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ABSTRACT

Expression in musical practice is inextricably tied to the touch
of the performer. In digital musical instruments (DMIs) the
relationship of touch to sound is indirect: the nuances and
fine detail of performer control can be flattened and limited
during the translation of physical gesture to physical sound.
The locus of this research is in the contact made between
performer and DMI: focusing on this area can grant insight
on fundamental issues of human computer interaction, particularly regarding intimate and expressive control of tangible
interfaces. In this paper I present my research on this topic
so far, which includes empirical studies that focus on specific parameters of performance where touch plays an integral
role. The first study investigates how dynamic vibrations in
an instrument’s body can guide the hand of a performer and
assist with intonation. The second study looks at asynchrony
between action and sound and the influence this latency has
on the perceived quality of an instrument.
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INTRODUCTION

This PhD research investigates the design of digital musical
instruments and the role of the sense of touch in the design
process. DMIs have been defined as musical instruments that
consist of a gestural sensing layer that is then used to drive
musical parameters of sound synthesis [17]. Unlike acoustic
instruments where action and sound are tightly coupled via
the physical mechanism of the instrument, DMIs lack a tight
coupling between sound and tactility. Haptic experience, the
umbrella term for perceptions pertaining to touch, is becoming
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increasingly important to the design of all kinds of humancomputer interfaces: haptic attributes and characteristics are
becoming central to our interaction with digital objects [20].
The finer detail of how haptic experience unfolds has however
been under explored in comparison to research conducted on
vision and audition. This research exists within a growing
body of work that addresses these matters [9, 6, 15], and
contributes to this discourse by shifting the focus to the design
of musical instruments, a field of design where touch and ‘feel’
are of highest importance. This research proposes that these
considerations can and should be knowingly and explicitly
held into account by designers of DMIs.
Alongside audition, touch is the primary mode through which
we engage with musical instruments. In fact learning a musical
instrument can be understood as one of the most developed
haptic cultural practices, where years of practical and theoretical training reinforce sensorimotor pathways allowing us to
perform complex music. When playing an acoustic instrument
we get a great deal of rich sensory information from the part
of our body which makes contact with the instrument (hands,
fingertips, lips, shoulders). This has been shown to contribute
to temporal control [7], quality judgements [4] and expressive control [15]. For most DMIs, although touch-mediated
interaction is still the primary means of control, there is no
comparably rich physical experience from the instrument. By
focusing on the contact that a performer makes with an instrument we gain access to an area of performer-instrument
interaction that is not accessible by concentrating on hearing
alone. The focus shifts to instrument physicality, that is to the
physical characteristics of sound and to the action and labour
of performance. This research project investigates how we can
re-frame the sense of touch in the design process of a DMI.
As part of this project new musical instruments have been
designed specifically to investigate different aspects of touch
in DMI performance.
Context and motivation

The emotional capacity of touch is central to the field of
tangible computing, which calls for a rediscovery of the
rich physical aesthetics of manual interaction with computers [20]. Two aspects of the idea of tangibility distinguish
touch from the other senses and are of particular relevance to
DMIs:‘immediacy’ and ‘manipulation’ [2]. Immediacy refers
to the fact that the sense of touch relies on direct physical contact, and gives us an almost intimate experience of an object
that the other senses can’t provide. Manipulation refers to
the bi-directional nature of touching: as both an input and an
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output act, touching is our primary means of effecting change
on objects in our environment. As tangible user interfaces
DMIs are important examples due to the high degree of skill
required in their operation and to the expressive, culturally
meaningful music they can produce.

Felt Cradles for the sensor

Capacitive Touch Sensor
Actuator attached to
bottom of sensor

Each of the studies presented in this paper focus on the implicit
cross-modality of controlling a musical instrument: the congruencies and redundancies that exist between touch and hearing
[8]. Perceptual attendance, that is the relative weighting of
sensory information provided to different sensory channels, is
crucial to the design of DMIs. Touch itself has a much lower
bandwidth than vision or audition [6] however, the overall
amount of information available to a sensory channel does
not necessarily relate to its value or importance: the power of
the haptic channel to transmit emotional (and at times vitally
relevant) information can certainly overpower its bandwidth
limitations [8]. Another way in which touch stands out from
the other sensory channels is in its explicit reliance on movement: touch is never a passive sense and "movement is as
indispensable to touch as light is to vision" p.8 [14].
From the perspective of embodied music cognition [15] music, too, is based on action: body movement is given prime
importance in the formation of musical meaning. In the case
of a DMI the relationship of action to sound does not have to
be direct, and in fact the beauty of electronic music is perhaps
in the shift of responsibility for sound making from the human
to the machine [3]. Within the vast spectrum of approaches to
DMI design, this research studies instruments that display a
tight coupling of action and sound [13] due to the connection
of intimate control and expressive performance [21]. A related
concept is that of ergocity introduced by Cadoz [1], which
posits that an essential property of instrumental interaction is
the preservation of energy through both digital and physical
components of a system: all signals produced by the system
should correspond to the amount and shape of energy fed into
the system so as to provide a more natural form of interaction.
This is usually not the case with DMIs and it has been identified by many working within the field of computer music that
the expressive possibilities of traditional musical instruments
(such as the piano, the electric guitar or the cello) have not yet
been matched by DMIs [2, 15, 17].
Haptic engagement with a DMI is guided by both static factors
(material, weight, arrangement of keys, strings or frets) and
dynamic factors (how it responds both physically and sonically
to energy put in by the performer) [17]. Leman describes
haptic feedback as "a multi-modal prerequisite for musical
expressiveness" p. 163 [15] as it gives the performer a more
reliable sense of how gesture translates to sound at the moment
of excitation. Fostering or maintaining this kind of ergotic or
familiar interaction while utilising the great sonic potential that
digital technologies offer is a tough challenge for designers.
This research seeks to clarify the parameters of design that
can help maintain the presence of a performer’s touch in their
interaction with a DMI, parameters that influence the feel and
hence the perceived quality of a DMI, and parameters that
are fundamentally to do with how touch is catered for and
understood in the design process. To return to perceptual
attendance, if we know the important factors of touch that
performers attend to, the kind of stimuli or characteristics of
stimuli that naturally pop-out from the background, then we
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Figure 1. The top surface and front panel of the embedded instrument
with vibrotactile feedback built for study 1 [12].

know what to simulate in high fidelity, and what we only need
to give a gist of in low fidelity.
Research objectives and questions

The primary research objective of this project is to develop
a design framework for DMIs that focuses on the sense of
touch. This is achieved by looking at the parameters of design
that bind touch and sound together in a DMI. The questions
that this research seeks to answer can be divided into three
complimentary domains: touching and tactile orientation;
audio-haptic immediacy and intimate control; excitation and
note onset. Each question has both a theoretical and technological element.
The first domain touching and tactile orientation aims to answer the following question: how does the physical structure
and dynamic tactile behaviour of an instrument influence a
performer’s control and understanding of instrument layout?
Rojas [18] proposes that learning an instrument can be understood as the development of a musical topography, one that
maps out how performer-instrument relationship relates to aesthetic, ecological, and technological threads contained within
the instrument’s structure. This area of research looks at how
such musical topographies are influenced by an instrument’s
physical structure.
The second domain considers the temporal relationship of
audio and haptic feedback from an instrument, and aims to
answer the following question: how can the the temporal
relationship between audio and haptic feedback in a DMI
be designed to improve perceived controllability, perceived
expressivity or perceived quality of the instrument? This area
addresses issues of perceptual attendance, studying how small
changes in the perceived mechanism of a DMI can influence
performance and subjective opinions about instruments.
The third domain considers how sound is excited from an
instrument and aims to answer the following question: how
much of an instrument’s perceived quality lies in the character
of the onset of each note? This area addresses the manner in
which action translates to sound in the moment of excitation,
and the specific parameters of design that influence the fluency
of this translation.
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on the pitch continuum, vibrating or ceasing to vibrate when
in tune or approaching an in tune note; the third, inspired by
accounts of double bassists using haptic beating in the body of
their instrument to adjust their tuning in ensemble playing [5],
used beat frequency differences between the note played and
the target note to guide the performer’s hand. The instrument
was tested with ten musicians who played the instrument while
it was hidden from sight, encouraging concentration on touch
and hearing alone.
Figure 2. The ceramic tile percussion instrument built for study 2 [11].

Methodology

This cross-disciplinary research builds on recent work in
human-computer interaction (particularly physical and tangible computing), multi-modal perception studies, sound design and DMI research, and aims to provide both technical
implementation guidelines for design and theoretical contributions on the role of touch when interacting with a musical
instrument. The methodology involves a series of reduced
musical instruments, that are used as a means of testing specific theoretical territory of musical interaction. Each of these
prototypes are tested with musicians with varying levels of
expertise and are designed to gather empirical information
about their performance while provoking reflection about the
dynamics of interaction with the device. The evaluation of
these instruments happens through both a quantitative analysis
of specific performance parameters, and through qualitative
interviews with the musicians (employing amongst other evaluation techniques recognised frameworks for the evaluation of
musical instruments [19]), paired with my own self-reflective
assessment as the instrument designer.
COMPLETED WORK

This paper provides an overview of the first two years of this
PhD project. Over this time, alongside developing a strong theoretical base, I have conducted two user studies each focused
on a specific parameter of haptic interaction with DMIs.
Creating a theoretical base

The first stage of research involved the development of a preliminary design framework for the touch-led design of DMIs.
Initial stages of this development were informed by working
on a project with profoundly deaf people exploring their experience of music through tactile vibration [10]. Alongside
this, I reviewed current research into haptics, tangible user interfaces, physical computing and DMI design. I identified the
research questions that would focus the rest of this research:
navigation, intimacy and excitation.
Study 1: intonation and tactile feedback

This first study investigated how a DMI can respond dynamically to performer control through vibrations in the body of the
instrument, and how this feedback can provide the performer
with additional performance information. The aim was to create vibro-tactile feedback conditions that could guide the hand
of the performer whilst remaining harmonically linked to the
sound output of the instrument. An embedded DMI with three
vibro-tactile feedback conditions was created (see Figure 1),
designed to assist intonation on an instrument with continuous
pitch control. The first two conditions acted like virtual frets
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I found increased tuning accuracy with each of the conditions,
but noted that certain vibration patterns imposed temporal
constraints that disrupted performance [12]. Although providing the most accuracy, the more temporally complex beat
frequency condition was harder to integrate into performance;
this was due to the time it took to unfold, whereas the simpler
‘fretting’ conditions made for easier integration. Musicians
also reported clear preferences for a certain polarity of feedback; whether the feedback notified them of a correct or incorrect action. I also witnessed a series of emergent gestures that
used the interplay of audio and haptic feedback in unexpected
ways. Where previous studies used force feedback to push the
performer to the right pitch, this interface required an active
correction by the performer. It is interesting that both methods
are successful in improving accuracy which suggests that there
is great potential for integrating audio-related vibrotactile feedback for guidance tasks in interfaces although the temporal
demands of performance limit the complexity of the feedback.
Study 2: immediacy, latency and intimacy

In the second study the focus shifted to the temporal behaviour
of a DMI. A study was designed to test the impact of audiohaptic asynchrony (latency) on the perceived quality of a DMI
(in terms of dynamic control, temporal control, quality, naturalness). The work built on a previously conducted study[16]
which found that common techniques employed in DMI design exhibit action-sound latency above a threshold of 10ms
set by Wessel in 2002 [21]. For the study I built a novel percussion instrument constructed of eight ceramic tiles with piezo
sensors on each (see Figure 2), capable of sub-millisecond
latency and negligible jitter (variation in latency).
Round one: general musicians

The first iteration of the study was conducted with general
musicians who freely improvised on the instrument evaluating
different latency conditions (0ms, 10ms, 20ms, 10ms±3ms)
in terms of instrument quality. They also performed rhythmic
tasks on the instrument which was then used to evaluate the
impact of latency on their rhythmic accuracy. I found that
even if the level of latency is below the degree of accuracy
that can be achieved by the performer on an instrument, it can
still impact on how the quality of that instrument is judged.
None of the participants were able to perform with a degree
of accuracy that was better than the jitter condition (± 3ms).
20ms latency showed significantly lower ratings of quality
compared to the zero or 10ms latency conditions: there were
also multi-sensory by-products of some of the latency conditions, where participants put more force into their strikes as
the latency increased [11].
Round two: professional percussionists

At the time of writing I have just completed a second repetition
of this study with ten professional orchestral percussionists.
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This study was rerun with a different sample to evaluate the
impact of training on sensitivity to latency. A preliminary
analysis of the data shows that percussionists were more sensitive to the latency conditions when presented side by side.
The temporal accuracy with which they performed was significantly negatively impacted by the latency conditions when
performing fast passages. This study illuminates how asynchrony between action and sound can have an effect on the
perceived quality of an instrument. Subtle changes in the level
of latency seem to demonstrate an impact on the feel of the
instrument to the performer: it can temporally constrain a
performer’s control gestures and can create differences in how
the performer judges the effort and perceived weight of strike
that is needed to trigger a note.

4. C. Fritz and J. Poitevineau. Influence of vibrotactile
feedback on some perceptual features of violins. The
Journal of the Acoustical Society of America,
136(2):910–921, 2014.

FUTURE WORK

8. C. Ho and C. Spence. Affective multisensory driver
interface design. International Journal of Vehicle Noise
and Vibration, 9(1-2):61–74, 2013.

A focus on note onset and attack

From the studies conducted so far as part of this research
it seems that a crucial aspect of DMI design is how a note
comes into being; how it can be excited from the instrument.
This is often seen as a trivial problem with latency being the
main barrier but in fact it is a complex issue that conditions
many aspects of an instrument’s quality. The next study in
this research project will investigate the extent to which the
physical quality of an instrument, its feel, resides in its onset
behaviour in combination with its physical form factor. This
study will involve the creation of a series of prototype tangible
instruments but this time in a more collaborative process with
professional musicians. A goal of this study is to assess the
impact on instrument quality of physical form factor paired
with the dynamic timbral characteristics of an instrument’s
sound. I’m keen to discuss the evaluation technique I shall
apply at the Graduate Student Consortium A final step in this
research may be to conduct a survey asking both acoustic
and electronic musicians to describe the feel of their favourite
instruments. I then intend to build all of these findings into a
wider touch-led design framework for DMIs.
CONCLUDING REMARKS

Considering musical interaction with a digital system from
the perspective of touch illustrates some of the relatively simple changes to design that can improve the tangible quality
of these instruments. It puts the focus on the nuance of controlling a DMI and thus also the complex choices behind the
production of musical meaning, allowing us to understand
what makes instruments stand apart from interfaces. This research also aims to show how, as tangible devices that are built
to foster creativity and expression, DMIs serve as good places
for considering our interaction with computers in general.
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