instrument is dumb,Οleveraging expert technique is smart Ο 

4. Some players have spare bandwidth, some do not Ο 

5. Make a piece, not an instrument or controller Ο 

6. Instant music, subtlety later Ο 

Some Technological Principles  

7. MIDI = Miracle, Industry Designed, (In)adequate Ο 

8. Batteries, Die (a command, not an observation) Ο 

9. Wires are not that bad (compared to wireless)  

Some Other Principles  

10. New algorithms suggest new controllersΟ 

11. New controllers suggest new algorithmsΟ 

12. Existing instruments suggest new controllers 

13. Everyday objects suggest amusing controllers  

While Cookôs principles successfully point out desirable musical instrument features 

functions and properties, Cookôs work doesnôt reveal enough detail in regards to how 

to achieve these goals (OôModhrain, 2011; Jord¨ & Mealla, 2014). Additionally, 

more recent developments in technology may render some of Cookôs principles 

obsolete. 

Cook (2009) re-visited his design principles (2001) in 2009 with an expanded and 

revised version, where he self-reflected on the validity of his original principles, 

while adding new recommendations, which cover a wide range of subjects from 

compatibility to practicalities of logistics, new musical ensembles to music education 

through new instruments. Cook also conducted a practice-based experiment where he 

re-designed one of his controllers in order to inform his principles concerning Re-

designing controllers. Building more than one prototype (re-design), backward 

compatibility, colour-coding new wires (connections of new functions and features), 

documenting these alterations for future modifications, constructing controller 
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proxies (through creating a graphical user interface (GUI) that sends the same signals 

as the controller), and building diagnostic features and displays are the main 

outcomes of his updated principles.  

In his PhD dissertation, Jord¨ (2005) proposes a conceptual framework to inform 

both the design process and qualitative evaluation of new electronic musical 

instruments. Jord¨ elaborates on some very important and universal criteria, which 

are relevant for not only new instruments but also traditional ones. Playability, 

learnability (and learning curve), efficiency (or as specified by Jord¨; musical 

efficiency), effort, ease of use, diversity (flexibility of the instrument to be used in 

different musical styles or contexts), idiomatism and individualities, improvisation, 

configurability, controllability, virtuosity, variability and reproducibility 

(repeatability), scores and musical notation, composers vs performers, predictability, 

fault tolerance, explorability, time and expressiveness are among the concepts and 

dimensions he discusses in relation to designing and evaluating new musical 

instruments and interactions. Jord¨ discusses the possible connotations and meanings 

of what he terms a ógood instrumentô and he explores the aforementioned dimensions 

in different contexts and use scenarios (i.e. novices vs virtuosi, live performance, 

longevity) as well. As a professional ódigital luthierô (Jord¨, 2001) who has been 

both designing and building software and crafting in his terms: ómusical computersô, 

Jord¨ states that his conceptual framework is mostly based on his own work and 

research ï including other luthiersô research that he considers canonical and 

paradigmatic ï and thus, his principles, suggestions and explanations are 

ideologically tied to his personal ideas tastes or beliefs about music and aesthetics or 

even politics. Jord¨ôs dissertation (2005) also includes a ódigital lutherie decalogueô 

where he ósynthesizesô all the key concepts and relevant ideas concerning new 

electronic musical instrument design in 25 successive steps. This digital lutherie 

decalogue is at least as important and useful as his framework, especially in relation 

to how Jord¨ (2005) makes connections between critical aspects of traditional 

acoustic instruments and the future of electronic musical instrument design:  

1. Identification of the quintessence of new digital instruments; what they can bring of really 

original to the act of music performance; how can they redefine it. Ο 
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2. Identification of the drawbacks or obsolescences of traditional instruments; what limitations 

or problems could be eliminated, improved or solved. Ο 

3. Identification of the essential generic assets of traditional instruments; what qualities we 

should never forget or discard. (p. 9) 

 

Wanderley and Orio (2002) proposed one of the earliest evaluation guidelines for 

new musical instruments, where they borrowed various methodologies for the 

evaluation of input devices from Human Computer Interaction (HCI) and discussed 

their applicability to musical interaction. Wanderley and Orio suggest that certain 

dimensions of usability such as: learnability, explorability, feature controllability and 

timing controllability are relevant to musical interaction and they can be used as 

guidelines for the development of musical tasks. Furthermore, the capacity to 

perform certain musical tasks can act as benchmarks for the evaluation of musical 

controllers. However, it has been noted in the literature that existing HCI evaluation 

methods (e.g. talk-aloud protocols) may not be suitable for evaluating musical 

interactions because how to conduct them in musical contexts is not obvious 

(Marquez-Borbon et al., 2011) as musical interactions have creative and affective 

aspects, which cannot be described as tasks, and dimensions such as timing and 

feedback interactions further complicate the development of reliable experiments 

(Stowell et al., 2009). 

Overholt (2009) proposes a conceptual framework for the design of expressive 

musical instruments called The Musical Interface Technology Design Space. 

Overholtôs framework explores concepts such as gesture (intuitiveness, 

comprehensibility, physicality), controller behaviour, synthesis algorithm, instrument 

identity, mapping methodology and expression range. Overholt (2009) suggests that 

his framework provides designers a theoretical base for creating new musical 

instruments and interactions while also acting as a set of guidelines for analysis and a 

taxonomy of design patterns for interactivity in musical instruments. 

As mentioned in the Stakeholders section of this Chapter, OôModhrainôs (2011) 

framework for evaluating digital musical instruments brings a multidimensional 

perspective in the literature by emphasizing the possible differences in different 

stakeholdersô criteria when evaluating new musical instruments and interactions. 
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These stakeholders are: audience, performers/composers, designers, (component) 

manufacturers and consumers. OôModhrainôs framework also proposes four goals; 

enjoyment, playability, robustness and achievement of design specifications, which 

should be evaluated from the perspectives of these stakeholders. 

In summary, performance should be considered as the ultimate evaluation of any instrument 

design, and digital instruments are no exception. Performers are the only people who can 

provide feedback on an instrumentôs functioning in the context for which it was ultimately 

intended, that of live music making. And yet performers, too, can adapt to properties of 

instruments that are non-ideal ï the sticky pedal on a piano, for example ï so that an 

impartial assessment of an instrumentôs playability is also desirable if a solid design is to be 

assured. (OôModhrain, 2011, p.35) 

Barbosa et al. (2011) conducted a user-centred study in order to propose an 

evaluation methodology from the performerôs view. Their research involved user-

testing a prototype instrument through both solo-sessions and a focus group. The 

performer is undoubtedly the most important stakeholder in the design process of a 

musical instrument (OôModhrain 2011). However, Barbosa et al.ôs research was 

carried out with only four users and while the authors mention that the users were 

familiar with technology and music, they were not professional musicians. It would 

be interesting to conduct the same study with a larger group of professional 

musicians and compare the results in relation to their dimensionality.  

Magnusson (2010) approaches software based musical instrument design from an 

affordances and constraints perspective. In his study, he deliberately creates certain 

constraints on three software instruments and explores which dimensions of new 

musical interactions are affected by the systemôs affordances and constraints. 

Magnusson refers to affordances and constraints as two sides of the same coin, where 

musicians make use of affordances to explore the instrumentôs features (i.e. usability 

issues) where as it is the constraints that define both the primary character and the 

limits of the instrument; in other words, its musical expression possibilities. 

Magnusson further conclude that constraints become available for the performer and 

the composer to explore at the level of sound and mapping engines (Boden, 1990; 

cited in Magnusson, 2010). Hence, expressiveness and virtuosity is not to be found at 

the level of the interface where performer interacts with the affordances, but at the 
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code-level where the instrument designer sets the structural and conceptual 

limitations for the óexpressive spaceô of the instrument (Magnusson, 2010).  

Morreale et al. (2014) base their conceptual model MINUET on the óexperience of 

the playerô, with the intention to reduce the complexity of the design space in order 

to emphasise the experience of the performer. They verify the reliability of their 

framework based on comparisons with the related work and a case study carried 

through a prototypical study. Morreale et al. believe that their model can help 

designers to i) position their work in a structured design space, ii) to elaborate ideas 

and objectives when designing a new interface and iii) to guide the evaluation 

process. Additionally, the framework also introduces a temporal dimension, 

composed of two consecutive stages for designing and evaluating new musical 

instruments: goals and specifications (Figure 2.10).  The first stage; Goal describes 

the design objectives based on óPeopleô (performers and audience), óActivitiesô 

(motivation, collaboration, learning curve and ownership) and óContextsô (music 

style, physical and social environment) where as, the second stage; Specifications 

proposes óTechnologiesô (control, mapping, operational freedom, embodied 

facilitation, input, feedback), which are necessary to achieve the objectives. Once the 

designers move on to the prototyping stage through the specifications, they can go 

back and evaluate their designs based on the goals of the model. The authors explain 

that these four entities enable designers to explore the design process from a user-

centred perspective and the sub dimensions of these entities offer directly applicable 

design perspectives.  
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Figure 2.10 MINUET Framework (Morreale et al. 2014) 

Jord¨ (2004a) focuses on the relationship between the musician and the instrument 

and approaches the design and evaluation of new musical instruments from concepts 

such as apprenticeship (balance between challenge, frustration and boredom), 

learning curve, ease of use, playability and efficiency. Jord¨ôs (2004b) second 

publication of the same year acts as complementary to the first one and further 

explores key concepts from a musician-instrument interaction perspective: musical 

instrumentôs output diversity (Macro/Context, Style, Mid/Performance and 

Micro/Nuances), improvisation, virtuosity and expressivity, variability and 

reproducibility, linearity, control and predictability are the major dimensions, which 

Jord¨ associates as possible óstarting pointsô that need further study and exploration 

for the design and development of new musical instruments. 

What we are affirming is that the performer should never be the instrumentôs slave and that a 

good instrument should not impose its music to its player. A good instrument should not be 

able to produce only good music! (What is good music anyway?) A good instrument should 

also be able to produce ñterribly badò music, either at the playerôs will or at the playerôs 

misuse. Only under these conditions an instrument will allow its performers to play music 

and not only to play with music! (Jord¨, 2004b, p. 707). 
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Blaine and Fels (2003) explore collaborative experience through multiple-performer 

instruments and argue that collaborative interaction facilitates communication 

between performers. Blaine and Felsôs research focuses on instrument design with 

low entry-level skill aimed at novice users but they also acknowledge the importance 

of balancing the trade-off in relation to sacrificing a high ceiling of virtuosity. The 

authors propose ten dimensions for designers to consider while designing interfaces 

for collaborative performance experiences: focus, location, media, scalability, player 

interaction, musical range, physical interface, directed interaction, pathway to 

expert performance and level of physicality. 

Erkut et al. (2011) repurposed an existing multimodal interaction and evaluation 

model (Obrenovic & Starcevic, 2004; Obrenovic et al., 2007) for the design and 

evaluation of new musical instruments. According to the authors, the design of the 

musical interface can employ a simple (visual or auditory) or complex (combination 

of simple modalities; i.e. audiovisual or audiotactile) modality. Similarly, the model 

can be used to evaluate basic or complex constraints. The basic constraints can be 

related to the user (user feature, user state and user preference) or external factors 

(device constraint, environmental constraints and social context).  

Cantrell (2017) proposes a critical framework composed of five broad cultural 

categories for understanding historical, creative and technical dimensions 

surrounding new musical instruments. These categories are: practical research, 

artistic performance, hacking/making, commercial production and self reflexivity. 

Cantrell argues that the comparisons between the relative strengths within and 

between these five categories can be used to assess NIME works based on criteria 

drawn from areas of practice within the field. 
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User-Centred Research Carried Out with Professional Musicians  

While all the aforementioned models frameworks and guidelines make substantial 

contributions to the design and evaluation of new musical instruments, what they 

lack in common is the fact that they usually rely on the researchersô 

personal/practical experiences. In cases where those studies involved user-centred 

experiments; either the sample size is too small or the users were not professional 

musicians. This section presents noteworthy user-centred research carried out with 

music professionals (i.e. professionals from the music industry including makers, 

composers, producers, etc.). While these research works consult experts, their 

findings often fall short of generating actionable design-relevant information due to 

insufficient depth of detail. This issue is particularly important because designers 

(and musical instrument makers) need more concrete and practicable starting points. 

Paine (2009) suggests that while electronic music performances with laptops have 

become widespread, the keyboard/mouse interaction and the opacity of the emerging 

relationship between performance gestures and the musical output creates 

engagement problems for the audience in relation to what Paine calls communication 

of musical intent. Furthermore, Paine argues that the development of new electronic 

instrument design has been impeded by the absence of a generic model for musical 

control. Hence, a user centred study was conducted with professional acoustic 

musicians (Paine et al., 2007) in order to explore the fundamental control parameters 

professional performers use while performing on traditional instruments. The study 

also investigated ï from the performersô perspective ï how these control parameters 

affect the timbral characteristics of their music. Based on the semi structured 

interviews carried out with nine professional acoustic musicians, Paine et al. used a 

two step qualitative analysis procedure in order to reveal fundamental music 

parameters of acoustic instruments such as: tone, dynamics, volume, expression, 

duration, vibrato, articulation, attack, release, sustain, pitch and intonation. The 

second stage of the analysis led to the development of two models: music parameters 

model and control parameters model. Through these models, Paine et al. were also 

able to identify five essential music parameters: (dynamics, pitch, vibrato, 

articulation and attack/release) and four predominant physical control parameters 

(pressure, speed, angle and position), which the musicians use in order to generate 
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the musical parameters. The model also reveals the interrelationships between the 

control parameters and audible timbral characteristics from a óperformer perspectiveô 

while the role musical expression or musicianship plays in aesthetic decisions. 

Following the creation of the models, Paine (2009) also carried out a prototypical 

experiment in order to use the knowledge generated by the models to better 

understand the dynamics related to real-time musical performance contexts. 

According to Paine, the models which is derived from a performer perspective can be 

used for the design of computer music interfaces, which utilize a gestural language 

for live musical performances on a laptop computer. Additionally, Paine believes that 

pressure, speed, angle and position can act as design guidelines for the design of 

future musical interfaces.  

Jord¨ et al. (2016) argue that especially for commercial musical instruments eliciting 

the insights of potential users is critical for the success of the instrument. Hence, 

Jord¨ et al. consulted professional electronic dance music producers through both in-

depth interviews and online surveys to iteratively inform the design and development 

of an interactive drum generator. The professional user insight was used as design 

requirements involving high level user control, musical style and variation 

possibilities. 

Santos (2019) conducted a user-centred study with six expert woodwinds musicians 

in order to explore the interrelationships between timing manipulations and physical 

gestures. Santos concludes that relationship between sound and gesture is indeed 

related to the performerôs artistic/expressive intentions.   

Similarly, Berthaut et al. (2015) propose a design framework in order to improve the 

perception of ólivenessô in DMIs. The authors argue that the audienceôs perceived 

causality between a performerôs gestures and the musical output is central to 

liveness. Berthaut et al. base their framework on a psychological theory; Theory of 

apparent mental causation (Wegner & Wheatley, 1999), which suggests three 

criteria for inferred causality: priority (temporal order of events), consistency 

(congruence between the content of intention and related action) and exclusivity 

(number of possible causes for an action). Berthaut et al., (2015) conducted a user-

centred experiment by designing and visually augmenting three prototype DMIs for 
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each of the aforementioned three criteria. According to the authors, the results of the 

experiment suggest that the causality facilitates the audienceôs understanding of the 

relationship between performerôs gestures and the sonic output.  

Gurevich et al. (2010) explored the emergence of musical style through constraints in 

new musical instruments. Gurevich et al. designed nine identical copies of a one-

button simple musical interface and user-tested the prototypes with nine 

undergraduate and postgraduate music performance students. According to the 

authors, the participants were able to develop a significant degree of diversity in 

personal music style (posture, ways of holding, ways of playing and musical 

variations) within the possibilities suggested by the constraint while also discovering 

non-obvious affordances and techniques which are not directly suggested by the 

instrument. Gurevich et al., report that the participants were able to develop stylistic 

variations both in spite of and because of the perceived constraint.  

Zappi and McPherson (2014) took Gurevich et al.ôs (2010) study as a basis for 

further exploring the effects of constraints on the process of appropriation in new 

musical instruments. The authors designed ten intentionally constrained musical 

instruments for their study, where five of the instruments had single degree of 

freedom where as, the other five had two degrees of freedom. Ten musicians with 

varying backgrounds (five musicians experienced in unconventional/experimental 

electronic interfaces, five musicians experienced in conventional styles e.g. classical, 

rock, folk) user-tested the instruments through both personal practise and live 

performances. According to the authors, while all ten musicians were able to achieve 

individual styles with simple musical interfaces, enhanced freedom had a counter-

intuitive effect on the performersô exploration of the instrumentsô affordances and 

hence decreased the level of appropriation (affordances, musical variations, postures 

and interaction techniques) for the musicians who were given the prototypes with 

two degrees of freedom. According to Zappi and McPherson, (2014) hidden 

affordances constituted the large portion of the variations between individual styles. 

The study proposes that highly constrained instruments actually facilitate the 

appropriation of diverse and unusual playing styles among musicians.   
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Similarly, Tez and Bryan-Kinns (2017) carried out an experiment with professional 

musicians to explore how (intentional) interaction constraints affected their 

performance experience in relation to live improvisation. The authors designed the 

constraints as physical implementations and hidden rules defined on a network 

between the instruments. The results of the study suggest that constraints can lead to 

more structured improvisation however, the final output may not fit with the 

musiciansô intentions. 

Barbosa et al. (2015) state that the current inventory of DMI are either developed by 

academic research based on North American or European contemporary classical and 

experimental music, or as DIY projects designed and built by 

luthier/performer/composer individuals. The authors argue that there is an obvious 

lack of research, which focuses on designing DMIs for musical communities of 

specific/particular cultures which has their own established instruments, recognized 

virtuosi, repertoire and playing styles/gestures. Thus, Barbosa et al. (2015) carried 

out a research study specifically aimed at a local popular music community at the 

Brazilian northeast, where they collaborated with the professional musicians of 

Pernambuco in order to design two new musical instruments. Barbosa et al. 

employed the Design Thinking methodology (Brown, 2008), which is an iterative 

and cyclical process involving three non-linear stages: inspiration, ideation and 

implementation. Barbosa et al. first carried out interviews with the local virtuosi in 

order to gain a better understanding of their modus operandi. Then, the authors 

iteratively designed and evaluated their prototypes in collaboration with the local 

musicians. This study is particularly important in the sense that it is one of the rare 

examples which consult professional musicians for the design and development of 

musical instruments, which will be used by the same musicians. Barbosa et al. also 

propose that user-centred and participatory research carried out with the musicians of 

local musical cultures also improve the chances of acceptance of the DMI by those 

communities.  

Momeni et al. (2018) practice-based research also consulted the actual performers 

who would use the instrument and thus, is a valuable example of participatory user 

research that informs the design process through iterative collaborations with the 

parties involved. The prototype was designed in relation to a dance/music 
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performance, in which the performing musician is engaged in choreographed 

movements with mobile instruments. The collaborative design methodology involved 

musicians, composers, choreographers, dancers and technologists through an 

iterative design and evaluation process. Momeni et al. suggest that the 

methodological approach facilitated a ódialogueô pertaining to design and the desired 

sonic effect as early as the projectôs initiation.  According to the authors, the 

interactions between the parties involved, produced an organic and responsive design 

process. While musical evaluations with musicians and dancers identified what 

changes should be made in each iteration, technical dimensions such as sensor 

quality, audio capture, sound diffusion, processing power, computing platform and 

performance assessment of the instrumentôs overall interactivity were also carried 

out as in-lab assessments.  

Similarly, Hattwick and Wanderley (2017) carried out multiple practice-based 

research projects in collaboration with professional artists with the aim to create 

systems suitable for professional artistic productions. Through their research 

projects, the authors were able to identify seven design specifications relevant to new 

musical instrument design: function, aesthetics, support for artistic creation, system 

architecture, manufacturing, robustness and reusability. The authors propose that 

considering these seven design aspects within the design and development process 

may facilitate the instrumentsô support for continued use in professional contexts. 

Hattwick and Wanderley also propose that the interdependencies (i.e. interrelations 

and cross-impacts) and temporality (i.e. in which phases of the design process they 

are considered) of these seven design aspects are key for achieving longevity in 

professional use contexts. 

Armitage et al. (2017) argue that the majority of new musical instrument design 

frameworks do not provide applicable design suggestions, especially concerning 

subtle and important details. Hence, the authors used traditional lutherie as a model 

for conducting a user-centred study with both violin makers and professional 

violinists in order to explore the subtle nuances in instrument making as well as their 

perception by the performers. The results of the study suggest that: i) frameworks 

and goals form the foundations (and constraints) for design, ii) tacit knowledge (of 

the designer) is mandatory for creating high quality and detailed instruments, iii) tacit 
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knowledge needs comparative tools, iv) playing and testing an instrument are 

different (performer) skills and v) verbal performer feedback (as opposed to 

demonstration) misses details (i.e. identification of differences). Armitage et al. 

(2017) also introduce the term NIMEcraft to describe subtle differences between 

otherwise identical instruments and their underlying design processes. The authors 

argue that NIME evaluation relies on audience response or the performerôs 

judgement. Hence, complementing it with the designerôs interpretation may lead to a 

more constructive, complete and nuanced DMI evaluation. Armitage et al. also argue 

that the design tools for creating new musical instruments with an engineering 

mindset diminish the role of the designerôs embodied knowledge. Hence, engineering 

tools are neither suitable for the development of NIMEcraft skills nor for the 

dissemination of NIMEcraft. 

Digital lutherie should not be considered as a science nor an engineering technology, but as a 

sort of craftsmanship that sometimes may produce a work of art, no less than music (Jord¨, 

2005, p. 9) 

2.2.3 Longevity of New Musical Instruments 

A huge number of DMIs are presented every year and few of them actually remain in use 

(Mamedes et al., 2014, p. 509) 

As mentioned in the previous sections of this Chapter, ólongevityô i.e. sustainability 

of new musical instruments has been a popular topic approached by many 

researchers. The last 20 years of the field made it evident that the majority of the new 

musical instruments are being ever used only by their own creators (Wanderley & 

Orio, 2002; Jord¨, 2005; Ferguson & Wanderley, 2010; McPherson & Kim, 2012; 

Jord¨ et al., 2016; Morreale & McPherson 2017; Gurevich, 2017). Only a few new 

musical instruments can be considered as óexceptionsô that are widely or 

commercially adopted and used (e.g. Reactable).  

There are diverse arguments pointing to different causes behind this issue. The main 

causes can be summarized as: multiple roles combined in a single individual 

(designer/composer/performer), lack of participatory studies with target users 

(professional musicians), lack of idiomatic repertoire, low ceiling for virtuosity, 
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practice based research where the prototypes are built only to inform the research 

questions, and instruments created for performing a specific composition.  

McPherson and Kim (2012) are among many researchers in the field who agree to 

the argument that most of the new musical instruments fail to attract a significant 

following and the designer ends up being the only composer and performer of the 

instrument. The authors conducted a user-centred study with musicians in order to 

explore how musician feedback can be used to inform and refine an existing musical 

instrumentôs design. The researchôs main goal was to explore how a designer can 

establish a continuing role for the instrument in the broader music community. 

However, McPherson and Kim believe that user-centred studies may be more 

beneficial for the redesign or refinement stages of an instrument rather than during its 

original conception. They summarize their argument in their own words as: óJust 

build it, give it to musicians, and learn from what they do. The reason for this partly 

lies in the difference between how designers and new users explore the capabilities 

of an instrumentô. McPhersonôs (2010) electronically augmented a grand piano; 

óMagnetic Resonator Pianoô (MRP) was used to conduct a user-centred study with 

six composers and four performers. For the original design decisions of the MRP, 

McPherson took Cookôs (2001) advice and designed the instrument based on a 

musical composition he wrote.  Over the course of two years, during the various 

performances of the composition, musician feedback was used in order to redesign 

the instrumentôs constraints.  The redesign process involved a complete revision of 

the hardware system as well as adjustments in mapping and control specifications. 

Then, six composers were invited to write musical pieces for MRP and the 

instrumentôs design was further refined based on the musicianôs feedback and 

suggestions. As a result of their study, McPherson and Kim (2012) offer four 

suggestions (i.e. guidelines) for designers who seek to establish their instruments in a 

broader music community: 

1. Design for the first performance; then iterate. 

2. Demonstrate uniqueness but connect to familiar models. 

3. Sell to the audience; follow up with the performer or composer. 

4. Provide access. (p. 26) 
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Wallis et al. (2013) also explore how musical instruments can achieve long term 

engagement with musicians. They borrow from the self determination theory of 

motivation and propose that mastery, autonomy and purpose as the three motives that 

affect perceived enjoyment and thus lead to long term engagement with a product. 

Wallis et al.ôs analysis generates seven heuristics: incrementality, complexity, 

immediacy, ownership, operational freedom, demonstrability and cooperation. The 

authors believe that these qualities can be used throughout the entirety of the design 

process; from ideation to the evaluation of prototypes.  

Morreale and McPherson (2017) investigate the longevity problem with DMIs, 

arguing that most DMIs have difficulties in establishing themselves following their 

creation. The authors conducted an online survey with 70 digital luthiers in order to 

explore the longevity of the DMIs which were created between 2010 and 2014. The 

results suggest that most of these instruments had difficulty in sustaining long-term 

use. Morreale and McPherson also asked the instrument makers to reflect on the 

specific factors that either facilitated or hindered the longevity of their instruments. 

The authors propose a series of design considerations based on these reflections as 

well as existing research on NIME and HCI as follows: i) signature (idiosyncratic) 

features (functionality, aesthetic and craftsmanship), ii) user experience (familiarity, 

simplicity of interaction, set-up time), iii) technology (common platforms, open-

source, portability and low latency, modularity), iv) musical possibilities (ownership 

(personalizability), subtle control) and v) design process (scenario development, 

participatory design, prototyping, market analysis) 

Vasquez et al. (2017) approach the longevity problem from a compositional 

perspective, proposing that certain traditional musical instruments at least partially 

owe their longevity to a dedicated repertoire of music that has been specifically 

composed for them. Hence, the authors discuss ï through presenting various projects 

that involve idiomatic compositions for new musical instruments ï how the concept 

of idiomatic (a style appropriate for the instrument for which particular music is 

written; Harvard Dictionary of Music, 2003; as cited in Vasquez et al., 2017) 

compositions has influenced research and composition practises within the NIME 

community, resulting in specific affordances for sonic social and spatial interactions. 

Vasquez et al. propose that the historical evidence in relation to acoustic instruments 
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make musical instrument development through repertoire, which is guided by the 

design and sonic features of new musical instruments, a viable option for the next 

step in the evolution of future musical instruments. The authors argue that idiomatic 

compositions may in fact shape the characteristics of new musical instrument design 

to a more established musical identity, while also providing a shared understanding 

and common literature to the NIME community.  

Gurevich (2017) seems to agree with Vasquez et al. (2017) and propose that a 

repertoire provides a landscape of aesthetic reference points, a shared map among 

performers, composers, designers, and audiences onto which individual 

performances can be situated, and around which critical discourses can develop (p. 

168). Gurevich (2017) further proposes that the NIME community should consider 

ways to create a repertoire that facilitate not only performances but the development 

of new musical instruments; where as, the process too frequently happens the other 

way around (p. 168).  

2.2.4 Decoupling: Musical Instrument vs. Musical Controller 

óMusical instrumentô by definition, refers to a device, which allows the user to 

generate sounds. The sound generation process involves two basic functions: 

1. The musical controller; an óinputô component the musician uses in order to 

create, control and modify the music (i.e. musical notes, melodies, chords, 

clusters, noise, loops, textures, silence) 

2. The sound generator; an óoutputô component that generates the actual sound 

In the context of traditional acoustic instruments, these two functions are óembodiedô 

(integrated within a single structure). (Mathews, 1963; Hunt et al., 2000; Wanderley 

2001).  In the case of a violin; the neck, fingerboard and the strings serve as the 

musical controller (input), while the body of the instrument and the óf-holesô (sound 

holes) generate the vibrations and project the sound waves (output). Similarly, in 

wind and brass instruments such as a flute, clarinet, saxophone or trumpet, the 

musician blows into and fingers the same structure, which also generates the sound.   
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In the second half of the Twentieth Century, advancements in computer-based sound 

synthesis techniques such as óadditive synthesisô (Chamberlin, 1976; DiGiugno, 

1976), óphysical modellingô (Hiller & Ruiz 1971a, b; McIntyre et al., 1983), FM 

(Chowning, 1973), ówave-guideô (Smith, 1992), and óscanned synthesisô (Verplank, 

Mathews & Shaw, 2000) have enabled computers to generate sounds and play them 

back through loudspeakers (Levitin et al., 2002).  

This achievement led to the birth of a new species of input devices called ómusical 

controllersô. A musical controller ï or more commonly referred to as a ócontrollerô ï 

is a device, through which, the musician controls how the sounds created (real-time) 

or stored (pre-recorded) in the computer will be released (Roads & Strawn, 1985; 

Mathews & Pierce, 1989).  

In the context of musical instrument design, the invention of controllers resulted in a 

paradigm-shift of critical importance because it allowed the aforementioned two 

basic functions of a musical instrument to be physically and structurally separated; in 

other words, as a separate controller and a sound generator (Winkler, 1995; Hunt, et 

al., 2000; Jord¨, 2001; Fels et al., 2002). 

Furthermore, the paradigm-shift concerning controllers had a radical impact on the 

temporality of sound generation as well, because, in decoupled instruments, there is 

no requirement for user input to result in immediate sonic output (Reid et al., 2019). 

As the physical constraints of acoustic instruments do not apply to musical 

controllers, decoupling of functions makes new musical instruments more óflexibleô 

in regards to design (Roads, 1996; Paine, 2013) and can open up new possibilities for 

alternative control devices (Wanderley, 2001) and new ways of producing live music 

beyond the traditional focus on how musical notes are played (Paine, 2013). In other 

words, new musical instruments extend musical notes control to óprocess controlô; 

(Medeiros et al., 2014) enabling the musician to not only play notes but also trigger 

pre-recorded samples, effects and loops (Paine, 2013).  

Electronic input devices detach the control of sound from the need to power the sound; any 

one of dozens of input devices can control the same sound generator. This translates into 

musical flexibility. With electronic instruments, a single wind controller can create the low 

bass sounds as easily as the high soprano sounds. Creating extremely soft or loud sounds 
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requires minimum effort since the control is electronic. Obviously, the detachment of sound 

control from sound production has a negative side ï the reduction of the ófeelô associated 

with producing a certain kind of sound. (Roads, 1996). 

While acknowledging the advantages of óflexibilityô gained through decoupling, 

what Roads (1996) negatively points out with reduction of the feel, actually refers to 

the lack of physical feedback the musician receives from the sound generator. In 

other words, the musician sacrifices a strong relationship with the concrete body of 

the instrument (Medeiros, 2014); what Paine (2013) describes as an embodied 

relationship.  This discussion is illustrated in Figure 2.11: 

 

Figure 2.11 Representation of an Embodied Musical Instrument vs a Decoupled Musical Instrument 

According to Levitin et al., (2002) during the 1990s, research in synthesis and 

computer-generated sound has placed great emphasis on the development of óbetter 

soundô while comparatively little attention has been given to the devices that would 

control that sound. The most common early examples of musical controllers were 

designed after piano keyboards (Roads, 1996). The hammer-action of a traditional 

acoustic piano is an extremely complex invention that is composed of around 100 

(per single key) components. Every one of these components ï pressing a key 

initiates a chain of events that eventually lead to sound ï has a physical impact on the 

generated sound. While a MIDI controller keyboard physically resembles an acoustic 

pianoôs keyboard (identical white key-black key layout) the controller itself does not 

generate any sound, the chain of events ï which involves various sensors receivers 

and transmitters ï is completely electronic (Levitin et al., 2002). While this argument 

is true in principle, mainstream conventional musical instrument manufacturers try to 

compensate for the lack of physicality in the hammer action by giving a semi-
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weighted or weighted feel to the keys through spring loaded actions or similar 

mechanisms, which in turn provide physical resistance and feedback. These kind of 

attempts aimed at improving the óaesthetics of interactionô form an important part of 

the synergy between industrial design, interaction design and engineering. 

In addition to controller keyboards, early examples of novel controllers include 

Yamaha WX7 (1987), a wind controller with the product semantics of a soprano 

saxophone where the player can control the sound output by blowing and pressing 

keys, Roland CompuRhythm CR-78 (1970), a programmable rhythm box composed 

of a large array of knobs and buttons, and other electronic controllers, which were 

designed to look like guitars, drum pads or other acoustic instruments. 

By the end of the Twentieth Century, controllers further evolved to feature new 

designs that did not mimic acoustic instruments. These instruments were designed to 

translate musiciansô intuitive gestures more directly into sound manipulation (Levitin 

et al., 2002) (for examples, see: Mathews, 1991; Rich, 1991; Boulanger & Mathews, 

1997; Mulder et al., 1997; Marrin-Nakra, 2000). 

Wanderley (2001) proposes that systematic study of how musical sound can be 

controlled is yet to receive sufficient scientific attention. Additionally, evolution of 

musical controllers inevitably created the need for a new classification system 

(Levitin et al., 2002) due to the inabilities of previous classification systems to sort 

controllers into their existing structure.  

2.2.5 Gesture and Mapping in New Musical Instruments 

In musical context, gesture and mapping are two interlinked concepts that apply to 

all musical instruments. However, the relationship between gesture and mapping 

becomes more decisive in the context of new musical instrument design. Therefore, 

this section attempts to define and explore these concepts based on their 

interconnection.  



 

63 

2.2.5.1 Gesture in New Musical Instruments 

Mulder (2000) describes gestures as: ódynamic human actionsô as opposed to static 

postures. Among other noteworthy definitions of gesture, such as: ómotions of the 

body that contain informationô (Kurtenback & Hulteen, 1990; as cited in Miranda & 

Wanderley, 2006), or ómovements that convey meaning to oneself or to a partner in 

communicationô (Hummels et al., 1998; as cited in Miranda & Wanderley, 2006), 

Miranda and Wanderleyôs (2006) definition; óAny human action used to generate 

soundsô proves to be the most holistic approach for musical context. As human 

actions are not limited to hand movements; Miranda and Wanderleyôs definition of 

gestures includes all intentional contact and non-contact body movements. 

Miranda et al. (2006) classify gestures in two main groups: 

1. Gestures for which no physical contact with a device or instrument is 

involved. These are referred to as: empty-handed, free, semiotic or naked 

gestures. 

2. Gestures where some kind of physical contact with a device or instrument 

takes place. These are referred to as: manipulative, ergotic, haptic or 

instrumental gestures. 

Theremin (invented by Leon Theremin in 1920), is considered as one of the 

archetypes of new musical instruments and it features a free (non-contact) gesture 

controlled interface. Since the musician plays the instrument without any physical 

contact with the interface (Figure 2.12), s/he receives no primary tactile, vibro-tactile 

or visual feedback but only sound (secondary) feedback. Thus, the instrument is 

considered very difficult to master on a virtuoso level.  
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Figure 2.12 Leon Theremin, performing on his electronic musical instrument; Theremin. 

Jensenius et al. (2010) define musical gestures as human body movement that goes 

along with sounding music, and take a different perspective by dividing it in two 

main categories including the óreceiversô of music: the gestures of those that produce 

the sounds (the musicians), and the gestures of those that perceive the sounds (the 

listeners or dancers).  

Jensenius et al. (2010) propose a general framework based on the work of Zhao 

(2001) and McNeill (2000), which approaches gestures from the viewpoints of 

communication, control and metaphor: Communication gestures are used in the 

context of social interaction (i.e. linguistics, behavioral psychology, social 

anthropology) where as, control gestures are used as elements of interactive and 

computational systems such as HCI and computer music. Metaphorical gestures 

work as concepts that project physical movement or sound to cultural topics (i.e. 

cognitive science, psychology, musicology).  

Even though control gestures seem to be the main source for generating musical 

interactions, Jensenius et al. (2010) propose to consider metaphorical gestures as a 

mental entity that can be evoked from musical sound. In other words, the experience 

of gesture ówithin musicô (Hatten, 2003; as cited in Jensensius et al., 2010) or what 
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Delalande calls figurative gesture, which may be conveyed through sound 

(Delalande, 1988; as cited in Jensensius et al., 2010). 

A study developed by Delalande (1988, as cited in Cadoz & Wanderley, 2000) on the 

playing technique of world-renowned Canadian pianist Glenn Gould, suggests that 

gestures related with instrumental performance can be analysed on at least three 

levels; ranging from purely functional to purely symbolic: 

Effective Gestures: Gestures, which actually generate the sound. 

Accompanist Gestures: Body movements such as shoulder or head movements. 

Figurative Gestures: Gestures that are perceived by the listener but do not necessarily 

correspond directly to movement by the performer.  

According to Delalande (1988, as cited in Cadoz & Wanderley, 2000) the function of 

accompanist gestures is equally related to both imagination and sound production. 

While effective and accompanist gestures are related to the physical actions of the 

performer, figurative gestures are completely symbolic (Cadoz & Wanderley, 2000).  

Jensenius et al. (2010) further expand Delalandeôs work and classify musical 

gestures based on work by Gibet (1987), Cadoz (1988), Delalande (1988) and 

Wanderley and Depalle (2004) according to their functional aspects into four 

categories: 

Sound-producing gestures are the ones that are effective in producing sound. They can be 

further subdivided into gestures of excitation and modification. Sound producing gestures are 

called instrumental gestures in (Cadoz, 1988) and effective gestures in (Delalande, 1988).  

Communicative gestures are intended mainly for communication. Such movements can be 

subdivided into performer-performer or performer-perceiver types of communication. 

Communicative gestures are called semiotic gestures in (Cadoz & Wanderley, 2000).  

Sound-facilitating gestures support the sound-producing gestures in various ways. Such 

gestures can be subdivided into support, phrasing and entrained gestures. Sound-facilitating 

gestures are called accompanying gestures in (Delalande, 1988), non-obvious performer 

gestures in (Wanderley, 1999), and ancillary gestures in (Wanderley & Depalle, 2004).  

Sound-accompanying gestures are not involved in the sound production itself, but follow 

the music. They can be sound-tracing, i.e. following the contour of sonic elements (Godßy et 

al., 2006a), or they can mimic the sound-producing gestures (Godßy et al., 2006b). 
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In regards to space and temporality, Jensenius (2015) classifies musical actions 

(gestures) in three spatial levels:  

Micro: the smallest controllable and perceivable actions, happening at a millimetre scale (or 

smaller) 

Meso: most sound-producing and sound-modifying actions on musical instruments, such as 

moving the fingers on a keyboard or MIDI controller, happening at a centimetre scale  

Macro: larger actions, such as moving the hands, arms and full body, happening at a 

decimetre to metre scale. (p. 16) 

2.2.5.2 Mapping in New Musical Instruments 

In the musical context, óMappingô refers to the action of pairing or matching gestures 

with sound generation. As mentioned in the previous section, a musical instrument is 

composed of two main components: controller interface facilitates the input function 

and sound generator facilitates the output function. Don Buchla describes an 

electronic/digital musical instrument similarly, consisting of three components: an 

input structure that we contact physically, an output structure that generates the 

sound, and a connection between the two (Diliberto, 1983; as cited in Reid et al., 

2019). What Buchla refers to as a connection between the two is in fact the mapping 

strategies between the input and the output.  

There are two main points of view (Hunt et al., 2000) regarding the role of mapping 

in interactive systems:  

Å Mapping is a specific feature of a composition;  

Å Mapping is an integral part of the instrument.  

Hunt et al. (2000) subscribe to the second point of view and suggest that mapping 

should be considered as part of an instrument, and that it influences the way a 

performer makes use of it in different contexts. Similarly, Fels et al. (2002) and 

Miranda and Wanderley (2006, p. 3) define the musical instrument as composed of 

three parts: the input interface, the mapping and the output interface (as illustrated in 

Figures 2.13 and 2.14 respectively). There seems to be a consensus in the literature, 
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which considers mapping as the óessenceô (Rovan et al., 1997; Hunt et al., 2003) of a 

musical instrument.  

 

Figure 2.13 The musical device has an input interface and an output interface. The two are related by the mapping  

(Fels et al., 2002). 

According to Fels et al. (2002) mapping becomes more important in new musical 

instruments as opposed to traditional acoustic instruments because when the 

components of an instrument are physically separated (decoupling), it becomes 

harder for the musician to mentally process the connections between gestures and 

sound production (Winkler, 1995; Hunt et al., 2000; Jord¨, 2001). Where as, in 

traditional acoustic instruments, implementation of mechanical systems (e.g. strings 

on a violin, hammer action mechanism on a piano) and form factor (embodiment) 

make the mapping easily perceivable for the musician. Fels et al. propose that the 

concept of ótransparencyô is the quality of mapping, which facilitates this 

understanding: ñTransparency provides an indication of the psychophysiological 

distance, in the minds of the player and the audience, between the input and output of 

a device mappingò (2002, p. 109).  

Consequently, mapping is the primary decisive element for instrument controllability 

(Moore, 1998; Fels & Lyons, 2009). Mooreôs (1988) concept of óControl Intimacyô 

directly points to the link between mapping and controllability:  

The best traditional musical instruments are ones whose control systems exhibit an important 

quality that I call óintimacyô. Control intimacy determines the match between the variety of 
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musically desirable sounds produced and the psycho-physiological capabilities of a practiced 

performer. It is based on the performerôs subjective impression of the feedback control lag 

between the moment a sound is heard, a change is made by the performer, and the time when 

the effect of that control change is heard. (p. 21) 

Since control intimacy depends upon gesture to sound mapping (Fels & Lyons, 2009) 

control related problems occur based on: 

¶ Dimensionality of mapping 

¶ Complexity of mapping 

¶ Mapping strategies 

As illustrated in Figure 2.14, it is possible to employ virtually countless (Rovan et 

al., 1997) mapping strategies between control and sound generation. However, Hunt 

et al. (2003) suggest that different mapping strategies for the same set of inputs and 

outputs will affect how the musician reacts musically and psychologically to the 

musical instrument. It is suggested that mappings are best when they are intuitive, 

and when they afford the maximum degree of expression with minimal cognitive 

load (Keele 1973; Mulder et al., 1997). Additionally, while having infinite 

possibilities for designing different mappings seems like an advantage, Medeiros et 

al. (2014) suggest that this advantage can actually become a problem because there is 

no established method or tool to guide designers in regards to how gestures should be 

mapped to sound variables (Calegario et al., 2013). 

 
Figure 2.14 A virtual instrument representation (reproduced from Rovan et al, 1997, p. 68). 
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Through properly designed mapping strategies, the musician eventually starts to 

develop a higher level of control and comfort on the instrument, which Burzik 

describes as: Flow in musical expression (Figure 2.15) (Burzik, 2002; as cited in Fels 

& Lyons, 2009) 

 

Figure 2.15 Flow in musical expression (Burzik, 2002; reproduced from Fels and Lyons, 2009). 

In regards to classifying mapping strategies, Rovan et al. (1997) propose to combine 

them in three groups: 

1- One-to-one Mapping: Each independent gestural input is assigned to one 

musical parameter, usually via a MIDI control message. This is the simplest 

mapping scheme, but usually the least expressive. It takes direct advantage of 

the MIDI controller architecture. 

2- Divergent Mapping: One gestural input is used to control more than one 

simultaneous musical parameter. Although it may initially provide a macro-

level expressivity control, this approach may nevertheless prove limited when 

applied alone, as it does not allow access to internal (micro) features of the 

sound object. 

3- Convergent Mapping: In this case, many gestures are coupled to produce one 

musical parameter. This scheme requires previous experience with the system 

in order to achieve effective control. Although harder to master, it proves far 

more expressive than the unity mapping. 

Today, thanks to the advancements in technology, it is possible to combine the 

above-mentioned three mapping strategies to create a fourth multi-dimensional 

mapping model (Fels & Lyons, 2009) illustrated in Figure 2.16. 
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Figure 2.16 Types of mapping strategies (reproduced from Fels and Lyons, 2009). 

Furthermore, Hunt et al. (2004) claim that even though there is substantial amount of 

research on improving the effectiveness of mapping, new musical instrument 

designers do not dream up the complex types of interaction that occur in acoustic 

musical instruments. Suitable mappings must be found between a musicianôs gesture 

and the control of various aspects of a musical tone (Cadoz et al., 1984; Wanderley, 

2001). Ο 

A substantial amount of research has been conducted in order to explore the use of 

metaphors ï an already well established tool for problem solving in the context of 

Product Design among many other disciplines ï for creating new and effective 

mappings. Wessel et al. (2002) explored a variety of cognitively meaningful 

metaphors through their practice-based research where they present custom 

controllers and unique adaptations of gestural interfaces, which are used through 

metaphors such as: scrubbing, drag and drop, catch and throw and dipping. 

Similarly, Fels et al. (2002) explore the use of metaphors to improve musical 

expressiveness through their four novel music and voice controller prototypes, 

where, the authors used the metaphors of guitar playing, sculpting (claying, carving, 

chiselling, assembly), falling rain and an articulatory model of speech. According to 

the authors, the results reveal an improvement in expression where the metaphors 

matched the implementation. However, Fels et al. also point out the inherent 
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difficulties with the use of metaphors (e.g. lack of tactile feedback, opaque mapping) 

and that they work well if the performerôs initial understanding of the metaphor is 

consistent. Fels et al. suggest the use of metaphors in design as a stepping-stone for 

performers and audiences and recommend designers to provide a directly accessible 

and enhanced functionality when the metaphor cannot achieve consistency.  

2.2.6 Feedback in the Context of New Electronic Musical Instruments 

Feedback is a very critical element of musical interaction, simply because it informs 

the musicians the results of their actions. Traditional acoustic musical instruments 

generate similar modes of feedback due to their physical construction and 

implemented mechanical systems. These feedbacks ï in most parts ï is exclusive to 

the performer rather than shared with the audience.  

In the context of musical interaction, types of feedback can be listed as: tactile, 

kinaesthetic, haptic, vibro-tactile, audio (or sonic) and visual. As explained by 

Bongers (2000), the sense of touch consists of three main senses, which are often 

difficult to separate: 

Tactile perception receives its information through the cutaneous sensitivity of the skin, 

when the human is not moving. Proprioceptors (mechanoreceptors that sense forces in the 

muscles, tendons and joints) are the main input for our kinaesthetic sense, which is the 

awareness of movement, position and orientation of limbs and parts of the human body. 

Haptic perception uses information from both the tactile and kinaesthetic senses. Active 

haptic perception, when actively gathering information about objects outside of the body, is 

the main sense that can be applied in interfaces. The tactile, kinaesthetic and haptic 

perception together, is called tactual perception as defined by Loomis & Leederman (1986) 

building on the seminal work of J. J. Gibson in the fifties. (p. 45) 

While only the performers receive tactile, kinaesthetic, haptic or vibro-tactile 

feedback (they require physical contact with the musical instrument), audio and 

visual feedback are shared by the performer and the audience. The audienceôs 

perception of the physical gestures of the musicians, as well as the physical changes 

on the interfaces of the musical instruments, (e.g. depth change in piano keys or 

movement of bows and strings on a cello) can be considered as óvisual feedbackô as 

well. 
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In traditional acoustic instruments, the musician has an embodied relationship (Paine, 

2013) with the concrete body of an instrument. This relationship enables the 

performer to adjust his/her playing dynamics instantly through tactual or haptic 

feedback:  

A pianist can see and locate a specific key before playing it, can use the resistance of the key-

action mechanism to help know how hard to press the key, and can use the feeling of 

adjacent keys to keep track of hand position. (Dobrian and Koppelman, 2006, p. 280) 

However, in new musical instruments, the emergence of popular interfaces such as 

touchscreens (Figure 2.17), do not always provide the intended results for musical 

interaction due to lack of tactual feedback. Tufte (2011) ï through examples of his 

sculpture work ï suggest that tactile information transmitted from non-flat surfaces, 

is critical for perceiving the environment with which, humans interact. These 

surfaces are complex, luscious, subtle, responsive, warm or cool and three-

dimensional to the touch; offering rich microphysical information, which is created 

and detected by hand, when the artwork is touched. 

There is no such hand in touchscreen computer devices. The touchscreen has no texture 

variation, has no physical surface information, is dead flat, reflects ambient light noise, and 

features oily fingerprint debris when seen at a raking angle. AlsoΟthe elegant sharp edges that 

encase many touchscreens require users to desensitize their hands in order to ignore the 

physical discomfort produced by the aggressive edges [é]. (Tufte, 2011) 
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Figure 2.17 A Soft-instrument app on a digital tablet with a touchscreen interface. 

According to Victor (2011) there's a reason that human fingertips have some of the 

densest areas of nerve endings on the body; The sense of touch is essential to 

everything that humans have called óworkô for millions of years. Victor further 

suggests that this is how humans experience the world close-up, as well as how tools 

ótalk backô to humans. Touchscreen interaction ï in Victorôs terms Pictures Under 

Glass ï is a technology, which sacrifices all the tactile richness of working with 

hands, offering instead a óhockey visual fa­adeô. 

Pictures Under Glass is an interaction paradigm of permanent numbness. It's a Novocaine 

drip to the wrist. It denies our hands what they do best. And yet, it's the star player in every 

Vision of the Future. To me, claiming that Pictures Under Glass is the future of interaction is 

like claiming that black-and-white is the future of photography. It's obviously a transitional 

technology. And the sooner we transition, the better. (Victor, 2011). 

According to Norman (2010), even though marketers label touchscreen products as 

óNatural User Interfacesô for more effective promotion, they are far away from being 

ónaturalô for users: 

Most gestures are neither natural nor easy to learn or remember. Few are innate or readily 

pre-disposed to rapid and easy learning. Even the simple headshake is puzzling when cultures 
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intermix [é] More important, gestures lack critical clues deemed essential for successful 

human-computer interaction. Because gestures are ephemeral, they do not leave behind any 

record of their path, which means that if one makes a gesture and either gets no response or 

the wrong response, there is little information available to help understand why. The requisite 

feedback is lacking. Moreover, a pure gestural system makes it difficult to discover the set of 

possibilities and the precise dynamics of execution. These problems can be overcome, of 

course, but only by adding conventional interface elements, such as menus, help systems, 

traces, tutorials, undo operations, and other forms of feedback and guides [é]. (p. 6) 

Starting with the second half of the Twentieth Century, the advancements in 

technology conceptually and practically re-defined óVisual Feedbackô in the context 

of digital musical instruments. The implications of this paradigm-shift became a real 

ógame-changerô for both musicians and the audience; offering new performance 

possibilities for the former and new performance experiences for the latter.  

Visual feedback in new musical instruments (Fels & Lyons, 2009, module C, p. 6) 

may refer to: 

¶ Visual appearance of the instrument 

¶ Visualization of the interaction 

¶ Visualization of the sound output 

While the practical implications of visual feedback offer infinite possibilities, it also 

creates drawbacks and potential risks. For traditional acoustic instruments, once the 

musician develops a certain level of control and proficiency over the instrument 

(óFlowô in musical expression; Burzik, 2002) the interaction becomes intuitive and it 

is always possible to perform without having to look at the instrument. From this 

perspective these instruments can be referred to as óblind instrumentsô and the 

interaction they offer as óblind interactionô. However, in the case of new musical 

instruments, majority of the information, which the musician needs in order to 

perform before (set-up) and during the performance is transmitted through visual 

cues. Thus, it is literally not possible for the musician to interact with the instrument 

without constantly looking at the interface. This is a new interaction model, which 

has no foundation concerning existing music making traditions. Thus, it potentially 

creates problems especially for classically trained musicians. 
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óMeaningô of visual cues being transmitted from the instrument is equally important. 

When the visual feedback is mapped properly within the musical interaction, the 

visualization of that interaction makes sense to both the performer and possibly to the 

audience. In other words, visual feedback becomes a óhelperô or a facilitator. 

However, when the visual cues are way too abstract, or unrelated with the musical 

interaction they interfere (Figure 2.18) with the performance and become a 

ódistractionô, both for the performer and the audience. 

 

Figure 2.18 Representation of Visual feedback as an óInterferenceô in New Musical Instruments 

2.2.7 Musical Expressivity 

In the broadest sense, óExpressivityô is a very abstract concept and there is not a 

consensus in the literature regarding neither its definition nor dynamics. Expressivity 

has been mythicized due to strikingly different definitions by different authors in 

time (Williamon, 2004; p. 248). According to Williamon, this has led to the belief 

that expressivity is a completely subjective quality, which cannot (or should not) be 

described in scientific terms (Hoffren, 1964; Howard, 1989; as cited in Williamon, 

2004, p. 248). Building on Fels et al.ôs (2002) definition of Expressivity; óthe act of 

communicating meaning or feelingô for the purposes of the thesis, óMusical 

Expressivityô is defined as: The act of musically communicating a feeling, emotion, 

message or meaning. In the context of musical interaction, expressivity concerns 

both the sound (musical outcome) and the physical gestures of the performer. 

Consequently, expressivity of a musical performance becomes a subject matter, 

which involves both the performer and the audience (Fels et al., 2002).  

Musicians manipulate or combine various physical dimensions of sound to achieve 

an expressive performance. These dimensions can be temporal (duration of musical 
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notes), volume related (loudness related nuances), touch related (also called 

óvoicingô; involving different levels of pressure for individual notes or chords) or 

articulation related (involving the relationship between how consecutive notes are 

played; e.g. disconnected vs tied to each other). Depending on the nature of the 

instrument, the performers may use multiple parts of their bodies to achieve these 

dimensions in their playing. The shift from acoustic musical instruments to 

electronic/digital music instruments offer new possibilities in this regard as well.  

Consequently, expressivity becomes equally important for the audience because it 

enables the listeners to identify the subtle differences in the feeling or meaning that is 

being conveyed by the musician. Especially concerning classical music repertoire, 

where different performers play the same musical score in a ónote to noteô identical 

way, expressivity becomes a critical identifier of an interpretation. Thus, musicians 

are able to communicate their unique musical identities through an expressive 

performance.  

In the context of new musical instrument design, the technical basis of expressivity is 

achieved by gesture recognition and mapping (Rovan et al., 1997; Fels et al., 2002).  

While a transparent mapping alone does not guarantee achieving expressivity (Fels et 

al., 2002), ñéthe more transparent the mapping is, the more expressive the device 

can potentially be [é] Expressivity is not guaranteed ï expression is complex, and 

transparency facilitates expressionò (pp. 109-110). 

[é] However, because traditional acoustic musical sound is a direct result of the interaction 

between an instrument and the performance gesture applied to it, if one wishes to model this 

expressivity, in addition to modelling the instrument itself -whatever the 

technique/algorithm- one must also model the physical gesture, in all its complexity. (Rovan 

et al., 1997, p. 68).  

In traditional acoustic instruments, the range and diversity of gestures are determined 

by the physical limits of the instrument (i.e. mechanical system, form factor). In 

contrast, new musical instrument designers are free to map any kind of gesture to any 

type of sound output (Arfib et al., 2005). Additionally, Arfib et al. further propose 

that expressiveness in the design of electronic musical instruments is not restricted to 

producing expressive gestures; the gestures do not have to be ñexpressiveò 
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themselves, but they have to enable the generation of expressive sounds. Another 

criterion for measuring the expressivity of a musical instrument is its flexibility to be 

used to play diverse music styles. 

The expressiveness will be correlated with the ability of an instrument to allow the performer 

to adapt his playing to a context [é] An óexpressive musical instrumentô can therefore also 

be said to be an instrument, which allows a performer to follow other musicians in various 

musical directions. (Arfib et al., 2005, p. 128). 

According to Jord¨ (2001) there is a common belief that more hard-to-play 

instruments lead to richer and more sophisticated music. However, Jord¨ suggests 

that expressivity does not really imply difficulty, and in that sense, one of the 

obvious research trends in new musical instrument design can be the creation of 

easy-to-use and, at the same time, sophisticated and expressive instruments. 

According to Juslin (2003), óExpressionô refers to a set of perceptual qualities that 

reflect psychophysical relationships between óobjectiveô properties of the music, and 

ósubjectiveô (or, rather, objective but partly person-dependent) impressions of the 

listener. Juslin (2003) also proposes that expression resides on a diverse set of 

factors, which are limited to neither the performer nor the music itself: 

[é] expression does not reside solely in the acoustic properties of the music (different 

listeners may perceive the expression differently), nor does it reside solely in the mind of the 

listener (different listeners usually agree about the general nature of the expression in a 

performance). Expression depends on both of these factors, in ways that, although complex, 

can be modelled in a systematic fashion. (p. 276)  

Juslin (2003) further discusses a more restrictive approach to expression that is 

common in research, which proposes that music is expressive of a certain quality 

only to the extent that there is some minimum level of agreement among the 

listeners. Thus, a link between expression and communication also becomes 

significant:   

The concept of communication (of emotion, for instance), in contrast, goes further: accurate 

communication, I believe, requires that there is both a performerôs intention to express a 

specific concept and recognition of this concept by a listener. Perhaps, it may seem strange to 

talk about communication accuracy in the context of music. Still, most performers are 

probably ï or should be ï worried about whether their musical interpretation is actually 
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perceived by listeners the way they intended it. (What is the purpose of a specific 

interpretation if every listener fails to perceive it?) The performer may, for instance, wish to 

highlight an emotional character that is latent in the composition. The extent to which 

performer and listener agree about the emotional expression of the performance could 

pragmatically be seen as a measure of the accuracy of the communication. (p. 277) 

Juslin (2003) states that the main reason behind the problematic nature of 

expressivity in a research context, is a large set of complicated real-world 

relationships, which need to be taken into account in order to fully understand, 

evaluate or measure expressivity. These relationships are not limited to the performer 

and the instrument; they are in fact part of an extensive eco-system including the 

performer, instrument, audience, (musical) composition and context. Juslin proposes 

a comprehensive ólist of factorsô (Table 2.2), which may -in principal- influence 

expressivity. 
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Table 2.2 Examples of factors that might influence expression in music performance (Juslin, 2003) 

Type Examples of factors 

 

Piece-related 

The musical composition itself 

Notational variants of the piece 

Consultations with composer or composerôs written comments 

Musical style/genre 

 

Instrument-related 

Acoustic parameters available 

Instrument-specific aspects of timbre, pitch, etc. 

Technical difficulties of the instrument 

 

Performer-related 

The performerôs structural interpretation 

The performerôs expressive intention with regard to the mood of the piece 

The performerôs emotion-expressive style 

The performerôs technical skill 

The performerôs motor precision 

The performerôs mood while playing 

The performerôs interaction with co-performers 

The performerôs perception of/interaction with audience 

 

Listener-related 

The listenerôs music preferences 

The listenerôs music expertise 

The listenerôs personality 

The listenerôs current mood 

The listenerôs state of attention 

 

Context-related 

Acoustics 

Sound technology 

Listening context (e.g. recording, concert) 

Other individuals present 

Visual performance conditions 

Larger cultural and historic setting 

Whether the performance is formally evaluated 
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2.2.8 Augmented Musical Instruments 

One popular convention in new musical instrument design is to augment musical 

instruments with computers, high technology/legacy controllers and a diverse variety 

of sensors. In other words, designers pair processing power and conventional 

controllers through wired or wireless protocols with acoustic or electronic musical 

instruments or other devices in order to alter, improve or extend the inherent 

capabilities of musical devices. From this perspective, augmented instruments can be 

a bridge between traditionally established musical instruments and novel digital 

interfaces (Schramm et al., 2018). Extended, expanded, electronically excited, smart, 

hyper, meta and hybrid are among the terms that are used to define different types of 

augmented musical instruments based on various technological interventions. 

Irrespective of technological variations, augmentation heavily relies on the 

implementation of sensors. Hence, Medeiros and Wanderley (2014) present very 

useful information in their comprehensive review of sensors in relation to sensor 

technology and application in the context of musical instrument design and musical 

interactions. 

Schiesser and Schacher (2012) state that the design and development of augmented 

instruments can be traced back to the days when the miniaturization of computing 

technologies enabled electronic components (e.g. tiny computers, micro-controllers, 

sensors and transducers) to be added to musical instruments. In regards to form 

factor, augmentation of musical instruments can either be embodied similar to 

acoustic instruments or they can physically separate the controller interface from the 

sound generator.  

Musicians and designers may have many different reasons to augment existing 

musical instruments: in order to enhance control (Schiesser & Schacher, 2012), 

extend sonic capabilities (Pardue et al., 2019) or to repurpose the performerôs 

existing skill and technique on a traditional instrument (Pardue et al., 2019). The 

augmentation can be done in order to improve performer-instrument interaction, to 

explore alternative sound generation methods, or both. (Schramm et al., 2018) 

Furthermore, an augmented musical instrument may also be designed in relation to 
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realize a specific musical composition or a live musical performance (McPherson & 

Kim, 2012).  

An example of an augmented instrument; the augmented violin óSvampolinô (Pardue, 

et al., 2019) is presented in Figure 2.19: 

 

Figure 2.19 óSvampolin (Pardue et al., 2019) 

However, when the instruments are augmented with controllers that feature 

excessively with multiple knobs or sliders, this strategy gives birth to sophisticated 

and complex user interfaces instead of musically inspired ones. Additionally, 

musicians may need to consult a user manual in order to set-up, learn, memorise and 

eventually use these instruments. Concepts associated with traditional acoustic 

instruments such as óimmediate sound generationô or óimmediate interactionô may 

not apply to this group of instruments unless the musician is already very 

experienced with similar kinds of gear.  

Patten et al. (2002) point out interaction problems caused by the complexity of such 

augmented user interfaces:  

Knobs and sliders are almost too modular: musicians spend more time remembering what 

each knob does than focusing on the performance. Furthermore, these interfaces lack an 

expressive character, and it is difficult to control multiple parameters at once. (p. 148) 
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Schiesser and Schacher (2012) express similar concerns:  

Depending on the degree of awareness necessary to control these additional layers, the 

instrumentalist may face a lack of mental resources necessary to play at the same time an 

acoustic instrument and a controller at a virtuoso level.  

2.2.8.1 Augmenting Existing Musical Instruments 

Augmenting existing musical instruments has been a very popular research interest 

since the early days of new musical instrument design. Many diverse practice-based 

research studies have been carried out to augment traditional acoustic, electric, 

electronic and even ethnic musical instruments. Noteworthy examples include: 

augmented violin  (Overholt & Gelineck, 2014; Pardue et al., 2019), classical guitar 

(Meneses et al., 2018; Morreale et al., 2019), double bass (Liontiris, 2018), 

violoncello (Eldridge & Kiefer, 2017), mandolin (Turchet & Barthet, 2018), piano 

(Berdahl et al., 2005; McPherson & Kim, 2012; Dahlstedt, 2015; Granieri & Dooley, 

2019), timpani  (Sello, 2016), drums (Champion & Zareei, 2018), clarinet 

(Normark et al., 2016), trumpet  (Reid et al., 2016; Neill, 2017), saxophone (Flores, 

et al., 2019), flute (Heller et al., 2017), trombone (Snyder et al., 2018) traditional 

South American plucked string instruments (Brazilian Cavaquinho, the 

Venezuelan Cuatro, the Colombian Tiple and the Peruvian/Bolivian Charango) 

(Arango & Iazzetta, 2019), didgeridoo (Hindle & Posnett, 2017), trombo marina  

(medieval instrument) (Baldwin et al., 2016) digital keyboard (Dahlstedt, 2017; 

Dahlstedt, 2019), and a theremin (Gibson, 2018). 

2.2.8.2 Augmenting Non-Musical Objects 

Augmentation is not necessarily limited to existing musical instruments. There is an 

ongoing trend within the new musical instrument design community to sonically 

augment non-musical objects.  Since it is possible to transform any object into a 

musical instrument with the integration of various electronic components and 

sensors, a diverse spectrum of prototypical research reveals extremely unorthodox 

sonically augmented objects. The main motivation behind augmenting non-musical 
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objects is based on giving objects a óvoiceô through technology (Delle Monache et 

al., 2008; Van Troyer, 2012). Furthermore, these everyday musical instruments 

(Delle Monache et al., 2008) are most often easy to use, easy to engage and inviting 

for musicians with different levels of experience.  

One of the earliest examples in relation to everyday-life media is a project carried out 

by Mase and Yonezawa (2001), who sonically augmented clothes, water and stuffed 

dolls to create augmented musical instruments. Similarly, Savary et al. (2012) used 

sand and water through their prototypical instruments called Dirty Tangible 

Interfaces. Other liquid based augmented instruments have been designed by Lerner 

(2017) and Arbel et al. (2019) who created an electromagnetically excited musical 

instrument with several partly-filled wine glasses.  

Delle Monache et al.ôs (2008) research on sonically augmenting found objects and 

Van Troyerôs (2012) tangible step sequencer that transforms everyday objects into 

percussive musical instruments both provide novice users means for musical self 

expression and immediate engagement. Similarly, Gerhard and Park (2012) propose 

a device called óthe instant instrument anywhereô (IAA) which can be attached to any 

metal object to transform it into a musical instrument. 

Other diverse examples of sonically augmented objects include: pendulum (Henson 

et al., 2012), a spray can, which uses the spray paint art metaphor (e.g. spray, grip, 

shake, swing, draw, mask) to generate sounds (Park & Lee, 2013), authentic 

museum artefacts (geological samples and fossils) (Bowers & Shaw, 2014), games; 

chess-board (Tveit et al., 2014) peg solitaire (Keatch, 2014), dice used in tabletop 

role playing games (Berndt et al., 2017),  Rubikôs cube (Mannone et al., 2018),  

computer keyboard (Waite, 2015; Nash, 2016), typewriter  (Lepri & McPherson, 

2018), iron and wooden ironing board (Schedel et al., 2019), a wooden tobacco 

pipe (Feldt et al., 2015), in which the interaction is based on breath control; using 

sips and puffs as control input, bicycle wheels and a skateboard (Lind & Nyl®n, 

2016) as a collaborative musical instrument, door and its knobs (Kleinberger & Van 

Troyer, 2016). Stretching possibilities even further, Brown et al. (2015) used a 3D 

model obtained from CT scans of a dinosaur skull (Corythosaurus) to design a 
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musical instrument and sound installation based on the hypothesised sounds of the 

extinct dinosaur (Figure 2.20). 

 

Figure 2.20 óRawr!ô being played at Arizona State Universityôs Emerge 2013 Festival (Brown et al., 2015) 

Augmentation can also be done in the opposite direction. Bowers and Archer (2005) 

propose the concept of infra-instruments; a species of instruments in total contrast to 

numberless design led research efforts on augmented hyper-, meta- and cyber- 

instruments. Bowers and Archerôs design-led research downgrades the abilities of 

various conventional musical instruments by physically breaking them down to their 

components and re-building them up with restricted interactions through the 

integration of various sensors. Resulting instruments feature a low ceiling for 

virtuosity, however, the authors argue that they are extremely easy to use. Bowers 

and Archer further propose that especially for musicians who use multi-device 

performance settings, the restricted interaction techniques of infra-instruments enable 

the performer to free one hand for other purposes; such as engaging with other 

instruments and devices.  

2.2.9 Wearables 

Wearable instruments ï or shortly ówearablesô ï  constitute an important part of 

research concerning new musical instrument design. While gloves seem to be the 

most popular wearable instruments, the possibilities are not limited to hands. 

Substantial amount of research has been carried out in order to explore new 
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interactions, gestural possibilities and musical expressions utilizing the whole of the 

human body as a controller and musical instrument.  

One of the pioneering and most famous wearable instruments is Michel Waisviszôs 

óThe Handsô (Figure 2.21) (Krefeld, 1990; Torre et al., 2016). Exhibited by Waisvisz 

in 1984 for the first time, The Hands (Figure 2.22) is composed of a pair of data 

gloves equipped with a diverse array of sensors.  

  

Figure 2.21 Michel Waisvisz  performing with The Hands (photo credit unknown). 

Waisvisz designed and developed hands for almost a quarter of a century through an 

iterative process, resulting in three versions (Torre et al., 2016). One interesting 

aspect of this wearable instrument is that while the third and definitive version is a 

fully finished product, which considers both design and comfort of wearability, all 

three version of The Hands are wired instruments. However, Torre et al. explain that 

this was an informed choice rather than being dictated by the technological 

challenges concerning the wireless communication protocols in the early 2000s. 
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Figure 2.22 The Hands version 3 (Photo courtesy of Daniel Buzzo.) (Torre et al., 2016). 

Left-hand data glove on the left; right-hand data glove on the right. Labelled components: 

pitch keys (a), pressure sensor (second pressure sensor in same location as f) in right hand 

(b), clip microphone (c), one of the three ultrasonic receivers (d), potentiometer (e), 

ultrasonic transmitter (g), a close up of the thumb momentary switches (h), side of the four-

character display board (i) (Toree et al., 2016) 

The Hands paved the way for generations of instrument makers who have been 

inspired by Waisviszôs work and followed in his footsteps. Among the noteworthy 

examples are: FutureGrab (Han et al., 2012), a wearable hand controller which maps 

human vowel pronunciation to hand gestures; Soundgloves (Lai & Tahiroĵlu, 2012), 

three different glove instruments designed to enhance the communication flow 

between the performer and the audience; Hand-Controller (Pardue & Sebastian, 

2013) a new wearable hand interface designed to feature detailed control of audio 

and visual parameters; Finger-Synth (Dublon & Paradiso, 2014), a musical bracelet 

and set of rings, which enable its player to generate sound by touching any surface in 

their environment; Glove (Myllykoski et al., 2015), a musical glove designed and 

developed for music pedagogical use; Kontrol (He et al., 2015), a wearable hand 

controller designed for physical gesture acquisition for Guqin (a 3000 years-old 
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Chinese fretless stringed instrument) performance; Leimu (Brown et al., 2016), a 

gloveless musical interface using a wrist-mounted leap motion; Ghostfinger (De 

Jong, 2017) a dynamic audio-visual fingertips controller; Alto.Glove (Thorn, 2018) a 

glove controller designed to extend performance abilities on a violin; and Locus 

(Sardana et al., 2019) a glove controller designed to interact with an immersive high 

density speaker array environment.  

The Mi.Mu. Gloves (Heap, 2013); the brainchild of technology innovator and 

Grammy artist Imogen Heap, deserves special attention for being one of the very rare 

new musical instruments, which received global recognition and commercial success. 

Mi.Mu. Gloves allow the performer to ósculptô music through gesture and movement 

(Voutsinas & Haefeli, 2017). According to the instrumentôs website, Mi.Mu. Gloves 

(Figure 2.23) offer unparalleled expressive control for both composition and live 

performance. Mi.Mu. Gloves have been developed by Imogen Heap alongside 

researchers at the University of the West of England in Bristol and since its 

introduction in 2013, Mi.Mu. Gloves have been used by vocalists, pianists, beat 

boxers, guitarists as well as artists controlling live visual projections. The instrument 

has also been used by Ariana Grande on her world tour in 2015 (mimugloves.com).  

 

Figure 2.23 Imogen Heap, during a performance with her Mi.Mu. Gloves (YouTube). 

In addition to hand controllers, various research projects have been carried out 

unique approaches to wearables. Examples include arm bands (Nymoen et al., 2015; 

Jensenius et al., 2017; Martin et al., 2018), full -body suits (Wilcox, 2007; Vetter & 

Leimcke, 2017; Bhumber et al., 2017; Lamounier et al., 2019), shoes (Murray-Leslie 

& Johnston, 2017; Konovalovs et al., 2017) 
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Hattwick et al. (2014) explore four different manufacturing approaches ï artisanal, 

building block, rapid prototyping and industrial ï to create what they term as 

prosthetic instruments (Figure 2.24); wearable controllers designed to be worn as 

hypothetical prosthetic extensions to the body with unique constraints and 

opportunities beyond the ones available in conventional interactive dance systems. 

Hattwick et al. discuss prosthetic instruments from the perspectives of both aesthetics 

and professional performance.   

 

Figure 2.24 Violinist Marjolain Lambert plays the Ribs on dancer Sophie Breton (left), Sophie Breton wearing the Visor (right). 

Photograph credit: Michael Slobodian. 

A most unique approach; Play-a-Grill (Chacin, 2011) combines a digital music 

player with a grill (mouth piece jewellery) (Figure 2.25). As the instrument is worn 

over the teeth, sounds can be transmitted through bone conduction hearing instead of 

headphones or speakers.  
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Figure 2.25 Functionality of Play-A-Grill (Chacin, 2011). 

2.2.10 Virtual (Software) Musical Instruments 

Virtual instruments (also known as software instruments or ósoft-instrumentsô) came 

to existence thanks to the advancements in the fields of computer science and various 

engineering disciplines. Silicon based CPUs and increase in speed/capacity of 

memory and storage, contributed to the creation of soft-instruments. The spectrum of 

virtual instruments features a wide range in regards to complexity, function and use 

context. On one pole of this spectrum, very capable and extremely sophisticated 

software instruments (e.g. Max/MSP) provide musicians unlimited means for 

composition, live processing and live performances. On the other pole, exists daily 

increasing ï at an astonishing rate - musical óappsô developed for various mobile 

platforms (i.e. smart phones, and digital tablets) with user-friendly graphical user 

interfaces (GUI), most of which are aimed at bringing music-making together with 

novice/hobbyist users. One of the most widespread and well received examples of 

mobile musical apps is Smuleôs Ocarina (Wang, 2009). To use Ocarina, the 

performer blows into the microphone of the iPhone, while using different fingerings 
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to control pitch, and the accelerometer to control vibrato (Figure 2.26). Furthermore, 

Ocarina allows performers from around the world to share music through a 

centralized network.  

 

Figure 2.26 Smuleôs Ocarina in action (Wang, 2009). 

However, in most cases, the virtual instruments designed for professional use 

contexts require an advanced level of computer language and coding skills. An 

example of a complex Max/MSP instrument patch is shown in Figure 2.27. These 

pre-requisites make it very challenging for musicians to interact with the soft-

instruments intuitively. Most often than not, musicians are required to consult 

manuals and tutorials in order to fully understand, learn and use these instruments in 

their full capacity. Furthermore, as these instruments require a hardware platform to 

run such as laptop computers, digital pads or smart phones; keyboard mouse and 

touchscreen interactions replace musically inspired and intuitive interfaces and thus, 

become unfamiliar territory especially for traditionally trained musicians. 

To review numberless musical software and apps would be beyond the scope of this 

thesis. Hence, this section will focus on research efforts, which employ creative and 

unique approaches as well as practice-based studies that try to improve issues 

common with laptop and touchscreen interactions. There exists a substantial amount 

of research aiming to improve the shortcomings of these devices not only for the 

audience (as mentioned in the Stakeholders section) but the performers as well. 
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Figure 2.27 Max/MSP software GUI of a virtual instrument patch. 

Taking a user-centred approach, Tanaka et al. (2012) conducted an online survey 

with music technology practitioners who have been using mobile phones musically, 

to inform the design of new mobile music apps. Themes such as limitation of the 

touchscreen, lack of consistency in sensor input, latency, networked possibilities, toy-

like music applications. The authors report that by combining the aforementioned 

dimensions into high-level themes such as Frustration to Potential, Workflow and 

Expressivity, they reached two main areas: device interaction and social interaction. 

Based on these findings, Tanaka et al. (2012) proposed a mobile application with an 

adaptive graphical display interface that divides the mobile music workflow into 

composition and performance modes.  

Berthaut et al. (2013) acknowledge the opacity of interactions in electronic music 

performances with laptop computers and propose a mixed-reality display system and 

a 3D visualization application in order to reveal the mechanisms of digital music 

instruments by amplifying performersô gestures with virtual extensions of sensors 

and representing the sound components with 3D shapes through dynamic graphical 

displays to the audience. 
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Park and Nieto (2013) address the lack of haptic feedback in touchscreen controllers 

and propose an easy-to-build robust and expressive system called fortissimo (ff), 

which provides force-feedback for interacting with mobile musical instruments. Park 

and Nietoôs proposal is very smart in the sense that it makes use of a very simple 

construction composed of an angular placement of foam padding and an 

accelerometer to effectively capture the pressure of the performerôs gestures in real-

time (Figure 2.28). The system maps the accelerometer readings to musical 

parameters such as tremolo, vibrato, and velocity. However, since the proposed 

system cannot improve the material properties and homogeneity of the touchscreen, 

the common problems related with touchscreen interaction (i.e. tactile richness, 

micro-control) remain to be solved.   

 

Figure 2.28 Typical fortissimo setup, from a top view (left) and side view (right) (Park and Nieto, 2013) 

Sarier (2014) argues that current control paradigms concerning touchscreen musical 

interfaces do not require the same level of physical effort, which in turn negatively 

affects the musiciansô experience in relation to expressiveness, engagement and 

enjoyment. Hence, Sarier proposes Rub Synth; a touchscreen musical instrument 

with an exertion interface; which features artificial physical difficulty and an 

intentionally inefficient interaction.  According to Sarier, creating physical difficulty 

can enhance user experience by allowing greater bodily expression, kinaesthetic 

feedback, more apparent skill acquisition and performer satisfaction.  

Similarly, Berdahl et al. (2016) explore ways to improve haptic interactivity of 

touchscreen interfaces through the electromagnetic actuation of 3D-printed 

conductive vibrotactile tokens. The authors use interaction metaphors such as: 
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plucking virtual harps and strings and crossfading with a joystick, with different 

tokens in order to test their prototype on mobile devices.  

Lim and Yeo (2014) further extend the performing abilities of mobile musical 

instruments to conducting. The authors propose to replace the conducting baton with 

a smartphone, through mobile music interface called vMaestro; which can capture 

conducting motions, enabling the conductor to control the tempo as well as improve 

traditional cueing for different instruments/sections of the orchestra.  

Meacham et al. (2016) explore unconventional ways to interact with laptop 

computers in order to improve performer-instrument interaction and pleasure in use, 

based on familiar music-making metaphors. The authors suggest that 

recontextualizing existing musical gestures offer new aesthetic and expressive 

possibilities for commodity hardware. The óLaptop Accordionô utilizes the opening 

and closing of the laptop screen as a physical metaphor for the stretching and 

compression of accordion bellows and the laptop keyboard as a musical buttonboard 

(Figure 2.29). The system uses the laptop camera for motion tracking and maps this 

interaction to the volume of the real-time sound synthesis. Meacham et al. also 

propose that repurposing widely-available computing devices are approachable for 

inexperienced musicians as well. 

 

Figure 2.29 The Laptop Accordion (Meacham et al., 2016) 
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Cavdir et al. (2019) approach the subject matter with very similar concerns, and 

explore ways to take advantage of the physical affordances of laptop computers. The 

authors explore innovative ways to make use of built-in laptop components such as 

microphones, cameras, trackpads keyboards and accelerometers and discuss the 

evolution and evaluation of three embodied physical laptop instruments: Taptop, 

Armtop and Blowtop. The names of the instruments suggest the performerôs 

respective gestures and bodily interactions. Taptopôs interaction model is essentially 

built around the trackpadôs multitouch recognition feature. Armtop builds on Taptop 

by adding a tether to the laptop interface for the performerôs free hand.  The 

performer uses the trackpad for real-time sound generation while the arm swings 

control the vibrato and tremolo effects on the sound through stretching and extending 

the tether forward. BlowTop primary interaction utilizes the laptopôs microphone to 

capture breath pressure in order to amplify a synthesized flute sound while the 

instrument also uses tilt motion to detect movement in three directions through its 

accelerometer. Cavdir et al. explain that all three instruments are essentially based on 

existing traditional instruments; ArmTop is played through expressive gestures of 

cello playing, BlowTop adopt a flute interaction where as the TapTop focuses on the 

sound itself and uses a string instrument interaction. Through performances of 

specific compositions, the authors also explore how these embodied interactions 

affect the communication between the performers and the audience as well.  

Wang (2016) on the other hand, explore the dynamics at the intersection of video 

games and music; presenting observations and strategies for designing game-like 

elements for expressive mobile musical interactions. By discussing five popular 

mobile music apps (magic piano, magic fiddle, magic guitar, ocarina and leaf 

trombone; collectively reaching 125 million users) through case studies, Wang 

presents common goals as: lower inhibition for music-making by presenting 

expressive musical experiences as games, create satisfying core music-making 

mechanics aimed to induce a sense of flow, and motivate longer-term engagements 

through social and peripheral gamification. Wang suggests that game-like musical 

interactions aim to invite and engage users while maintaining and encouraging 

musical expression and exploration. 
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Michon et al. (2016), employ a design strategy based on the concepts of óaugmented 

mobile deviceô and óhybrid physical model controllerô and present an iPad-based 

musical instrument named BladeAxe, which partly uses the form factor of an electric 

guitar (Figure 2.30). According to Michon et al., the instrument is fully standalone 

and can be easily used on stage through connection to a traditional guitar amplifier or 

a sound system. Furthermore, the instrument also features an acoustic plucking 

system to provide the performer an extended expressive potential. Michon et al. also 

suggest that BladeAxe paves the way to a new class of instruments called ómobile 

device based hybrid musical instrumentô.   

 

Figure 2.30 The BladeAxe (Michon et al., 2016) 

In a very similar approach, Michon et al. (2017) propose a framework for designing 

and prototyping passive mobile device augmentations in order to transform mobile 

devices to mobile musical instruments. Michon et al.ôs system makes use of an open-

source computer aided design (CAD) software to 3D print various augmentations for 

mobile devices. These augmented prototypes include cases, generic passive 

amplifiers, horns and mouthpieces, which not only alter the form factor of the smart 

phones but also transform the performer-instrument interactions to more familiar and 

musically inspired models.  
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2.2.11 Collaborative Musical Instruments 

Concerning traditional and mainstream musical instruments, multi-performer 

interactions on a single musical instrument is not a common convention. The only 

exceptions being occasional collaborations on a piano or percussive set-ups, which 

are most often either composition specific (e.g. Schubertôs Sonata in C Major for 

piano four-hands) or improvisational (spontaneous collaborations in jazz concerts) 

contexts. It is reasonable to propose that one of the paradigm-shifts surrounding new 

musical instrument design led to the emergence of three classes of collaborative 

instruments: 

1. Single musical instrument performable by multiple musicians 

2. Identical multiple musical instruments ï communicating with each other ï 

performed by multiple musicians  

3. Different musical instruments ótalking to each otherô through various 

communication protocols, performed by multiple musicians 

Concerning the first class, Reactable (Jord¨, 2003) is one of the best examples 

because it allows for both multi-user and single-user interactions (Figure 2.31).  

 

Figure 2.31 Reactable ((Jord¨, Geiger, Alonso, and Kaltenbrunner,  2007))  
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However, some musical instruments are intentionally designed in such a way that 

collaborative interaction is a prerequisite for proper operation and functionality.  

Rotondo et al. (2012) explore this type of collaborative interaction through two 

prototypical instruments called Feedbßrk and Barrel. Feedbßrk is a two-player 

instrument comprising two iPads. When the iPads face each other, the recurring 

video feedback loop is used for sound generation. Barrel is performed by eight 

symmetrical Gametrak controllers operated by eight performers arrayed around a 

steel barrel. The ninth player who stands atop of the barrel assumes the role of 

conductor, directing the remaining performers through various gestures. Rotondo et 

al. report that relationships between the roles of the performers has a significant 

effect on communication between the performers and the audienceôs perception of 

the performance.  

Zamorano (2012) employs a similar approach and explores collaborative 

performance possibilities aimed for non-musicians through a prototype interactive 

sound system. The system ï titled Simpletones ï allows users to create simple 

compositions in real-time by collaboratively playing physical artefacts as sound 

controllers. Zamorano uses an interaction model that makes ócollaborationô 

mandatory by physically configuring the artefacts to require coordinated actions 

between the performers to control sound, hence emphasising on collectivity and 

communication in music-making. 

Barraclough et al. (2014) explore collaborative interaction through the modularity 

concept. Their proposed system ï titled Modulome ï is a modular controller with 

application dependant use cases (Figure 2.32). Barraclough et al. acknowledge the 

often criticized obscurity of electronic music performances with laptops and smart 

phones, and attempt to avoid this issue by using a variety of interactive and 

interdependent hardware control modules, linked through wireless communication.  

 

Figure 2.32 Button-pad module (left), Encoder module (centre) and Fader module (right) (Barraclough et al., 2014) 
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In the literature, most of the collaborative interactions based on multiple identical 

instruments are based on mobile/smart devices due to their availability and 

technological capabilities. 

Lee et al. (2012) propose to use mobile iOS devices as ódrumsticksô through their 

collaborative instrument app called Tok!. According to the authors, users can make 

acoustic music with Tok! By tapping their mobile phones on flat surfaces. The 

system is networked features a shared interactive music score to which, the users can 

tap their phones and create a real-time collaborative percussion ensemble. 

Tahiroglu et al. (2013) explore the dynamics of collaborative interactions through a 

system that uses mobile phones as tangible and expressive musical instruments in 

parallel with a spatial system. The environment created by the mobile phones and 

motion tracking technology enables performers to move and interact with each other 

with a twist: their social interactions also contribute to the sonic outcome. 

Ramsay and Paradiso (2015) report a browser-based collaborative audio feedback 

control system titled GroupLoop. As the system is based on laptops and connectivity, 

it is suitable for users across all skill levels and geographies. The authors suggest that 

starting the interface is as easy as opening a browser on a laptop, but it provides 

enough flexibility for complex sonic designs and virtuosic mastery. Furthermore, 

performers can share their microphone stream with each other, while simultaneously 

controlling the mix of other performersô streams played through their speakers. 

Ramsay and Paradiso explain that GroupLoop can be used by experienced players in 

a shared space or by novices around the world through simultaneous linked remote 

systems.  

In a similar effort to explore remote collaborative interaction, Tome et al. (2015) 

argue that social platforms can be used to change the world of music creation. The 

authors report their project titled Massively Multiplayer Online Drum Machine 

(MMODM), an online collaborative interface based on the Twitter streaming API, 

which uses tweets from around the world to create and perform musical sequences 

together in real-time. According to Tome et al., users can create 16-beat note 

sequences across 26 different instruments through plain text tweets on a variety of 

mobile devices. Furthermore, user on the drum machineôs dedicated website can use 
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the GUI to locally DJ the rhythm, filters and sequence blending. The authors claim 

that MMODM opens a new path towards synchronous musical collaboration between 

users across a wide range of devices and cultures.  

The collaborative interaction possibilities with new music making paradigms also 

extend to sonic augmentation of spaces. Knichel et al. (2015) report their 

collaborative tangible musical installation titled Resonate, which allows visitors to 

interact with different objects collectively to influence both the musical expression 

and visual response of the installation. Knichel et al. conceptualized the installation 

as a huge musical instrument responding to visitorsô interaction. The system is 

composed of eight components with inbuilt speakers and a display. Tangible 

interaction is provided through elastic cords that were attached to each component 

and the ceiling. Through ultraviolet illumination, these cords were turned into 

attractive visual focus points inviting the visitors to collectively interact with them 

(Figure 2.33).  

 

Figure 2.33 Resonate installation in a museum (Knichel et al., 2015). 

Hattwick and Wanderley (2012) argue that much of the literature regarding the 

creation of new musical instruments is focused on individual musical expressivity. 

Hence, the authors propose a dimension space representation (Figure 2.34) of 

collaborative approaches, which can be used to inform the evaluation and design of 

future collaborative musical instruments and interactions. Hattwick and Wanderleyôs 
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dimension space presents six axes: texture, equality, centralization, physicality, 

synchrony and dependence.  

 

Figure 2.34 Collaborative dimension space (Hattwick and Wanderley, 2012). 

 

This chapter has surveyed the literature concerning new electronic musical 

instrument design, exploring research efforts on theory building as well as key 

concepts and dimension related with new music making paradigms and new musical 

interactions. The main reflections of this survey are as follows: 

The roles of the stakeholders in new musical interactions are evolving. This 

paradigm shift brings its particular complications as well as opportunities. Especially 

concerning the audience, co-creation of/participation in live performances is a 

completely new territory and promises further immersion and engagement. It may be 

interesting to propose that designer-performers and designer-performer-composers 

can be considered as a new generation of óRenaissanceô makers; however, literature 

agrees on the problems of longevity and isolation in regards to their creations.  

It seems that controllers (i.e. decoupling) dominate the future of musical instrument 

design thanks to the flexibility they offer to musicians in relation to the diversity of 

use contexts, creative intentions and musical genres. Personalization and 

customization has become common practise in the greater field of design and it 
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seems musical instruments are no exception. Hence, controllers provide the users 

more means and óspaceô for re-designing both their instruments and the óend productô 

(i.e. sound) from scratch. 

While augmentation has been a familiar practise for acoustic musical instruments 

especially during 20th and 21st centuries (e.g. John Cageôs prepared pianos) the 

concept has been taken to a totally different level thanks to the technology 

intervention. The extent of the spectrum of augmented instruments; both based on 

traditional instruments and everyday objects prove that óanythingô equipped with 

sensors and processors can become a musical instrument.  

Visual interactivity has become the predominant ónormô for majority of the new 

generation DMIs. In fact, visual feedback and feed-forward are a prerequisite for the 

proper operation for many of these instruments. This is contradictory to the existing 

lineage of musical interactions and may cause adaptation problems especially for 

musicians coming from traditional training/backgrounds.  

Wearables (i.e. wearable instruments) and collaborative/collective interactivity are 

concepts that are gaining more significance in connection to the exploration of 

further expressiveness and creativity. Software instruments and music óappsô, 

especially in the context of mobile communication devices, are among noteworthy 

examples of this new species of instruments, which owe their existence partly to the 

technological progression of every day interactive consumer products. 

Exploring these concepts in new musical instrument design also alerted the author to 

the terminology likely to be used in the research. Many of these key concepts formed 

the foundation for the dimensions of new musical interactions and product/design 

qualities which are discussed as the main findings of this thesis.  

The following chapters of the thesis focus on the employed research methodology, 

the user-centred experiment, results and the contributions of the work. 
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CHAPTER 3 

3 RESEARCH METHODOLOGY  

3.1 The Psychology of Personal Constructs  

The methodological background of this user-centred research is based on a theory 

called óThe Psychology of Personal Constructsô, which was developed by George 

Kelly in 1955. Kelly suggests that all human beings strive to make sense of the 

universe and interpret the world of events óuniquelyô by construing the world around 

themselves.  

In other words, every person has their own view of the world (theory) and they drive 

hypotheses (expectations) from their own theories (personal construing). They then 

subject those hypotheses to experimental testing (behaviour), modify their theory and 

then the whole process is repeated again, becoming an ongoing cycle (Fransella et 

al., 2004, p. 6). 

This interpretation suggests that the act of construing is a dynamic process. 

According to Kelly (1955), humans feel the need to constantly re-shape and re-adapt 

their interpretations of the world to confirm the validity of their interpretations and 

better fit them to the changing circumstances and environments. The creation and re-

creation of this implicit theoretical framework is identified as an individualôs 

Personal Construct System (Fransella et al., 2004, p. 5). As a personal system is 

made up of a whole lot of constructs, such a system can be interpreted as a complex 

conceptual grid, within which, events can be seen in depth (Kelly, 1959, p. 13 as 

cited in Fransella et al., 2004, p. 7). 
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3.1.1 The Basic Theory 

Kelly (1955) laid down his basic theory through a fundamental postulate: ñA 

personôs processes are psychologically channelized by the ways in which he 

anticipates eventsò; and then elaborated upon this postulate with the help of eleven 

corollaries.  

Among Kellyôs eleven corollaries, construction corollary, dichotomy corollary, 

individuality corollary, commonality corollary and organization corollary are directly 

relevant to this research and thus, they will be explored further below. 

3.1.1.1 Construction Corollary  

Humans look at the world through transparent patterns or templates, which they 

create and then attempt to fit over the realities of which the world is composed. 

Regardless of how successful these attempts are; these templates or patterns are 

called óconstructsô (Kelly, 1955, pp. 8-9). Kelly also refers to constructs as ña way in 

which two or more things are alike and thereby different from a third or more thingsò 

(Fransella et al., 2004, p. 7).  

ñA person anticipates events by construing their replicationsò. (Kelly, 1955, p. 50).  

Construing. By construing we mean ñplacing an interpretationò: a person places an 

interpretation upon what is construed. He erects a structure, within the framework of which 

the substance takes shape or assumes meaning. The substance which he construes does not 

produce the structure; the person does. (Kelly, 1955, p. 50) 

The commonality among all of Kellyôs definitions of a construct is that constructs are 

bipolar. According to Kelly we make sense of our world by simultaneously noting 

likeness and differences and it is in this contrast that the usefulness of the construct 

subsits (Fransella et al., 2004, p. 7). 

3.1.1.2 Dichotomy Corollary 

ñA personôs construction system is composed of a finite number of dichotomous 

constructsò. (Kelly, 1955, p. 59). 



 

105 

Kelly argues that it is more useful to see constructs as having an affirmation pole and 

a negative pole rather than see them as concepts or categories of a unipolar pole 

(Bannister & Fransella, 1986, p. 12). Thus, it is the bipolarity of a construct that 

distinguishes it from a óconceptô (Fransella et al., 2004, p. 7). Bannister and Fransella 

(1986, p. 12) also suggest that it is often the opposite pole of a personal construct that 

gives the clear meaning of a that construct. The bipolarity in constructs allow us to 

envisage a variety of relationships between them; as they can be correlated or 

logically interrelated in many ways. 

3.1.1.3 Individuality Cor ollary 

ñPersons differ from each other in their construction of eventsò. (Kelly, 1955, p. 55). 

Bannister and Fransella argue that the fundamental mystery of human psychology is 

covered by the question: óWhy is it that two people in exactly the same situation 

behave in different ways?ô. The answer lies in the fact that those two people are 

actually not in the same situation because each of us sees our situation through the 

ógooglesô of our personal construct system and the óperceived similarityô does not 

derive from having same experiences, but because people have placed the same 

interpretations on the experiences they have had (1986, p. 10). 

3.1.1.4 Commonality Corollary  

Even though the commonality corollary seems to contradict the individuality 

corollary, they actually complement each other. While people differ from each other, 

there is a possibility that there may be certain respects in which persons can be 

construed as being like each other (Kelly, 1955, pp. 91-92).  

ñTo the extent that one person employs a construction of experience which is similar 

to that employed by another, their processes are psychologically similar to those of 

the other person.ò (Kelly, 1955, p. 90)   
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If a personôs processes are psychologically channelized by the ways in which he anticipates 

events, and if he anticipates events by construing their replications, it may seem obvious that 

we are assuming that, if two persons employed the same construction of experience, their 

psychological processes would have to duplicate each other (Kelly, 1955, p. 90). 

3.1.1.5 Organization Corollary  

Kelly (1955) suggests that not only do man differ in their construing of events, but 

they also differ in the ways they organize their constructions of events. While being 

relatively more stable than the individual constructs themselves, the construction 

system which is composed of those individual constructs is also dynamic and ever-

changing (p. 56). 

Each person characteristically evolves, for his convenience in anticipating events, a 

construction system embracing ordinal relationships between constructs. (Kelly, 1955, p. 56)  

Additionally, Kelly (1955, pp. 57-58) also states that this construct system is of 

hierarchical nature, where there may be many levels of ordinal relationships between 

the constructs. People systemize their constructs, by arranging them in hierarchies or 

abstracting them further, through creating what Kelly calls ósuperordinateô and 

ósubordinateô relationships between the constructs (Kelly, 1955, p. 58; Fransella et 

al., 2004, p. 9).  

This section of the chapter briefly explores Kellyôs psychology of personal constructs 

theory only through the points, which are relevant to this research. The next section 

of the chapter explores the practical applications of the theoretical framework, which 

is based on a methodology called óRepertory Grid Techniqueô. 

3.2 Repertory Grid Technique 

Kelly (1955) first introduced the óRepertory Testô (or Rep Test) as a new diagnostic 

instrument, which was an attempt to apply the theoretical thinking behind the 

psychology of personal constructs to the practical needs of the psychotherapist       

(p. 219). Kelly (1955) initially called this methodology óRole Construct Repertory 

Testô (or shortly Rep Test) and he stated that the Rep Test was an instrument for 
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eliciting personal constructs; designed to be used in a clinical or preclinical setting. 

The test soon became to be known as the óRepertory Gridô (Bell, 2003). Bell (2003, 

p. 95) suggests that repertory grid technique (from hereon RGT) is not independent 

of the personal construct theory (Bannister & Fransella, 1986); in fact, the theoryôs 

fundamental postulate forms the basis for RGTôs framework: 

Kellyôs Fundamental Postulate says that a personôs processes are psychologically 

channelized by the ways in which he anticipates events. That underpins the repertory grid. 

The ways are the constructs of a repertory grid, and the events are the elements. The 

technique of the repertory grid thus involves defining a set of elements, eliciting a set of 

constructs that distinguish among these elements, and relating elements to constructs. 

In order to further elaborate on the methodology, a definition for the term ógridô (or 

repertory grid) is required. Fransella et al. (2004) suggest that grid is actually another 

way Kelly uses to state his theory of personal constructs; ñit is personal construct 

theory in actionò.  

Now let us turn to a personal system made up of a whole lot of constructs. Such a system is 

complex, or, if you donôt mind the term, a conceptual grid within which events can be seen in 

depth or in their psychological dimensions (Kelly, 1959, p. 13 as cited in Fransella et al., 

2004, p. 7) 

Feixas and Cornejo (2002) define the repertory grid as ñan instrument designed to 

capture the dimensions and structure of personal meaningò. Rather than being a 

ótestô, RGT can be considered as a structured interview (Feixas & Cornejo, 2002; 

Fransella et al., 2004) which is designed to reveal the constructs with which persons 

understand, interpret and organize their experience of the world they live in.  

In the organization corollary, Kelly (1955) mentions that a personôs constructs are 

organized as part of a hierarchical and integrated system. Bannister and Fransella 

(2004) propose that a grid is a way of getting individuals to tell you, in mathematical 

terms, the coherent picture they have of any given set of elements (p. 48). 

Furthermore, Bell (2003), suggests that this elicitation may result in both qualitative 

and quantitative data. ñThe identity of the elements and the nature of the constructs 

provide qualitative information while the relationships between the constructs and 

elements may be interpreted as quantitative dataò (Bell, 2003). Thus, repertory grid 

does not only elicit a personôs constructs within a given context, but also enables the 
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researcher to explore the structure of and the interrelations between those constructs 

that form any particular construct system.  

Regarding RGTôs flexibility, Feixas and Cornejo (2002) mention that RGT is not 

completely standardized like other psychological tests and therefore it must be 

designed and adapted based on the researcherôs objectives, the general aim of the 

research and the types of assessment that will be carried out. A good understanding 

of how the RGT is administered and analysed, is required in order to make the 

decisions which determine the scope or focus of the grid as well as the type of 

information that will be obtained at the end of the study.  

Basically, a full repertory grid consists of three parameters: (i) a series 

of elements that are representative of the content area under study, (ii) a set 

of personal constructs that the subject uses to compare and contrast these elements 

and (iii) a rating system that evaluates the elements based on the bipolar arrangement 

of each construct (Feixas & Cornejo, 2002). Similarly, Easterby-Smith (1980) define 

these three parameters as: óelementsô that define the material upon which the grid 

will be based; óconstructsô, which are the ways that the subject is grouping and 

differentiating between the elements; and a ólinking mechanismô which can show 

how each element is being assessed on each construct.  

Bannister & Mair define ógridô as: ñAny form of sorting task which allows for the 

assessment of relationships which yields these primary data in matrix formò (1968, p. 

136; as cited in Easterby-Smith, 1980). Additionally, Smithôs definition proposes to 

consider elements as being the objects of people's thoughts, and constructs as the 

qualities that people attribute to these objects (1978; as cited in Easterby-Smith, 

1980). Following Kellyôs (1955) original grid for his role construct repertory test, the 

format of the repertory grid is defined by a two-dimensional matrix, where the 

column data is composed of the elements and the row data is composed of the 

participantôs bipolar constructs, and a ómechanismô links the bipolar constructs to the 

elements (Easterby-Smith, 1980). These three parameters; (i) Elements, (ii) bipolar 

constructs and (iii) linking mechanisms that form a repertory grid are discussed as 

follows. 
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3.2.1 Elements 

Kelly defines elements as ñthe things or events which are abstracted by a constructò 

and considers them as one of the óformal aspects of a constructô (Kelly, 1955, p. 137, 

as cited in Fransella et al., 2004, p. 15). In a repertory grid, elements are the 

components which are evaluated by the participants and they set the context of the 

grid. Thus, the selection of elements must be based on the aspects of the 

intervieweeôs construing to be evaluated (Feixas & Cornejo, 2002).  

In the clinical field, elements are usually the people who are representative of the 

subjectôs world (e.g. role titles such as teacher, wife, mother, employer, etc.) (Kelly, 

1955; Feixas & Cornejo, 2002; Fransella et al., 2004). However, Fransella et al. 

(2004) suggest that elements can be almost anything such as objects, products, or 

artwork, etc. Elements can also be specifically designed for the repertory grid. In a 

study by Fransella (1978, as cited in Fransella et al., 2004) a standard body shape 

(for both genders) was altered by an artist, specifically for the repertory grid, to range 

from extreme thinness of a person with anorexia nervosa to extreme obesity.    

Regarding the selection of the elements, the common practise is for the investigator 

to select them for the participant (Fransella et al., 2004). Fransella et al. suggest that 

there are two important criteria for choosing elements for a repertory grid. The first 

criterion is that the elements must be homogeneous (Easterby-Smith, 1980); in other 

words, they must be selected within the same range of convenience or area of interest 

(Yorke, 1985, as cited in Feixas & Cornejo, 2002). Kelly (1955) mentions this 

requirement in his range corollary as follows: ñElements should be within the range 

of convenience for the constructs usedò (Fransella et al., 2004). 

The second criterion is for elements to be representative of the area being 

investigated (Easterby-Smith, 1980; Fransella et al., 2004), in other words, they 

should reflect the context (Yorke, 1985, as cited in Fransella et al., 2004). 

In addition, Easterby-Smith (1980) propose a third criterion stating that if the same 

grid is to be completed by a group of people, it is important to ensure that all the 

people in that group are able to relate directly to the elements specified. Yorke also 

supports this view, stating that the elements must be easily understood by the subject, 
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must be coherent with those already employed by the subject, and must be within 

his/her capacity to understand (1985; as cited in Feixas & Cornejo, 2002). 

In the context of this research, musical instruments were the obvious choice for 

óelementsô because they fulfil all three selection criteria mentioned above: 

1. They are within the range of convenience for musicianôs constructs (they will 

be the basis for the construction of design strategies and guidelines for new 

musical instruments), 

2. The musical instruments, which are used in the study as óelementsô are 

specifically chosen to represent the broader area of new musical instrument 

design, 

3. Thanks to the participant selection criteria, all professional musicians are able 

to relate directly to the musical instruments. 

3.2.2 Constructs 

As stated in Section 3.1.1.2, the essential attribute of constructs that allows the 

construction of a repertory grid is their bipolarity. Kelly (1955) describes poles as 

follows: ñEach construct involves two poles, one at each end of its dichotomy. The 

elements associated at each pole are like each other with respect to the construct and 

are unlike elements at the other poleò (p. 137).  

There are two main methods to select the constructs to be used in a repertory grid: (a) 

the researcher provides previously selected constructs to the participants and (b) the 

constructs are elicited directly from the participants (Feixas & Cornejo, 2002). Feixas 

and Cornejo state that while providing pre-selected constructs is a more suitable 

approach for discovering commonalities within a group of respondents, the latter 

method is more preferable for studies with an idiographic focus, where the elicited 

constructs are probably more representative of the participantôs personal meanings 

(Adams-Weber, 1990, as cited in Feixas & Cornejo, 2002). Bell (2003) also suggest 

that from a purely Kellyian perspective, the technique would seem to demand that 

the constructs be elicited from the person, since they are personal constructs.  
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As this research intends to capture musiciansô unique personal meanings, the second 

method, which is based on eliciting constructs directly from the participants is 

considered to be more suitable for the purposes and context of this thesis. Thus, the 

approaches and procedures in relation to generating constructs through participant 

elicitation will be further elaborated. 

3.2.2.1 Elicitation of Constructs 

There are three approaches for eliciting constructs from participants: (i) triadic 

eliciation, (ii) dyadic elicitation and (iii) laddering and pyramiding. 

3.2.2.1.1 Triadic Elicitation  

The classical approach to generating constructs is by triadic elicitation (Easterby-

Smith, 1980). This is also the original method used by Kelly (Feixas & Cornejo, 

2002). Triadic elicitation method involves simultaneously presenting three elements 

to the participant and he/she is invited to evaluate in what ways two elements are 

alike/similar and thereby the third element is different from the other two (Kelly, 

1955, p. 222; Easterby-Smith, 1980; Bannister & Fransella, 1986; Feixas & Cornejo, 

2002; Fransella et al., 2004). Each time the participant is able to successfully 

generate an answer, a dichotomous construct with two contrasting poles is created. 

The procedure continues until the participant is no longer able to generate a new 

construct based on the existing triad of elements. Then, the researcher replaces the 

existing triad with a new one in order to elicit new constructs. According to 

Easterby-Smith (1980), the selection of triads may affect the final grid. Thus, the 

researcher should either choose the triads on a genuinely random basis or 

intentionally decide the triads, which have the highest potential to bring out the 

greatest contrast in the elements available. Easterby-Smith further propose that it is 

also important to give all elements roughly equal durations in order to avoid 

distortion on the final grid, since more frequently used elements can dominate the 

type of constructs being produced. 
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3.2.2.1.2 Dyadic Elicitation 

The alternative approach to the traditional triadic elicitation is through the use of 

dyads (pairs of elements) instead of triads (Landfield, 1971, as cited in Fransella et 

al., 2004; Keen & Bell, 1980, as cited in Easterby-Smith, 1980). Dyading becomes 

preferable when the participants have difficulty generating constructs from triads; 

when the elements are complex (Easterby-Smith, 1980). Landfield provide a similar 

view proposing that the elicitation procedure based on two elements is a less 

confusing task for the participants in psychotherapy research (1971, as cited in 

Fransella et al., 2004). Dyadic elicitation method involves simultaneously presenting 

two elements to the participant and he/she is invited to answer whether they are alike 

or different, and what makes them alike or different (Easterby-Smith, 1980). If the 

participant reports a difference, the opposite poles of a construct are instantly 

identified (e.g. simple vs complex), where as, if the participant reports a similarity, 

then the participant is asked for the opposite of that similarity (Fransella et al., 2004). 

While Yorke suggests that the dyadic procedure is more likely to elicit clear opposite 

poles on the same semantic or hierarchical level (1985, Feixas & Cornejo, 2002), 

Easterby-Smith (1980) offers a contrasting view, claiming that the disadvantage of 

the dyadic procedure lies in the fact that the resulting constructs tend to incorporate 

logical opposites (e.g. simple-not simple, attractive-not attractive), rather than 

opposites of meaning (e.g. simple-sophisticated, attractive-dull). 

3.2.2.2 Laddering and Pyramiding 

Laddering and pyramiding are not stand-alone methods; instead, they are used in 

conjunction with triadic or dyadic elicitation procedures. As previously stated, Kelly 

(1955, pp. 57-58) mentions the hierarchical nature of a construct system in the 

organization corollary, where he explains the ósuperordinateô and ósubordinateô 

relationships between the constructs (Kelly, 1955, p. 58; Fransella et al., 2004, p. 9). 

Laddering and pyramiding procedures are used in order to reveal these superordinate 

and subordinate constructs by moving away from the original construct in opposite 

directions. First mentioned by Hinkle (1965), laddering is used in order to generate 
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superordinate constructs based on the original construct elicited from the participant. 

The procedure is as follows: After the construct is elicited in the usual manner 

through either triadic or dyadic procedures, the participant is asked which pole of the 

construct he/she prefers. The researcher then asks the question óWhy?ô. The 

participantôs answer is a new construct, which is superordinate to the original 

construct and with a higher order of abstraction. The óWhy?ô question is repeated by 

the researcher until the participant is no longer able to produce a new superordinate 

construct (Easterby-Smith, 1980; Fransella et al., 2004).  

Pyramiding, suggested by Landfield (1971, p. 135; as cited in Fransella et al., 2004), 

on the other hand, uses a similar procedure, where the usual elicitation procedure is 

followed by the researcher asking a óWhat?ô question. The participantôs answer 

produces a new construct subordinate to the original construct and it is more concrete 

in nature. Similarly, following the participantôs subordinate construct by asking a 

secondary óHow?ô question may generate an even more concrete construct revealing 

more detail, such as the physical characteristics of the element being elicited. As an 

example, Honikman (1976; as cited in Fransella et al., 2004) used pyramiding in his 

study where he investigated peopleôs views on living-rooms and he was able to elicit 

constructs involving physical characteristics of the elements of a living-room.  

Fransella et al. (2004) suggest that while Hinkleôs laddering takes the person óupô a 

ladder, Landfieldôs pyramiding takes him/her ódownô it. Both laddering and 

pyramiding are equally useful for further understanding the hierarchy and 

interrelations between a personôs construct system. 

3.2.3 Linking Mechanisms 

The final parameter of the RGT is the rating system, which acts as a linking 

mechanism between elements and constructs (Easterby-Smith, 1980). When the 

elicitation procedure is completed and the repertory grid is constructed, the elements 

form the columns while the constructs elicited from the participants form the rows. 

The values placed within the grid originate from the rating system used.  
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Three main methods (Easterby-Smith, 1980; Feixas & Cornejo, 2002) can be 

employed for a rating system:  

1. Dichotomous method 

2. Ranking method (alternatively termed as óOrdinal methodô by Feixas and 

Cornejo) 

3. Rating scale 

3.2.3.1 Dichotomous method 

The dichotomous method involves the participant to place all elements on either of 

the contrasting poles of the construct through marking the relevant box with a ótickô 

for the left pole and a ócrossô for the right pole (Easterby-Smith, 1980).  According to 

Feixas and Cornejo (2002) dichotomizing, a two-point scale, is the simplest rating 

system and the method is recommended for use with children or participants with 

cognitive deficits, where more complex methods cannot be applied. In addition, 

Kelly suggested the risk of an unbalance, caused when the majority of elements lean 

towards one pole of the constructs, leaving only one or two elements on the opposite 

pole; a situation that requires the constructs to be discarded due to their poor 

discriminative capacity (Feixas & Cornejo, 2002). Easterby-Smith (1980) mentions 

that dichotomous scales tend to be more useful for hand analysis or if the grid is to be 

used for discussion purposes. A representation of the dichotomous scale is presented 

in Table 3.1. 

Table 3.1 Example of a dichotomous scale 

 Element 1 Element 2 Element 3 Element 4 Element 5 Element 6 Element 7  

Positive 

Pole ᾛ ᾟ ᾟ ᾛ ᾛ ᾛ ᾟ 

Negative 

Pole 

3.2.3.2 Ranking (Ordinal) method 

The ranking (ordinal) grid was first suggested by Phillida Salmon and described by 

Bannister as being employed mainly in order to avoid the disadvantages of the 
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dichotomous method (Feixas & Cornejo, 2002). The ranking method requires the 

participant to order all elements from one pole of the construct to the other. Since the 

elements are ranked and ordered between the two construct poles, the same score 

cannot be repeated for more than one element (Easterby-Smith, 1980). While the 

ranking method offers more discriminative power compared to the dichotomous 

method, the participants may also be forced to score elements differently when in 

fact there they see no difference between them based on the elicited construct 

(Easterby-Smith, 1980; Feixas & Cornejo, 2002). Additionally, the application of the 

ranking method becomes more difficult when the number of elements increases 

while the mathematical analysis of the grid is also limited to a certain number of 

elements for some software (Feixas & Cornejo, 2002). A representation of the 

ranking (ordinal) scale is presented in Table 3.2. 

Table 3.2 Example of a ranking (ordinal) scale 

 
Element 1 Element 2 Element 3 Element 4 Element 5 Element 6 Element 7 

 

Positive 
Pole 

3(rd) 1(st) 4(th) 2(nd) 5(th) 7(th) 6(th) 
Negative 

Pole 

3.2.3.3 Rating scale 

The rating scale is the most widely used method among the three alternatives (Feixas 

& Cornejo, 2002; Fransella et al., 2004). The participants are instructed to rate the 

elements based on a Likert-type scale where the minimum and maximum values 

represent the opposite construct poles. Fransella et al. (2004) mention that Bannister 

developed the rating scale based on Kellyôs original dichotomous scale by expanding 

the two-point scale to a longer one. While the scales have ranged from Kellyôs 2 

points to 20 points, increasing the number of intervals provide the participants more 

scope to express their views (Fransella et al., 2004) and allow them to make more 

sensitive discriminations and increase the complexity of their elicitations (Feixas & 

Cornejo, 2002). Fransella et al. (2004) suggest that a 7-point scale is a commonly 

used length because it yields more comprehensive data while also providing a mid-

point. Feixas and Cornejo (2002) also support this view by suggesting that based on 

their experience, 7-point intervals are preferable. A representation of the rating scale 

is presented in Table 3.3. 
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Table 3.3 Example of a rating scale 

 
Element 1 Element 2 Element 3 Element 4 Element 5 Element 6 Element 7 

 

Positive 

Pole 
6 6 4 1 4 3 2 

Negative 

Pole 

 

For the purposes of this research, a triadic elicitation method was selected in order to 

elicit constructs from the musicians. In addition, the author used laddering and 

pyramiding in combination with triadic elicitation due to these methodsô ability to 

produce superordinate and subordinate constructs as well as further revealing the 

hierarchy and interrelations within the musiciansô construct systems. Finally, a 7 

point Likert-scale was employed for musicians to rate their constructs. 

3.3 Personal Construct Theory and Design Research 

Even though Kelly developed the ópsychology of personal constructsô theory and its 

practical applications to be used in clinical psychology, the flexibility of both the 

theory and the RGT made the personal construct theory a point of interest for many 

other disciplines such as HCI, education, design, business and marketing, etc.  

Especially in the last couple decades, considerable amount of research has been 

conducted through RGT in industrial design as well. 

Sener et al. (2006) used RGT to elicit user expectations from audio products. The 

study revealed similarities and differences in user expectations regarding physical 

(portable digital audio devices) and virtual (audio player software applications) audio 

products. Sener et al.ôs study was the first of its kind in regards to utilizing the RGT 

method to compare products in physical and virtual domains.   

In their study, Fallman and Waterworth (2010) note the artificiality of assessing the 

emotional impact of interactive products in isolation from cognitive judgments. 

Hence, they present RGT as a candidate for assessing holistic meaning of usersô 

interactive experiences through a study they conducted using both off-the-shelf and 

research prototype mobile information technology devices.  They propose RGT as an 

open and dynamic technique on the border between qualitative and quantitative 

research, which can qualitatively elicit peopleôs experiences and meanings while 
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also allowing for quantitative analysis of the data. Fallman and Waterworth conclude 

that RGT is unique in the way that it respects the wholeness of cognition and does 

not separate the intellectual from the emotional aspects of the user experience.  

In their automobile design research Normark and Gkouskos (2012) combined RGT 

with a series of four workshops, in order to propose an alternative method for 

capturing userôs needs and experiences of human machine interface design in 

automobiles. According to Normark and Gkouskos, todayôs highly technological 

cars, highlight an emergent need for the careful selection of added functionality and 

of features that can fulfil the driverôs needs without compromising safety and driving 

enjoyment. They suggest that RGT takes into consideration both the intellectual and 

the emotional dimensions of user experience and thus reveal a broader picture 

regarding userôs needs.  

To investigate the perceived qualities of on-body interactive products, Kuru and 

Erbuĵ (2013) used the RGT in order to determine what will lead users to avoid or 

approach these new technologies. The authors used conceptual designs for wearable 

phones in order to capture the meanings and relative importance of the qualities, 

which were elicited from the users through RGT.   

In her PhD dissertation, Akbay (2013) employed RGT in order to shed some light on 

the idiosyncrasy and peculiarity of individualsô colour perception. According to 

Akbay, the results of the research can be actionable for design professionals who 

make use of colour samples in colour design and colour planning.  

Baxter et al. (2014) discuss the usefulness of RGT as a method used in new product 

development to help uncover customersô hidden needs. They base their discussions 

on three case studies from their own work to show that RGT can be applied 

effectively at different stages of product development process; resulting in entirely 

new products, product improvements and new approaches to marketing. 

3.4 Features of PCT and RGT in the Context of Design Research 

There are many underlying reasons for employing personal construct theory and 

RGT in the context of design research. The most important advantages of RGT are: 


































































































































































































































































































































































































































































































































