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Chapter 1

Introduction

The design, creation, and use of digital musical instruments (or DMIs) is a research

field situated at the intersection of computer music and human-computer interaction.

While research on this topic is published in a variety of forums, the most visible is

the International Conference on New Interfaces for Musical Expression (NIME).

Much of the focus of the NIME community is on the creation of bespoke con-

trollers, which itself largely depends upon the knowledge and resources of the DIY

electronics community. However, while general knowledge on sensor implementations

is readily available, research into the design of sensors dedicated for use in musical

controllers remains on-going [22].

The research in this thesis addresses one specific sensor application, focusing on

the displacement of a musical string as a primary control modality for computer music

performance.

Acoustic stringed instruments are ubiquitous across many musical cultures of the

world, and yet the use of strings as a primary interaction element for DMIs is relatively

rare within both the NIME literature and electronic music performance in general.

Commercially available instruments have tended to follow traditional form factors,

and either use indirect sensing [31] to generate control signals, or fall within Miranda

& Wanderley’s classifications of ‘instrument-like’ controllers [23], which tend to em-

phasize techniques associated with acoustic instrument performance. This emphasis

continues in work such as Temprano and McPherson’s use of TMR angle sensors in-
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tended to capture gestures related to guitarist’s left and right handed performance

techniques [5].

There is no doubt that work of this type remains highly relevant, but in addition

to ‘traditional’ acoustic interactions with strings, like plucking, bowing, and striking,

DMIs also have the ability to utilize non-acoustic interactions for control of sound

synthesis. In the same way in which the current generation of keyboard-inspired

controllers (such as the Haken Continuum1, LinnStrument2, Seaboard3, Soundplane4,

etc.) have established a model of generating pressure or displacement on the X-, Y-,

and Z-axes, the approach we take here is to conceptualize stringed instruments as

arrays of physical elements capable of 2-dimensional static displacement orthogonal

to string position, with a potential 3rd axis consisting of either the position of peak

displacement or of pressure along the axis of the string.

This opens up a new world of possibilities for the design of stringed DMIs, using

the strings to directly generate control signals instead of as a physical sound source.

The decoupling of control interface from sound synthesis allows for interactions not

typically associated with traditional stringed instrument performance, and also means

that the sounds the instrument can produce are independent of the physical qualities

of a string This makes tactile feel and string tension the primary considerations for

choosing which type of string to use.

In this thesis project, we will discuss our work in designing and implementing a

system for sensing 2-dimensional string displacement in the context of DMIs. There

are many components related to the sensor design process and integrating the sensor

into a DMI. This thesis project covers the sensor design and implementation process

and signal processing, but does not delve into mapping sensor control signals into

sound.

We will begin in chapter 2 with the proposal of a set of design requirements and

give an overview of sensing techniques for this application. In chapter 3 we will

1https://www.hakenaudio.com/
2https://www.rogerlinndesign.com/linnstrument
3https://roli.com/products/seaboard/rise2
4https://madronalabs.com/soundplane
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review examples of example instruments from literature. We will then discuss the

sensor mechanical design process in chapter 4, signal processing pipeline in chapter

5, and sensor results in chapter 6. Chapter 7 will detail the use of our sensor in the

context of a musical instrument and we conclude with chapter 8.
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Chapter 2

Design Considerations

The primary goal of this research is the development of a practical sensor for the

creation of digital musical instruments. Several publications within the computer

music and NIME literature have set forth principles for the design of DMIs, generally

drawn from their author’s personal experiences [27, 20, 10].

Particularly relevant is the framework for designing hardware systems for profes-

sional artistic productions presented by Ian Hattwick in his Ph.D. dissertation [15].

Within this framework Hattwick describes seven design aspects, four of which influ-

enced the design specifications for the work carried out in this thesis: functionality,

manufacturing, robustness, and reusability. Associated with these aspects are sets of

design principles, itemized in Table 2.1.

This section of the thesis puts for a set of design considerations, influenced by the

principles drawn from the literature as well as the the primary goal described above.

2.1 Specifications for the design of a musical string

sensor.

1. The sensor design should support a variety of digital interface designs.

(a) Should be cost-effective and easily manufacturable with commonly avail-

able digital manufacturing device such as 3D printers and lasercutters.
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Principles of functionality
Novel solutions are cool, but risky
Re-use existing systems when possible, but be prepared to start from scratch
It is more important that it work than how well it works
Perform quantitative tests of the system when possible

Principles of manufacturability
Use appropriate manufacturing techniques
Begin manufacturing early
Identify opportunities to speed manufacturing

Principles of robustness
Repairability vs. replaceability
Pay attention to material properties and points of failure
Learn and use standard techniques for protecting electronics

Principles of reusability
Keep an eye towards future applications
Keep documentation of the design process as well as the system
Clarify the possibilities of system reuse from the beginning

Table 2.1: An excerpt of relevant design principles presented in [15]

(b) Should be small enough to easily implement in a DMI with multiple strings,

supporting a minimum of 1 cm string-to-string distance.

(c) Robust mechanical integration with structure of the interface, allowing for

strong physical interaction between the instrument and its player without

affecting the mechanical stability of the sensor mechanism.

(d) Not limited to ferromagnetic strings; should be compatible with other com-

mon string compositions such as nylon or gut.

2. Effective Sensing Characteristics

(a) The primary goal is to be able to differentiate displacement in both direc-

tions orthogonal to the length of the string.

(b) Accurate and precise measurement of displacement within expected range

of motion in order to for sensor signal values to correspond to the musicians’

perception of string displacement.

(c) Sensitive to very small displacements without excessive noise.
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(d) Ability to generate linear values for string displacement, and avoid non-

monotonic regions. Monotonicity is defined as a function that is entirely

non-increasing or entirely non-decreasing. We would like to have this re-

lationship in the function of output voltage vs string position in order to

uniquely identify string position based on output voltage.

(e) Minimal cross-talk between strings, in which the movement of one string

causes a shift in sensor values of an adjacent string.

3. Support for sensing oscillation

(a) While string vibration is not intended to be used as a sound source and is

not the primary goal of this research, indirect sensing of string interactions

will be useful and should be supported.

(b) An open question remains as to what frequency resolution is sufficient to

allow for meaningful analysis of oscillating signals.

2.2 Sensing for Physical Interaction with Strings

Various sensor types have been used for stringed interfaces, depending on the type

of desired interaction. In this section we discuss the application of different sensors

sensing string displacement, which we define as a controlled movement of the string

away from its resting position and orthogonal to the string’s length.

2.2.1 Sensor Configurations

String displacement can be described in either cartesian or polar coordinates. In

practice, most sensor implementations will provide a cartesian perspective, generally

measuring the distance of the string to two identical sensors. Figure 2-1 shows one

configuration in which the sensing areas of the two sensors are parallel.
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Figure 2-1: Typical sensor application measuring the distance of a string from two
identical sensors with parallel sensing directions.

Primary considerations for this configuration are that the sensors can accurately

measure the full displacement range of the string without becoming either non-

monotonic or exiting effective sensing range, and also that the sensor output maintains

sufficient resolution as the distance and angle of the string-sensor vector changes.

It should be noted that the 2-dimensional displacement in figure 2-1 above will

cause the resolution of the sensors to deteriorate as the string moves further away

from the sensors. Figure 2-2 shows a different configuration for sensors, each of which

is focused on one direction of displacement. The configuration shown in figure 2-2

mitigates the decrease in resolution by angling the sensors to keep the string within

a good sensing range.

Figure 2-2: Perpendicular arrangement of identical sensors. Suitable for sensors which
are primarily sensitive to string displacement in one direction.

One possible approach to sensing polar coordinates would be a modification to

the STRIMIDILATOR [2], in which the displacement of the string is sensed using a
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linear transducer which is free to rotate. The angle can be measured using a rotary

encoder.

Figure 2-3: Polar position sensor, in which the displacement d is measured using a
linear transducer which is able to rotate. The transducer is fixed at one end to a
rotary encoder, which is able to measure angle �.

2.2.2 Floating Sensor Elements

Some sensing techniques, such as potentiometers, require that the sensor be mechan-

ically coupled to the string. In general, non-contact sensors like optical or magnetic

sensors will be preferable as they do not interfere with the string’s mechanical prop-

erties and also are less prone to failure. However, in some cases the string alone is

not adequate for non-contact sensing techniques, e.g. if the string is non-ferrous for

magnetic field sensing, or the string is too thin for effective optical sensing.

One alternative for these cases is to add a floating sensor element to the string.

Attaching a magnet will make any string suitable for magnetic field sensing (as in

the Global String [29]); a similar approach may work for optical sensors [16]. The

challenge in these cases is to ensure a consistent relationship between the string, the

floating sensor element, and the sensor itself.

Early experiments with floating sensor elements (such as the prototype in figure

2-4) showed great potential in being compatible with various kinds of strings, as the

sensor is not sensing string motion directly. However, we found that a consistent

relationship between string motion and sensor output was difficult to obtain.
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Figure 2-4: An early prototype of a floating sensor using magnets and hall effect
sensors. Nails act as a support for the floating bridge which has magnets fixed to it.
Hall effect sensors are used to sense the magnets on the floating bridge.
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2.2.3 Electromagnetic Field (EMF) Sensing

Magnetic pickups are commonly used for electric stringed instruments, and use the

oscillation of ferromagnetic strings within a magnetic field to generate an electrical

current [24, 17]. While this technique does not detect static displacements, directly

measuring the magnetic field is possible using hall effect sensors, a technique used in

several of the instruments described in chapter 3.

Changes to the magnetic field can be created most easily by changing the relative

position of a magnet and the sensor, most obviously by attaching the magnet to the

string. An alternative approach is to use a biasing magnet behind the hall effect

sensor, which will create a magnetic field in front of the sensor. The movement of a

ferromagnetic string within this field will generate a magnetic field variation, although

the amplitude of this variation is quite small. A third approach would be to run a

current through a conductive string to create an electromagnetic field; however, this

may require a considerable amount of current to generate a magnetic field of sufficient

strength.

A similar approach is electric field sensing [26, 28], in which an AC current is

applied to a transmitter, which then induces a current in a receiver with an am-

plitude relative to the distance between the transmitter and receiver. Similarly to

magnetic field sensors, the electric field can be transmitted, received, or perturbed by

a ferromagnetic string.

This is also related to capacitive sensing, useful for detecting contact with a string,

proximity, and potentially also string displacement. The most common method is to

periodically apply an electrical charge to a string, and then measure the time it

takes to discharge. A finger touching the string will act as a capacitor and affect the

discharge time [30].

Limitations for EMF sensors are that the strings need to be made out of a con-

ductive material, compensating for interference by the performer’s body may be nec-

essary, and the time resolution for capacitive sensing is limited by the maximum

discharge time.
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2.2.4 Optical Sensors

Optical pickups use infrared light emitters and phototransistors to detect string os-

cillation [14, 19, 25]. The two main methods found for sensing with optoelectronic

methods are either by placing the string between the emitter and phototransistor to

interrupt the light (transmission mode), or by using the string to reflect the light

from the emitter onto the phototransistor (reflection mode).

Figure 2-5: Optical sensor in transmission mode

Figure 2-6: Optical sensor in reflection mode

While most optoelectronic sensing has been used for detecting single-axis oscilla-

tion, they have also been used to detect magnitude and angle of string displacement

in transmission mode [8], although not in the context of a DMI.

2.2.5 Mechanical Sensors

Variable resistors [13] and force sensors [21] have been used to sense string displace-

ment. Variable resistors will generally have a movable element whose position deter-

mines the resistance, as is the case in linear transducers or faders. Force sensitive
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resistors (FSRs) are made of materials that change in resistivity as strain is applied.

Both FSRs and variable resistors are cost effective sensors; however, they are both

physically large sensors, so it may be difficult to make a compact sensor system us-

ing these components. In the case of variable resistors, the moving parts may limit

the lifespan of the sensor. For force sensors, a drawback is that force measurement

doesn’t necessarily translate to how much the string is displaced.

2.2.6 Piezoelectric Sensing

Piezoelectric transducers are capable of sensing string oscillation [29, 11] but are

not suitable for sensing string displacement as they are only sensitive to changes in

deformation. One example of 3-axis oscillation sensing was developed by Freed &

Isvan [12].

2.3 Conclusion

After consideration of all the available and relevant sensing options, we decided to

choose optical sensing for our string sensor because of its compatibility with non-

ferromagnetic strings, ease of implementation, and capability of sensing both string

displacement as well as oscillation. While we could have used a floating sensor element

containing a ferromagnetic material in order to make EMF sensing work with non-

ferromagnetic strings, the mechanical complexity of the floating sensor element was

undesirable. Optical sensors supported the most goals from our list of specifications

outlined in 2.1.
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Chapter 3

Example Instruments

In this section, we discuss existing string-based DMIs and the sensor systems that

they use in order to explore different approaches for our sensor implementation.

3.1 The Web, the Finger Web, and Soundnet

The Web [18] and its counterparts the Finger Web and Soundnet [6, 7] are instruments

that use multiple strings linked together resemblant of a spiderweb. When one or more

strings are pulled the tension of multiple strings in the Web changes due to the strings

in the Web being mechanically connected. The end of each string is attached to an

assembly consisting of a magnet supported by a spring. A hall effect sensor detects

the movement of the magnet when tension is applied to a string.

The Web was designed for sensing only string tension and is therefore insensitive to

displacement direction. We also expect that the design would be be mostly insensitive

to string oscillations.

3.2 Global String

The Global String [29] is an instrument that consists of 2 parts connected via network,

so the two parts can be arbitrarily far apart. Each part consists of a single large string

that takes up an entire room. When a user interacts with one part of the instrument,
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sensors on the string convert the string motion to a control signal used for sound

synthesis as well as for inducing vibration in the string belonging to the other part.

A magnet is attached to one end to the string and low-frequency displacement data

in 2 axes is sensed via Hall effect sensors in a perpendicular arrangement. Piezoelectric

transducers are used to detect high-frequency oscillations.

3.3 STRIMIDILATOR

The STRIMIDILATOR [2] is a 4-stringed DMI that senses both displacement and

oscillation. Displacement sensing is separated from oscillation by having the middle

two strings only used for displacement, and the outer two strings for oscillation. For

sensing oscillation, an electromagnetic pickup was used.

Linear transducers are used to detect overall string displacement. The tip of a

linear transducer is attached to each displacement sensitive string at the string’s mid-

point. One end of the transducer is attached to a pivot, leaving it free to rotate. This

method of sensing outputs the magnitude of the string displacement, but a sensor

measuring the angle of rotation is not included (as opposed to the polar sensing con-

figuration described in figure 2-3). In addition, since the transducer is mechanically

attached to the string’s midpoint, the string’s natural ability to oscillate is hindered.

3.4 Manipuller I and II

The Manipullers [4, 3] are DMIs that use force-sensing resistors (FSRs) to measure

tension on multiple strings. The Manipuller I features 4 parallel strings arranged

in a square pattern while the Manipuller II has strings arranged around a ring in a

dreamcatcher-like manner, intersecting with each other similar to the Web. Like the

Web, each string is primarily sensitive to string tension; however, the Manipullers

combine the sensor readings from all of the strings to create a single displacement

vector (and also for other kinds of gesture sensing). Both Manipullers I and II use

the FSRs not only to detect whether a string is being pulled or released, but also to
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detect multiple strings being pulled at once, and to detect the direction the strings are

collectively being pulled in by using known string positioning to generate a coordinate

system.

The Manipuller II was designed for string displacement sensing and gesture sens-

ing. Sensing oscillation may be difficult as pressure variations of an oscillating string

may be quite small (similar to the sensor in the Web).

3.5 Conclusion

While all of the sensor implementations discussed in this section work well for their

intended instruments, they are not optimal for what we are trying to accomplish

with our sensor. Particularly the size of the sensing elements in the Global String

and Webs are too large, and some other sensing elements either only detected string

displacement or string oscillation, but not both. This meant that our sensor imple-

mentation would not be able to take much inspiration from existing sensors and we

would need to create a novel sensor.
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Chapter 4

Sensor Prototyping and Design

As discussed in 2.3, after evaluating different sensor techniques and existing ap-

proaches, we chose to implement a prototype using infrared (IR) optical sensors.

We chose optical sensing over other sensing approaches such as hall effect sensors

and linear transducers because of their ability to sense displacement without making

contact with the string and their compatibility with non-ferromagnetic strings. Our

ultimate goal is to create a design whose size, complexity, and price is suitable for use

in instruments with relatively large numbers of strings, e.g. harp-type instruments,

and which follow the design considerations in section 2.1 provided above.

4.1 Initial PCB Design

For our prototype we arranged 2 IR emitter-phototransistor pairs in a perpendicular

transmission mode (figure 2-5) arrangement to sense displacement in 2 axes. Initial

tests were done with through-hole emitters and phototransistors on a breadboard.

While these tests showed that optical sensing was promising, more testing was needed

as the position of the sensors were not firmly fixed in place, making it difficult to

acquire clean data. Designing a PCB with surface mount components became the

best option for acquiring predictable and stable sensor data. We designed our PCB

to house only the emitters and phototransistors so that any further circuitry was still

accessible and easy to manipulate.
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Figure 4-1: Close view of the sensor PCB showing the perpendicular layout of emitters
and phototransistors

Underneath the IR emitters and phototransistors are 2 rows of 3-pin headers to

power and read out from the PCB. We used a generic microcontroller to interface

with the sensor as shown in the figures 4-2, 4-3, and 4-4. One row of header pins was

used to provide power to the phototransistors as well as to access the output values

of the phototransistors. The other row of headers was used to provide power to the
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Figure 4-2: Initial schematic of the sensor showing one sensor hooked up to a micro-
controller

infrared emitters as well as to control whether the emitters are turned on or off.

Since rapid turnaround time was required to test the initial PCB design, we de-

cided on milling the PCB in-house using an Othermill 1. The milling process on

the Othermill was greatly simplified because of the single-sided PCB design, but was

unable to include vias or any silkscreening/soldermask on the PCB. The initial PCB

was 2cm in width and 3cm in height.

4.1.1 Initial Testing Procedure

We designed a simple one-string interface prototype to test the sensor. The string is

held in place in both ends by Floyd-Rose guitar locking nuts 2. On the right side,

the end of the string is attached to a dulcimer tuning pin used to tension the string.

On the left side, the sensor prototype is fixed in place as seen in Figure 4-5. The

positioning of the sensor was done by hand until the sensor data seemed optimal;

this proved quite a challenge and it became clear that accurate sensor positioning is

1Has since been discontinued, acquired by Bantam Tools: https://www.bantamtools.com/
2https://www.floydrose.com/products/original-locking-nut?variant=30511209490
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Figure 4-3: Initial PCB design for the sensor, sensors are laid out in an orthogonal
configuration

Figure 4-4: 3D model of the PCB prototype
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