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Chapter 1

Introduction

What musicians want is to maximize the expressiveness of the instrument while minimizing
the space of playing. These pocket musical technologies, especially regarding continuous
controllers, are coming forward to meet the artists’ needs.

As much as a large portion of acoustic instruments are indeed discrete-controlled
and have a discrete expressiveness (pianos, guitars, basses, etc.), continuous-controlled
instruments allow more modulation and nuance of the sound.

Comparing it digitally, most of the music controllers (MIDI) are discrete controllers(pianos,
launchpads, encoders, etc.) and many times having an "expensive" implementation: as an
example, a piano must have two switches per key, launchpads must have membranes and
only a few manufacturers can make them work flawlessly.

Bringing these controllers into the continuum means thinking about a surface of almost
infinite possibilities, where one can hypothetically track multiple touches, their movements
and their intensity (velocity). With a few trade-offs to keep the cost down (as of the
number of components, their complexity, and commercial value) this project aims to
describe the prototyping process of such a surface. In a world where electronic music
instruments are really expensive while their electric components are cheap, this project
will try to analyze and suggest the various approaches on prototyping a multi-touch
surface that minimize the cost while trying to maximize the expressiveness.

The essay is structured by starting analyzing the state of the art of the technology
and the presence of contact surfaces in the market, explaining what type of controllers
are expressive and what technologies are used to manufacture those touch surfaces. It
then follows to talk about the design of the prototype, both hardware and software, and
about the different choices driven by the different use cases proposed. From that tests will
follow, formalizing a testing protocol and analyzing the results. Finally the conclusions
will be presented, and some thoughts about the future developments of the project will
be given.



Chapter 2

State of the art

The project is based on the work of Narjes Pourjafarian, Anusha Withana, Joseph A.
Paradiso and Jirgen Steimle [1], that offers a hardware and software prototype to implement
an inexpensive multi-touch control surface, using commodity microcontrollers and sensors
greatly diffused in the market[2].

The use of inexpensive microcontrollers with open source software and without using
specialized hardware is emphasized in the source and the goal of this technique is to be
able to prototype a multi-touch control surface, which then can handle several touches
simultaneously, quickly and inexpensively.

This technique differs from the other ones (more expensive and less customizable) by
being highly scalable, considering the hardware limitations of microcontrollers.

In fact the control surface can be crafted using different materials, such as wires, tapes
or even inks, all conductive and metal based. The surface can become flexible and take
the shape of a curved object. It works by arranging the probes like a nXm matrix, with
the two layers (rows and columns) divided by a dielectric sheet. As an example, a few
tries are presented [1]: a semirigid surface and a curved one (on the back of a 3d printed
bunny).

The quality and precision of the surfaces is directly proportional to the number of
traces and the distance between them: the highest number of traces has been achieved
by using an Arduino Mega microcontroller, which has the most number of analog pins in
the Arduino family.

This allowed the implementation of a plane with 256 contact points, thus using a 16x16
matrix. The area covered by this surface is 177x177mm, and the various metal tracks were
printed using a silver-based ink printer. This surface allows tracking of up to 10 fingers
and has a medium to high resolution. Another example in a very confined space in the
textile domain is the test with a surface of 6x6 traces, composed of copper wires hand-
sewn onto a sleeve. A battery powered Lilypad-type microcontroller has the ability to
interface with mobile devices via Bluetooth that was then soldered to the wires[3].
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The form-factor of this circuit is small and the multi-touch plane has quite a low
resolution, but still useful for several use cases. The last example shown is about the
most minimal setup of the prototype, a 9-point plane (6 strips of copper tape in a matrix
3x3) with a really low resolution, thus becoming more of a button matrix, where each
button corresponds to the intersection between the two tracks. Although limited, unlike
button arrays this surface can still detect useful gestures to extend the capabilities of the
interface.

This surface has therefore a higher scalability and the prototyping process is greatly
faster than others [4].

As an example, resistive touch surfaces (found in supermarkets, train stations, etc.)
can be used with a single point of contact. Even if it can be used with a stylus (thus
not a finger) it’s very limiting and not prototypable, having a high cost of production [5].
Infrared technology surfaces on the other hand support multi-touch but, being much more
expensive, they work only in controlled environments (e.g. not right under the sun).

One of the very robust and widely used surfaces in all ATMs are optical imaging
surfaces. They triangulate the position of multiple fingers through the use of two infrared
sensors and a LED strip. Although accurate and standardized in the market, they are not
so suitable for fast prototyping and keeping the form factor low, as they require a large
number of components and some specific construction materials.

Finally, the most widely used surfaces in the market are projected capacitance surfaces,
which are used extensively on phones and mobile devices[6]. They are very precise and
fast, but on the other hand very expensive, difficult to scale, and they typically support
around 5 fingers maximum. Although usable as a prototyping tool (almost all have a
phone in their pocket right now) it is complicated to interface directly with them, except
by implementing applications directly for the OS that supports them.

There are also ulterior methods using low level electronic components to implement
musical instruments surfaces. They will be now briefly described to categorize the various
use cases.

The simplest method to implement a control surface is by having multiple exposed
metal plates (on a planar surface) that represent one side of the buttons. The other side
(ground) is usually a metal pointer or any other metal object of some sort, that closes the
circuit on contact with the surface. This is the main working principle of the Stylophone
[7]. It implements 2 octaves of notes by having one metal plate per key and a stylus (with
a metal pointer) connected by wire to the body of the instrument.

Another way, in this case linear, can be achieved using strip resistors. They look like a
strip of two layers and on pressure (following just one dimension, its length) the resistance
changes. Laying them with the shape of a grid, a 2-dimensions multi touch pressure
plate will be achieved. Comparing it with the presented method [1], linear resistors
are way more expensive, although very cheap compared to other low level components,
and crafting the prototype could be harder as a great precision is needed to glue all the
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components together tightly. The prototype of the popular Linnstrument [8] uses this
very own technique. This instrument is in fact considered one of the most expressive
instruments commercially available. There are of course other commercially available
electronic music instruments which implement a 3 axis linear layout, such as the Haken
Continuum|[9], the Roli Seaboard[10] and the Ableton Push[11] (which is a grid as every
launchpad, but with linear capabilities for each key). These three instruments achieve a
state of the art expressivity through having a linear surface, although the technologies
used are not known publicly, thus making it difficult to speculate or discuss if those
techniques could be easily replicated during a prototyping process.

Finally, many other instruments (even eurorack modules) rely on using metal plates
by calculating the capacitance of the surface when touched by human skin [12, 13]. This
technique is embedded on microcontrollers too: almost every one of the ESP32 microcontroller
family contains some pins that can be used as touch buttons[14]. Implementing this
technique is expensive (in terms of number of pins, as each pin can be linked to only
one metal surface) although there are specific modules that use 12C just for this matter
(like the MPR121).



Chapter 3

Instrument design

3.1 Instrument working

A high level description of the instrument is the following: there is a surface (planar or
non planar, square or rectangle or of any other shape) that is touched using both hands.
The touching points are then tracked and converted to MIDI notes and then sent to a
DAW that produces sound.

Design-wise this process is divided in two sections: The hardware design thinks about
how big the surface is, what shape it has and what components take place to make the
instrument work. The layout, or mapping between points on the surface and the musical
notes, also falls in this category. The other part is the software design, so how the microcontrollers
calculate the touch points and how the raw data is processed so that it can send out ready-
to-be-played MIDI notes and CCs. More particularly than the implementation itself, the
different software technologies used to achieve this multi-step process will be described.

3.2 Surface design

3.2.1 Crafting techniques and materials

As reported in [1] there are three main ways in which the surface is crafted.

The first one relies on a coated copper thread, used in the textile realm. The thread is
sewn on a cloth in the form of a grid, considering that the rows and columns shouldn’t
touch, that’s why the thread used is coated. As described [1] the distance between threads
should be around 1mm to achieve a precise reading; considering that the thread size is
small (0.3mm of diameter) the final surface will then have a small form factor, thus making
it unsuitable for both hands to cover it. Although adding more rows and columns could
resolve that, the maximum achieved number of probes was with a 12x12 strips surface
which won't still be large enough for this particular use case[1].
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The process of manufacturing such a surface would be as fast as one can saw, or by
using a sewing machine that supports a metallic thread (and using the coated one) the
process would be sped up. Another aspect to keep in mind is dealing with the cloth itself;
the textile material should not be too stretchy nor sturdy, easy to saw (not like leather)
and thin enough so that the thread stays linear to the surface and don’t make vertical
zig-zags through the surface (which might be a big fault of using sewing machines).

The second method uses silver ink pens to draw lines on any sort of surface that can be
stacked to form a grid layout. An example of using this method is the birthday card with
two pieces of paper stacked upon each other [1]. Paper is a great material for ink to attach
to but is not as reliable as other harder thicker surfaces (such as plastic sheets). The shapes
can be traced on one piece of paper only, by making use of the two sides of it (Figure 1-c).
The paper sheet should be thick enough so that the ink doesn’t penetrate to the other side
of it, effectively shorting the circuit. The conductive ink pen (Figure 1-a) might be hard
to use as it’s hard to cover a surface uniformly without leaving spaces between lines, and
drawing many shapes could results in a time consuming and imprecise process. A plotter
could be used to draw the shapes precisely, but it requires specific hardware not usually
easy to find in common homes. Other types of materials could be used but ink is hard to
handle if not with specific techniques; Another method proposed relies on using a printer
to print on plastic with some special silver conductive inks, which can’t be easily found
in normal homes and thus categorized as "DIY"[1].

While it is really fast to prototype, because just two layers and some fast drawn lines
are needed, the process of soldering some wires to it (in order of being able to attach the
other components such as the microcontroller) or by using crocodile clips might not be as
easy and firm, resulting in an unstable and messy setup (Figure 1-b). The other problem
that arose previously affects this method too: the thickness of an ink line is around 0.1-
0.3mm which is again very small to properly cover the entire surface considering that
there should be a small gap between traces.
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a. Conductive b. Conductive ink surface prototype circuit c. Conductive ink paper sheet surface
ink pen
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Figure 1: Conductive ink based surface.

3.2.2 Copper based surface

The third method implements the surface by using the commercially available copper tape,
that can be found in almost every hardware store. The tape is glued to any surface. As the
row and columns should be electrically separated, a dielectric layer is added in between.
This in-between layer could be a plastic sheet or a plastic tape for planar surfaces, or even
a coat of spray paint, very convenient to cover non planar probes. A test was performed
with the spray paint but the difference in heights between the copper tape and the surface
in which the tape has been glued made the spray paint cover the surface non uniformly,
leaving some copper uncovered, thus shorting the circuit when adding the second row
of probes. As the copper tape exceeds 5mm in length, it has to be cut in smaller strips
or other shapes. The wideness of the strips can both determine how big or dense the
surface can be. As of an example, having a fixed area: Using bigger strips will effectively
reduce the number of microcontroller pins needed to cover that area, but at the same time
reducing the precision to calculate the point of contact. Vice versa, using smaller strips
will increase the granularity and precision but consuming more resources (pins) of the
microcontrollers.

The balance between resources used and size of the surface should be considered for
every use case. For instance, implementing a simple grid-like sampler would require a few
trips and a medium sized surface. Or implementing a melodic instrument would require
having to calculate a much more precise finger’s positioning on the surface, by increasing
the granularity and the number of small strips needed.

Another way to see the problem would be thinking about how many intersections of
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rows and columns should be found under the tip of the finger at any given time. Having
more intersections near each other (with a higher density) allows to calculate the position
if just the tip or the full finger is in contact with the surface. This is actually a great
example to explain how the velocity of the music instrument could be implemented on
the surface. By pressing more, more surface of the finger will get in contact with the
plane, so by calculating the area of pressure for a single finger, the intensity of touch can
be approximated.

If the area touched represents the velocity, having a denser surface (more strips with a
smaller size) will surely better model the velocity. Opposite to that, if only one intersection
is found under a finger, it will be harder to determine if just the tip or the full finger has
been laid.

What before was described as "strips" meaning long rectangles of copper, may be
conceived in a different way. In fact the shape proposed is referred to as being "diamond
shaped"[1]. That means that each strip is a series of 90 degrees rotated squares (diamonds)
all connected through a line. Using this disposition each diamond never overlaps with
another one; the only intersection between the two layers is the small line connecting
each diamond.

This reason might be one of the key points to have clear in mind while designing the
surface: the intersection between rows and columns should be as small as possible, so
that a little part of the finger can be used to track its position, without the need of fully
pressing the finger’s area on the surface. It is easy to assume that as thin wires as possible
are needed. Using thin wires would leave most of the inside squares (part of the grid made
of wires) empty. Expanding the wires only in the empty spaces, diamond shapes will be
formed (Figure 2). The surface is designed to minimize the intersections between rows
and columns, while maximizing the space covered by rows or columns.
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Figure 2: Lines expanding into the diamond shape

Now that the surface has been described in detail, The preferred shape chosen to
implement the MIDI controller can be obtained.
Summing it up a surface used as a MIDI controller should:

1. Be used by both ends
2. Have no more than 12x12 strips
3. Have enough granularity to support velocity

The two chosen shapes are a square and a rectangle, made up of 4x4 and 5x8 probes.
The size of the first touchable surface is 45x45mm, which gives enough space for up to 3
fingers to push onto. The 8 probes are built from a copper tape, with each probe having
a diamond shaped layout, where each diamond has a diagonal of 1cm. Each row/column
has roughly 2mm of space before and after, ensuring that two adjacent probes can not
touch and shorten the circuit. The rectangular surface is 50x95mm in size and uses the
same 1cm square diamonds’ layout. It is longer to be able to perform more melodies base
actions, so that an octave of a musical scale can fit nicely on the length of the surface.

The surface should be grounded correctly not to add any additional interference, that
is why it is preferred to keep all the components on a plastic surface.

3.3 Electric components

All the components used in the project are easily findable in hardware stores and online.
They are inexpensive as well, and might be found already in maker’s houses. Starting
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from the commodity microcontroller, the Arduino Mega has the most number of analog
pins among the Arduino family. Any other Atmel AVR microcontroller can be used too,
in fact there is a guide on how to make the multi-touch control surface with the Arduino
Uno [15].

The other IC (wrapped around a module) used in the project is a multiplexer, it can be
found in various models on online stores, although the recommended one is the CD74HC4067[1].
The multiplexers, along with some 100k resistors connected both to ground and analog
pins, form the rows and columns of the surface.

Apart from these components, just a few wires are required to connect all components
together, particularly by attaching to ground (with 100k resistors) all the analog pins of the
microcontroller, while exposing the pins to the rows or columns of the surface grid. The
module CD74HC4067 is then attached to Arduino by some digital pins 3 and 5v/ground
are connected as well. Starting from the pin C0 of the CD74HC4067 each pin is connected
to a row or column of the grid. The number of rows/columns on one side is limited to
how many analog pins the microcontroller has, and to the other side the number of pins
of the multiplexer.

Figure 3: Basic connections with the Arduino Uno

As the multiplexer has more pins than the analog pins on the microcontroller, they will
be used to connect the columns. Viceversa, all the rows will be attached to the analog pins.
The receivers (RX) probes should always stay on top, so accordingly both the TX and RX
probes can be used both as rows or columns. According to the two types of dispositions
(TX as rows, TX as columns) the order of pins connected to the rows and columns might be
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reversed, to map them according to the MultiTouchKit library specifications. Other than
that, the Processing’s MultiTouchKitUI library will always put the RX probes as columns
with the most left probes attached to the A0 pin. Viceversa, the rows will be considered
as TX and connected to the multiplexer, with the far most top row connected to the MUX
0 pin.



Chapter 4

Implementation

This chapter describes how the raw data calculated by the microcontroller gets translated
to MIDI events, and eventually to sound. This process can be achieved in many different
ways, encapsulating the computation more or less to the microcontroller. Here’s one way
to do it, trying to clearly separate all the subprocesses.

4.1 Technologies flow

Both the processes of calculating the position of the fingers on the surface and the translation
of these positions to MIDI could theoretically be done on the microcontroller, although
the process of blob detection is not as implemented on commodity microcontrollers as
in specific ones (as the Arduino Portenta, which retails for 99 dollars)[16]. It was then
chosen to separate the two processes clearly: the Arduino handles the translation from
touch events to raw data, and the computer handles the blob detection and blob to MIDI
events translation.

The first process is about calculating through the capacitance of the finger, his position
on the copper matrix. This is achieved by differentiating the probes (rows and columns)
as transmitters and receivers. The multiplexer sends some signals in the MHz range to the
transmitters, that are then received from the receivers and go to the analog pins available
to the microcontroller. As the signal in the selected range (<40 MHz) propagates more
passing through the finger than the air, a higher amplitude of the signal is received when
the finger is near the surface, thus detecting the touch. The finger acts as a conductor from
the transmitters to the receivers. Sending and receiving these signals is handled by the
MultiTouchKit library [17], that exposes the pins where the components are connected to,
the size of the grid, and two modes: the first will return only the touched and not-touched
state of the intersections (as push buttons) while the second one will return the raw data
calculated. The row data, needed to calculate the blobs, are sent to the serial port as comma
separated values, one line per row intersections. Each line will start with the number of

12
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the row, and its length will be as the number of columns set. The Processing script will
then complete the second process: blob detection and blob to MIDI events translation[18].

Serial

Arduino |—=22»| Processing [—*—| DAW

Press detection with Blob detection with Correct MIDI
MultiTouchKit library OpenCV handling

Blobs to MIDI events

Figure 4: The technologies flow

The Processing script needs the MultiTouchKitUI library [19] to work: this library
create the right structure to expose the blob objects while hiding the actual computation
needed for their detection, which is handled by the OpenCV library [20] and the BlobDetection
dependency [21]. Once the number of transmitter and receiver lines is set (tx and rx),
the threshold fot the blob detection and the MultiTouchKit object is created, the library
will start reading from the serial port the incoming data. A calibration process will be
executed at the script startup: it ensures that a baseline is set to perform all the calculations
according to that. The baseline is the state of the surface not being touched by anything.
After the calibration, a visual representation of the grid will be given. By setting true the
interpolationCubic, the library will perform a gaussian blur to the grid before performing
the blob detection. Finally the blobs will be graphically shown in real time on screen.
By fine tuning the threshold and the maxInputRange variable, a better detection can be
performed, according to the physical surface materials and dimensions. The blob objects
exposed by the library remain null until a touch is detected, and then assigned by the
order in which the fingers press onto the surface. The first time the surface is touched
will always be assigned to the blob with id 0. The blobs are catalogued by an id (i) and they
have a position (X,Y), a width W and height H. The width and height will help calculate
their area and therefore the velocity on attack and quantity of modulation during the
press. These objects have to be translated then to some MIDI events. One of the key
objectives is how the objects represent sounds, and that use case directly translates on
what’s the appropriate way to handle the objects to midi events translation.

There are three different use cases that will be presented for the last step. The first
is about emulating a classical midi controller, by mapping the X value of the surface to a
key of the piano (with one octave per line) and vertically extending the octaves in rows 5.
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Figure 5: Layout of a piano keyboard on the surface

The second use case is about using the surface to control a virtual instrument that
has a more contemporary approach to synthesis, which is a granular virtual synth 6. The
X axis on the surface represents the position of the grain selected at touch (which can
be then moved around left and right) and the Y axis represents the speed of playing of
the grain. There is a Z axis too (which is the velocity, so the size of the blob) that can
be mapped to the size of the grain, so by pressing more on the surface the grain of the
granular synth will increase.

- -

Figure 6: Ableton’s granular synth (Granulator)

The third use case, designed for a small surface area and a low number of probes, is
a launchpad. Dividing the surface in N even squares, each one can be considered a pad,
where a note will be sent on touch. One example could be a 2x2 squared layout (Figure
7-a) or a 3x3 one (Figure 7-b). The velocity of the played note is represented by the area
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of the pad covered by the finger. By playing harder or purposely covering the space more,
a fuller sound will be played.

Figure 7: Launchpad’s layout

Moving forward, these MIDI events are then sent to a DAW that will assign them
accordingly as notes or CCs, effectively controlling virtual instruments or the DAW interface
as well. According to what type of midi structured information has to be sent, different
types of MIDI protocols can be used.

4.2 MIDI

MIDI is the protocol that will be used to send information to the DAW effectively controlling
the virtual instruments. There are different types of specific MIDI protocols that can be
used with different levels of trade-offs to the functionality of the surface.

Starting from MIDI 1.0, each blob can correspond to a midi note having the pitch
related to the X axis of the surface and the velocity linked to the Z (or area) of the blob.
Moving the finger up or down (in the Y direction) would bend or modulate the note. The
main limitation of using MIDI 1.0 like this is that the modulation would affect all notes
touched in that moment. A solution to that problem would be to use different CCs and
assign them to each blob, and then DAW wise each CC would need to be assigned to that
type of modulation.
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A great way to overcome using different CCs and mapping them right is to use MIDI
1.0 multi-channel. By assigning one channel per blob, all the standard modulation CCs can
be maintained and polyphonic aftertouch can be achieved. The big tradeoff of this method
is using multiple channels for the instruments, considering that the full polyphony could
be at a maximum of ten fingers (tested on the biggest surface of 16x16 probes [1]), than
means using 10 of the 16 channels available in MIDI 1.0. A great benefit is still achieved
by controlling each blob in a different way. As an example the first blob could have a bass
sound while the others could emulate strings in unison, with every channel having its
own characteristic and different modulation.

Midi 1.0 multichannel could be configured as MIDI MPE, so by standardizing the
use of different channels and CCs. The MIDI Polyphonic Expression standard divides
the 16 MIDI channels into zones, where a zone is a group of contiguous MIDI channels
comprising a Master Channel and one or more Member Channels [22]. Two different types
of zones can be defined, although only one can be used. The Lower Zone has a Master
channel which is MIDI channel number 1, and the Members Channel going from 2 to n.
The second zone that can be defined is the Upper Zone, having as the Master channel
the MIDI channel 16, and as the Members Channel the MIDI channels 15 through n. If
just the lower zone is used, the MIDI channels 2 to 15 can be used as Members Channels,
leaving out MIDI channel 1 as the Master Channel of this lower zone and MIDI channel
16 as the unused Master Channel of the higher zone. The differentiation of channels as
Master and Members implies that a modulation sent to the Master channel will affect all
its Members too, effectively using the master-slave paradigm. Although seems a natural
evolution of the MIDI 1.0 multichannel, the MPE standard’s overhead data would in this
particular project outweigh the plain MIDI 1.0 messages, as the load of modulation data
is very low (2 CCs maximum per note), thus making the use of MPE impractical.

The Midi 1.0 multichannel has been then chosen to clearly handle the blobs, where
each blob has its own channel. The main class that handles the conversion from OpenCV’s
blob to a MIDI packet is called BlobMidj, it is instantiated at the Setup of the Processing
script, and updated during the Loop. Each OpenCV blob object is null when no fingers
touch the surface, so that no new objects are created on run time. If the object becomes
non-null during the Loop, the BlobMidi.update() is called, where these passages happen:

1. If the object has been set to active, a new note or a modulation CC is sent.

2. Ifthe object turns to non-active, a NoteOff is sent, considering a debounce on release
so that the note off message doesn’t get triggered multiple times.

At each press on the surface, a new note is sent for the first time, with the note
corresponding to its X position of the surface, and the overall size of the blob as his
velocity. As the finger is being kept on the surface, a CC is sent to modulate that note.
Most of the customization relies here, on how to modulate the note considering both his
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changeable coordinates and size. Wherever the user removes a finger from the surface, the
blob becomes inactive and a NoteOff event is sent, having the same note as the original
NoteOn. The debounce on release is set and the debounce on attack reset, so that no
multiple NoteOff are sent and the BlobMidi is ready to receive another NoteOn. A rapid
fire of pushing and releasing caused by the surface not being able to sense the touch
properly could send many notes on messages but not as many notes off, keeping the
notes from releasing properly. This inconvenience can be resolved by sending the control
change number 123 instead of the NoteOff, which corresponds to the message AllNotesOf.
As each channel is monophonic, the CC123 will affect only the note corresponding to one
finger. Various types of normalization are performed to the coordinates of the blob as they
are always a float between 0.0 and 1.0 . The X coordinate is normalized to fall under 0 to
11, which represents the MIDI first octave, 0 being C0 and 11 being B0. The Y coordinate
is normalized as the number of octaves available for the height of the surface.



Chapter 5

Tests

5.1 Protocol

5.1.1 Latency

Before performing any type of tests a few technical information will be displayed. That
includes what type of microcontroller is used, based on what IC, and how many analog
pins are available. Then how many of those analog pins are used for the surface and
how many pins of the multiplexer are being used. Regarding the surface, how many
rows and columns it has, what type of layout has been chosen (strips, diamonds) and any
technical measurements about the layout, such as the size of diamonds and the size of
the intersection between rows and columns. Finally, what type of material the probes are
built from and the material of the dielectric layer in between them. The tests performed
fall under two distinct categories:

1. Instrument functioning tests

2. Usability tests

The instrument functioning tests take care of analyzing how well the surface responds to
touch, the area covered by the touch surface and the latency of the instrument. Latency is
a big part of instruments’ design as it shows how responsive and reactive an instrument is.
From when the user starts to touch the surface, until a sound is heard out of the DAW, the
latency should fall under the 20ms threshold set not to have any delay perception on the
playing. The latency will be calculated by comparing using a DAW both the sound made
by pushing the finger on the surface and the MIDI event. A microphone will be attached
to a commodity audio interface and pointed directly to the surface, where the sound will
be recorded. Viceversa, the MIDI impulse will be directly recorded to the DAW. By routing
the two signals through the DAW, its buffer latency will be bypassed, as it insists on both
signals (Figure 8).

18
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Surface

MiC Audio /

Intexrface

Computexr |—| DAW

Figure 8: Latency test flow.

5.1.2 Spatial Accuracy

The next test will cover the touch of the surface, and how well the surface can sense a
gesture performed by finger, precisely analyzing these motions:

« Horizontal movement
« Vertical movement
« Diagonal movement

The vertical motion corresponds to passing the finger both right over the column probes
and in between them, and the same action will be performed for the rows. The diagonal
motion covers the passage from both the rows, the columns and the space in between
them[23]. All these movements will be recorded by moving the finger on a straight line.
To ensure the linear motion of the finger, a rectangular hole was laser-cut from a thick
cardboard that will perform as a track for the finger to move through (Figure 9). The data
will be then saved as a CSV and the error distance from the theoretical path calculated
using Python with NumPy. For every test, 10 tries will be recorded, with a mean of 100
samples for each try. On horizontal and vertical gestures, the root mean square error is
calculated respectively on the average X and Y of the chosen row and column of the test.
On the diagonal gesture the points sampled (X.,Y) will be used to calculate the root mean
square error from the theoretical line passing through the corners of the interface, from
coordinates (0.0,0.0) to (1.0,1.0).
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a. Diagonal rail b. Vertical rail

Figure 9: Thick cardboard’s laser cut rails.

The usability test comprehends the ways the users interact and explore the surface.
For that mean, the user will have a period of 10 minutes to freely explore the surface, play
with the sounds and discover its capabilities. The user will be only instructed on what use
case the surface is set on: launchpad mode, piano mode (with a pentatonic scale), granular
synth mode.

Some information about the user will be asked, such as the age and any connection
to the music field (music lover/listener, hobby musician, professional musician, music
technician). After this period of time a feedback will be asked and reported. It will be
particularly interesting to know:

« If the sound feedback from the surface best represent the positioning of the fingers

« If no physical feedback (as the surface is flat and without buttons) compromise the
usability of the instrument

« If the area of the finger is a good representation of the notes’ velocities

« If the area of the surface is too small, too big or enough for the use case.
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5.2 Results

5.2.1 Arduino Uno based surface

The first group of tests will be conducted on a surface that relies on the Arduino UNO
microcontroller, based on the ATmega328P IC (Figure 10).

Figure 10: Arduino Uno based surface top view photo.

The analog pins available to the board are six, and four of them are used for the surface.
The multiplexer has eleven pins available, in which four of them are being used. The
surface is a square grid of 4x4 probes ,45x45mm in size and the overall area is 4.5cm?. Each
probe is formed by four diamonds, each one 1x1cm in size (diagonally). The diamonds are
connected by a strip passing through their center, 1.5mm wide. The probes are built from
a copper tape, and the layer between them is a clear plastic tape. The columns (RX) are
on top of the rows (TX) (Figure 11).
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Figure 11: Isometric view of the surface.

Recording ten samples of the latency of the instrument, the mean is 21.9ms and its
standard deviation 6.22ms (Table 1).

Latency (ms)
24
21
33
16
28
24
23
10
16
24

Table 1: Latency between surface’s on touch sound and midi impulse.

The second group of tests performed is about calculating how precise the surface
is when dragging a finger on a straight line. As previously explained, the finger was
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dragged on a straight rail hole to ensure no errors were introduced from the movement of
the finger. 10 horizontal,vertical and diagonal gestures were recorded, with each passage
lasting 3 seconds, and the mean of samples logged per passage is around 100 coordinate
samples. For each type of gesture (horizontal/vertical/diagonal) two variations were recorded:
the first one is about dragging the finger directly on the row/column’s probe (the copper
diamond) and the second is between two adjacent probes. Figure 12-a shows the recorded
samples of a diagonal gesture on the virtual strip composed of both vertical and horizontal
diamonds, while Figure 12-b shows the performed gesture in between two adjacent diagonal
rows. For every group of samples the root mean square error is calculated, and finally the
average of the root mean square errors derived (Table 2).

RMSE (mm)
Horizontal 0.596
Horizontal in between | 1.040
Vertical 0.068
Vertical in between 0.458
Diagonal 3.278
Diagonal in between | 1.072

Table 2: Straight gesture precision.

a. 4x4 surface diagonal gesture b. 4x4 surface diagonal gesture in between

Diagonal gesture Diagonal gesture
10 |

10 4

X inverted
X inverted

Figure 12: Recorded samples of a diagonal gesture.
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5.2.2 Arduino Mega based surface

The first group of tests will be conducted on a surface that relies on the Arduino MEGA
microcontroller, based on the ATmega2560 IC (Figure 13).

Figure 13: Arduino Mega based surface top view photo.

The analog pins available to the board are 16, and 5 of them are used for the surface.
The multiplexer has eleven pins available, in which 8 of them are being used. The surface
is a rectangle grid of 5x8 probes ,50x95mm in size and the overall area is 4.75cm?. Each
probe is formed by four diamonds, each one 1x1cm in size (diagonally). The diamonds are
connected by a strip passing through their center, 1.5mm wide. The probes are built from
a copper tape, and the layer between them is a clear plastic tape. The columns (RX) are
under the rows (TX) (Figure 14).
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Figure 14: Isometric view of the surface.

Recording ten samples of the latency of the instrument, the mean is 26.6ms and its
standard deviation 4.54ms (Table 3).

Latency (ms)
31
26
21
20
26
34
25
27
23
33

Table 3: Latency between surface’s on touch sound and midi impulse.

The second test conducted is about the precision of the surface when performing a
gesture, where the root mean square error is calculated from the theoretical line of the
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gesture (Table 4). As previously described , a straight rectangle rail was used to ensure the
straight finger’s action on the surface (Figure 9. As the surface has not an even number
of rows and columns (being 5x8) the only diagonal gesture recorded crossing the whole
surface was the "diagonal in between" gesture

RMSE (mm)
Horizontal 0.028
Horizontal in between | 0.088
Vertical 0.008

Vertical in between 0.052
Diagonal in between | 4.949

Table 4: Straight gesture precision.

The first user test was conducted on a male R, 25 years old, musician and synthesizers’
player. R used the surface in two use cases, both the pentatonic scale piano roll (3 octaves)
and the 2x2 launchpad with drums sounds, for 10 minutes each. The user was uninstructed
on how to play the surface and on how the surface was subdivided, except knowing the
use case of the test. After the 20 minutes a feedback was asked, and the previously cited
questions arose. R started to talk about how the feel of the surface was very smooth,
and how it expressed to be used with a light touch, so he started using the tip of the
finger, but as the surface didn’t sense that, he continued by using almost all the fingers’
surface. Without any visual reference about the subdivisions of the surface and where
are the limits to play one sound or the other, R seemed disorientated. He also tried to
use the surface changing its orientation and using it as a console controller, with thumbs
touching directly the surface. Other than that, the user found it interesting that the touch
was coherent on all places of the surface being planar, and liked the idea of having a multi
functional surface where the layout can be customized according to the instrument played
or the use case. Finally R found the surface small to use in the piano roll use case, feeling
the space between notes undefined, but with right dimensions for the launchpad use case.

The second user tested on the pentatonic scale use case is G, 28 years old, music listener
and lover. The surface was visually subdivided (with some white lines) in two octaves of
a pentatonic scale, and the user played the instrument for 10 minutes while listening
to a backing track (with the same musical key as the pentatonic scale used). G never
played music before, but found the experience fun and very enjoyable. He had technical
difficulties at the start while touching the surface with the tip of the finger, but understood
within minutes the correct position in order to hear a stable musical feedback. The visual
grid subdividing the surface was found useful to understand where to play. He found the
dimensions of the surface to be perfect for the use case, with his fingers covering more
than half of each note’s space. The user finally reported that it would be a nice experience
to tap on the body or other curved surfaces instead of a flat one.
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The first user tested on the launchpad use case is M, 60 years old, non musician nor
particular music listener. The user tested the surface on the 2x2 launchpad use case,
playing under a backing track. She found the surface fun to use as there was a drum
kit on the palm of her hand, but thought the surface to be too small compared to the use
case proposed. The instrument was said to be intuitive and great to use without knowing
anything at all about music. The user found it strange to use the entire finger and not
only the tip of it (such as using a smartphone) but with little time she got used to the
difference in touch. She also thought it could be a fun experience to have the drums stuck
on different parts of the body.

The second user is A, 19 years old, music listener and lover but non musician. The
user tested the surface on the 2x2 launchpad use case, playing under a backing track. She
described the surface as smooth and good to touch, and interested to notice that such a
surface can play music. During the playing the user reported not to hear sound feedback
correctly but to appreciate the velocity while applying different forces, thus becoming
very organic as a real drum. The surface was reported to be at the right size for the use
case, and the user said she was not used to using the entire finger to play it, but reported
becoming easy after some minutes of practice. Finally she reported that a tool like this
could spark in her an interest to learn music.

The final user that tested the 2x2 launchpad use case is S, 28 years old, hobbyist
drummer and music lover. He reported the surface to be better than any entry level
electronic drum kits, although with not too precise taps and sound feedback not entirely
right all the time. The use of the full fingers was found to be personally slow compared
to using just the tips. He would have preferred to have a rougher surface with a texture
to touch on, and thought the surface to be a bit small for the use case proposed. Finally
he reported the doubt of the surface to be that usable with dirty or oily hands.

5.3 Observations

The first data found was about the latency of the two surfaces. With a mean of respectively
21.9ms and 26.6ms, the instrument can be played by almost unnoticeable latency. It was
found that the latency was stable throughout the tests with a respective RMSE of 6.22ms
and 4.54ms. It was also noticed that the latency could change depending on the number
of blobs detected on the surface at any given time, although no tests were performed to
calculate the latency of simultaneously touching the surface with more than one finger.
Then the precision on gestures was calculated, where the RMSE of horizontal and vertical
motion were almost all under 1mm, meaning that the horizontal or vertical drift (on
vertical and horizontal motion) is almost nonexistent for the use cases of the surface.
Differently enough were the RMSE of the diagonal gestures, having a peak of 4.9mm on
the 5x8 surface, whereas the surface is not squared, the finger drag through the surface
passing unevenly between rows and columns probes. A bit different were in fact the RMSE
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on the squared surface, where a difference in drift is noticeable while passing the fingers
between on one row and column at the same time (Figure 12-a) or in between two probes
(Figure 12). These RMSE values could not be so alarming, considering that the minimum
area of the finger touching the surface being 1cm? and the blurred version of it used for
the blob detection is bigger than that.

It might be right to then consider having the most important gestures for the surface
being horizontal and vertical (having a higher precision) and the less important ones, the
diagonal gestures. In fact, the horizontal axis was chosen to represent the different notes,
and the vertical axis the octaves.

The second observation is about the size of the probes’ diamonds. Having smaller
diamonds could greatly help representing the various motions and the velocity more
accurately, although considering that augmenting the number of probes would augment
the time of probes scanning, and the latency as well. Although the number and granularity
of probes having a great impact on the usability of the surface, it is well recommended
to perform a fine tuning (on the software side) between the two variables used for the
blob detection process: threshold and maxInputRange (the brightness of the blob). The
right balance between the two values is the one that allows no signal detected when the
finger almost touches the surface, and the area of the finger’s touching the surface is well
represented with the size of the blob detected. It is also crucial (for the two use cases
presented) that two fingers near each other (on two different columns) are represented by
two separated blobs, and they do not merge into one. The maxInputRange variable, that
represents the blob’s brightness, can be changed in real time by the user interface made
available through the Processing’s MultiTouchKitUI library [19].

Regarding the user tests, the first observation is about the disorientation that the users
felt because of not having any visual reference on where to play the notes and the space
for each one. After putting some lines to subdivide the surface into smaller rectangles,
every user had a more clear view on where to touch, even if the inside space linked to
each sound was notably bigger than the finger area. The use of multiple fingers seems to
be correlated to the space available on the surface, and all the users spread a maximum
of 4 fingers on the surface. As there was no right orientation to the surface itself, it was
interesting to see the users experiment on different ways to hold the instrument, to better
accommodate the playing. As the finger pressed on the surface is vertical, some users
rotated the surface so that the rectangles were vertically orientated as well. The test
conducted on surfaces with lines on the top were found to be more usable, as there was
a visual representation on where to put the fingers. Furthermore, if these subdivisions’
rectangles were vertical (as vertical is the finger) the surface was reported to be more
usable as well. Given these visual subdivisions, the users seem to consider them more
like buttons, so more in a discrete form than linear. It seems likely that as the notes
played were in a scale (so not linear, but discrete) the discrete division of the surface was
more coherent with the audio feedback. The most talked about subject (cited by every
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user) is about the use of the whole finger instead of just the tip. Both musicians and non
musicians found it difficult at first to use the surface differently from music instruments
or smartphones, so not by using only the tip of the finger to touch the instrument. After
learning the new touch type, all the users used the surface correctly and even tried to
implement different types of touches to modulate the velocity of notes played. Although
able to adapt, all the musicians still found it hard to switch to the new finger positioning
technique, not used in any other instrument played.



Chapter 6

Conclusions and future developments

6.1 Conclusions

The finished surface, made up of copper probes, allows to sense multiple fingers’ touches
at once, by carefully using capacitance as the technique to sense the touch gestures.
Electric signals in the MHz range are sent to the probes by a multiplexer, and when a
finger is placed on the surface, effectively acting as a conductor, the signal comes back
to the analog ins of a commodity microcontroller. Here, via the microcontroller, the raw
data is calculated and sent to the serial port, to the PC.

The machine, through the programming environment Processing and a few libraries
(OpenCV, blobDetection) analyze the data and detect the touch points as blobs. These
blobs are then converted into MIDI messages with parameters that depend on the different
use cases proposed such as a piano keyboard, a launchpad or a granular synth. These MIDI
messages are sent through a virtual MIDI port to a DAW, where the sounds are effectively
generated and the playing is effectively performed. The X and Y axis of the surface are
used to control different parameters of the virtual instrument or the performance.

The strength of the surface relies firstable on the cost, as the components used are low
level and globally easely commercially available. The part list for the finished prototype is
small too, as it includes only one microcontroller, a multiplexer, some resistors and cables
and the surface made up by hand cut copper tape probes. It can be all prototyped fast on
a breadboard using jumper wires, and the microcontroller runs an almost stock piece of
software that remains unchanged after the first setup. After the initial setup is done, all the
changes can be performed easily just on the software that handles the conversion, where
the Processing environment offers a lot of flexibility and integration to many audiovisual
applications.

The weakness of the prototype stands as a good amount of time has to be spent around
the surface itself. Firstable by finding the right combination of materials to build it, as
copper was chosen for its availability and speed of cutting/handling, but might not be the

30
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best fit for some specific applications different from the here presented one. The process
involves a lot of labour if no specific tools are available, as every probe has to be manually
cut and the space between them calculated correctly in order not to have any distortion
of the matrix lines. The probes should be carefully designed too; the ones presented were
taken from [1] but could not be the best option to maximize the coverage of the surface
while minimizing the space of crossing between probes.

The other main weak point is about the number of various pieces of software that have
to be linked together for the surface to actually perform. Every piece should connect right
for the instrument to play. On the software side the surface has to be greatly fine tuned
depending on the environment, as wet hands or surroundings could change the sensitivity,
thus the playing. Lastly, this surface has to be considered a mere prototype surface to
test and implement the correlation between planes interaction and playing, more than a
commercial product, as it would appear to be difficult to scale on a commercial level due
to the great variability of materials and software pieces.

All the source code and tutorials on making the surface work are available on the
official Github page' of the Laboratorio di Informatica Musicale (Music Informatics Laboratory)
of the Department of Computer Science, Universita degli Studi di Milano.

6.2 Future developments

Here presented was a planar surface around which the user interacts to play music. The
first proposition of future developments is about rethinking the surface as not planar. As
in [1] a test was performed with the probes stacked on a 3d printed bunny figure. How
would a non planar surface shape the human-instrument interaction, and how would it
affect the design of the probes?

The surface could be re-thought of having a bigger area (such a wall) or a really dense
structure, and how big surfaces could be utilized into music (or pedagogic) research. As
most of the tests performed were about a surface made by copper tape probes, the other
two main types of techniques (copper thread sewing, ink pen drawing) could be tested,
to well compare all the different types of crafting, seeing if each has its own different
use case and precision of sensing. The use of different materials could potentially lead
to discovering new applications or structure of such a surface, where probes could be
clustered without needing a constant spacing or density. That leads to studying the
tessellation of the probes, as the ones tested were only based around the concept of
expanding lines, thus using only diamond shapes (Figure 2). Design changes to the shape
of probes could lead to optimizing the shapes for the various applications and to discover
more about how to best utilize the sensing approach proposed. Recursive shapes tessellation
could lead to analyzing how more or less dynamic dense structure would affect both the

'https://github.com/LIMUNIMI/Multi-touch-midi-surface
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sensing and playing[23].

On the software side research on new ways to handle both the blobs and the blob
detection could be performed, by customizing the MultiTouchKitUI library [19]. Blobs
are detected by performing a Gaussian blur on the raw values of the probes, but what if
the horizontal and vertical blurs were different? would it improve jumping more precisely
from a note to the other horizontally (with a lower blur) and maintain the smooth slide
action vertically (with a higher blur)?.

About the hardware side, the only microcontrollers tested were of the Arduino family
using the Atmega IC; other types of microcontrollers could be tested, such as the ESP
family, to further expand the capabilities of the surface.

Lastly, all the applications revolved around music making, but having a multi-touch
planar surface could mean thinking about all the other types of uses, from software shortcut
and gestures managers, to other types of communications standards used as OSC and
DMX.
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