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Introduction
Musical Acoustics and Instrument Design, a course taught in the
Yale Center for Engineering Inno vation and Design (CEID),
explores the principles of acoustic and electronic musical
instruments using a highly interactive hands-on approach that
takes optimal advantage of the resources available in an academic
makerspace. Targeting undergraduate students with a wide range
of backgrounds in music and engineering, the course provides an
understanding of the theory of musical instruments, how they are
designed, and a practical knowledge of the tools and technology
used to build them. The culmination of the course is the design and
construction of an original instrument by each student. The course
was co-taught by Larry Wilen and Konrad Kaczmarek, faculty in
Mechanical Engineering and the Department of Music,
respectively. Shai Gertler was the teaching fellow and Antonio
Medina was a student in the class, now a Design Fellow in the
CEID.

Milo was a music and math major, and a carillon aficionado.
His initial idea was to create a set of keys that looked like a
carillon keyboard, but could also simulate the feel of playing a
carillon, with lower notes having a different resistance and
inertia compared to higher ones. He experimented with various
electromechanical systems and eventually settled upon a simple
geared motor with a built in encoder, with a metal bar (the
“key”) attached to the motor shaft. The system was interfaced
to a teensy microprocessor and motor drivers. By employing
feedback and physical modeling in his code, he could simulate
just about any mechanical system; Due to time constraints,
Milo settled on just 4 motors and invented something quite
different from his original idea: One motor obeys a physical
model with multiple potential minima plus inertia and friction,
a second acts like a lever with a simple linear spring and
friction, the third and fourth act like frictionless systems with
inertia and and a torsional spring and hence go into sustained
rotational oscillations. All the “key” motions are mapped into
different musical effects which are demonstrated here.

In this poster, we highlight and discuss some projects from the past
year (spring 2019), along with live demonstrations. While the
projects mostly speak for themselves as unique creations, we
specifically emphasize here examples where the iterative making
process itself provided inspiration for unusual creative elements,
and in particular where difficulties or constraints in the process led
to unexpected innovative surprises or directions. We strive to
demonstrate these creative flashes through a brief narrative of the
student’s design journey along with the musical outcome.

Inspired by a class visit to the Yale Collection of Musical
Instruments and the Viola d’Amore displayed there, Nash
decided to apply the concept of sympathetic strings to a
guitar and to experiment with different tunings for these
additional strings. Nash experimented with piezoelectric
pickups that principally amplified only the sympathetic
vibrations. They also invented a prototype mechanical
device based on the action of a retractable pen, that could
divide a string into two different lengths to produce a
different set of frequencies available for the sympathetic
response. While originally conceived to be a “backup” idea
given the limited time remaining, this solution was realized
to be potentially even richer and mathematically more
interesting than the original plan. Another interesting feature
that was conceived in the building process was simply that
the two pickups (one on each set of 3 string s) could be sent
to different stereo speakers, resulting in a unique spatial
quality to the audio effects.

See, hear about, and listen to 
Antonio’s “DNO” at his student 
presentation!

Griffin was inspired by wind chimes but wanted a more
controllable version that was playable. Copper tubes
acting as the chimes were tuned iteratively using a
musical tuner, analytic calculations for length
corrections, and a lathe. The chimes, comprising one
octave, were struck with solenoids controlled from a
midi keyboard, Teensy, and relays. Secondary solenoids
could retract a baffle from the tubes to allow for
sustained tones. These baffles were originally intended
to be retracted individually for each key played and then
return when the key was let up. However, Griffin ran
out of time and space for more than 16 relays so he
instead wired groups of the baffle solenoids together.
This created unanticipated percussive effects that could
be used in other musical ways beyond the original
concept.

Technical Details
Nash tuned the regular string s in standard guitar tuning
but lowered in pitch by one whole step to reduce the
tension on the modified bridge. Sympathetic strings were
tuned to emphasize specific harmonics of the regular
strings. Amplification of the piezoelectric pickups was
done using standard op amps configured as inverting
amplifiers with a 1M resistor on the input to provide a
ground path at DC. Wood parts were cut on the CEID
laser cutter.

Technical Details
Milo interfaced a Teensy microprocessor to the motor encoders,
and also to motor drivers, all via digital pins. The code resident
on the Teensy was responsible for the modeling and feedback
that controlled the physical feel of each key. The encoder data
was sent over the serial port to a computer running
Supercollider musical software which was responsible for the
sound generation. Routines in Supercollider could also talk to
the Teensy to control the running of calibration or zeroing
routines and also to specify which various phy sical effect were
mapped to the keys, so as to allow the instrument to have
different playing modes.

Milo	 Brandt’s	 Four	E-Motions

Course model
The first half of the course includes lectures on the physical theory
of waves and vibration as they relate to musical instruments,
musical tuning systems, as well the theory and application of
electromechanical design and digital music synthesis. The lectures
are paired with labs that reinforce the theoretical concepts as well
as teach specific manufacturing and design skills such as CAD, 3D
printing, laser-cutting, hand tools, electronics, and
microprocessors. Each lab consist s of building a different musical
instrument ranging across the spectrum of string, wind, percussion,
electronic and digital. Some labs incorporate a “mini design
challenge” whereby students may modify aspects of their
instruments to enhance some musical component.

With 5 weeks left in the term, the students are challenged to 
conceive of and build an instrument of their own, using the new 
skills they have learned, and leveraging the diverse tools and 
resources of the CEID. 

Nash	 Keyes’	Gitar:	Analog	 Sympathizer
Griffin	 Gordon’	 WindSong

Simple	 instruments	 from	the	class	 labs

CEID	Studio

Circuit	 board,	 samples	 of	Supercollider	 and	Arduino	 code Stereo	buffer/amplifier	 circuit
Teensy	 interfaced	 to	a	16	 relay	board,	 which	 in	
turn	drives	 the	current-hungry	 solenoids

Antonio’s	 DNO

Technical Details
Griffin interfaced the digital lines from a Teensy to a
relay board. The relay board needed a separate power
supply to run the relays which could draw up to
~100mA. The solenoids, which drew > 1 A, were
powered through the relays by yet another (high current)
supply. The teensy had code that mapped midi notes to
the correct solenoids. A midi keyboard sent commands to
software (MAX or similar) on a mac, which then passed
these on to the Teensy for actuating the solenoids. The
retractor solenoids were actuated by other designated
notes below the playable octave.
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