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Figure 1: Using magnets and an electrically conductive musical instrument string as a sensor and actuator simultaneously.

Applying current 𝐼 induces force 𝐹 while velocity 𝑣 induces voltage 𝜀.

Abstract

Thiswork introduces Lorentz TimeDivisionMultiplexing (LTDM),
a technology that actively sustains vibrations on conductive in-
strument strings by exploiting the inherent bilateral nature of
electromagnetism. Though many feedback instruments depend
on using separate, external sensors and actuators to monitor and
induce vibrations in a string, our LTDM controller initiates and
sustains vibrations by running electric current through the string
itself. By connecting custom circuitry to a conductive string via
two electrical leads, strings vibrate and self-sustain when a per-
manent magnet is held or fixed in close proximity without the
need for external sensors or actuators. Unlike most feedback
instrument methods to date, the inherently collocated nature
of LTDM affords coherent control without specialized calibra-
tion and can be easily deployed from instrument to instrument
with minimally invasive augmentation. A pair of contrasting
case studies demonstrate some of these new sonic qualities and
playing techniques we have observed thus far from the same
metal strings musicians have used for centuries.
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1 Introduction

We have fused an electronic control method called time-division
multiplexing (TDM) with a recent research thread of a particu-
lar string actuation technique called Lorentz force actuation [41,
42], creating what we call Lorentz Time-Division-Multiplexing
(LTDM). This form of feedback actuation allows for a unique
exchange of energy between acoustic, mechanical, electrical, and
digital domains, permitting behavior not typically exhibited by
Digital Musical Instruments (DMIs) or existing feedback-actuated
instruments. Building on decades of sustained interest in electro-
magnetic feedback instruments within academic, experimental
music, maker/DIY communities, and recent commercial uptake,
this paper explores the affordances and constraints of LTDM and
compares it to other electromagnetic actuation methods.

Rather than striking, plucking, or bowing a string to create
sound from a musical instrument, LTDM allows us to inject en-
ergy into a string electromagnetically without necessarily physi-
cally touching the string. This method allows us to indefinitely
sustain vibrations on strings via our hardware controller with
just a pair of electrical leads and a permanent magnet and with-
out interfering with traditional excitation methods. Our design
has a similar motivation to many prior works in this space; to
expand the sonic palette available to a musical instrument player.
However, as we will expand on in Sections 2.5 and 3.3, our im-
plementation bypasses some of the design bottlenecks of prior
feedback actuation methods and allows us to ignore most of
the calibration, setup, and tuning required of other systems and
focus instead on the sonic exploration, embodiments, and impli-
cations of this technology. Our research begins to address some
of the many challenges identified by the Feedback Musicianship
Network, including the need for improved design and scientific
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understanding of actuation technologies, the unification and for-
malization of conceptualization of and language surrounding
these instruments, and the development, documentation, and
support of feedback-based artistic practices [19, 20, 36].

After first discussing some background and prior art, this pa-
per describes the theory behind LTDM and follows up with a
practical technical implementation. LTDM is then exemplified
by a pair of contrasting instruments - one augmented and one
invented ś and the behaviors of each system are compared. Fi-
nally, the affordances and limitations of LTDM on both technical
and musical levels are discussed.

2 Related Work

2.1 Embodied Sound

Over the past decades, increased access to and education sur-
rounding digital sound synthesismethods have seen sound-making
strategies increasingly migrate from the acoustic domain to the
digital domain. However, the pendulum may be swinging back
in the other direction as musicians rediscover the richness and
physicality of acoustic sound production; acoustic and certain
classic electromechanical instruments such as the Fender Rhodes
and Hammond Organ are prized for their responsive materiality
and physical presence [13, 25, 30], and new commercial elec-
tromechanical1 and feedback-actuated2 instruments continue to
emerge, hinting at a renaissance of embodied sound production.

2.2 Electromagnetically-Actuated Instruments

Electromagnetic actuation is a popular method for designing actu-
ated instruments. Many use magnetic coils in the form of solenoid
electromagnets, vibration transducers, or cone loudspeakers to
electromagnetically induce physical vibrations in a resonating
body [1, 8, 11, 21, 26, 28, 35, 39, 43, 45], though other methods of
actuation are also possible (e.g., piezo-element actuation [10, 17].
Lorentz force actuation is an alternative electromagnetic actu-
ation method to coil actuation, whereby force is applied to a
conductive wire by running an electric current through it while
exposed to an external magnetic field [24, 41, 42] and will be
expanded on in Section 3.1. Perhaps the most famous artistic use
of this technique is Alvin Lucier’s Music on a Long Thin Wire,
where Lucier used a power amplifier intended to drive speakers
to instead actuate a long conductive wire [24].

2.3 Feedback Instruments & ‘Infinite Sustain’

Many previous instrument actuation systems are open-loop, mean-
ing their magnets, strings, or tonebars are driven by actuators fed
with synthesized or pre-recorded signals [1, 11, 24, 26]. A subcat-
egory of the actuated instrument is the feedback-actuated instru-
ment, whereby a sensor actively monitors the vibrations of the
instrument. The sensed signal is then used directly or processed
to drive the actuator to actively alter vibration in the system.
In control theory, this is called closed-loop feedback. A classic
style of feedback-actuated instrument uses positive closed-loop
feedback to resonate its sound-producing elements indefinitely,
and commonly referred to as infinite sustain.

To create an infinitely sustaining feedback system, the funda-
mental requirements are:

1https://gamechangeraudio.com/motor-synth-mkii/; https://circleinstruments.com;
https://murobox.com/
2https://korg.berlin/products/phase8; https://www.physical-synthesis.com

(1) a resonant element (a tensioned string, membrane, air
cavity, bar, etc.)

(2) a method of sensing the vibrations of the resonant element
(3) a method of inducing vibrations into (i.e. actuating) the

vibrating element
(4) a loop gain between the sensor and actuator great enough

to support self-sustaining oscillation at one or more fre-
quencies

Feedback is enabled in instruments like the Halldorophone
and Feedback-Actuated Augmented Bass (FAAB) by sensing vi-
brations of one or more elements of the instrument and physi-
cally driving a different element of the instrument [28, 44, 47].
For example, the Halldorophone has electric guitar-style pick-
ups that sense individual string vibrations, but is actuated with a
single speaker fixed to its body. Recent developments in feedback-
actuated instruments are sculpted by advancements in digital
fabrication, electronics prototyping, real-time computing, and
the crystallization of feedback instrument aesthetics [19, 31, 36].

2.4 Hybrid Digital-Acousto-Electro-
Mechanical Instruments

Ongoing research explores how signal processing can enable
digitally-simulated components in analog circuits [5, 6, 33, 46]
or actively influence the physical realm through real-time trans-
formation of the acoustic properties of a room [29] or vibrating
element [3, 7, 10]. These controllers still use tightly-controlled
feedback between sensors and actuators to alter the mechanical
or electrical properties of a resonant subject (e.g., the air in a room,
a vibrating bar or string, or an oscillating inductor-capacitor cir-
cuit), but typically extend beyond the relatively straightforward
case of ‘infinite sustain’, instead offering control over the damp-
ing, decay time, or resonant frequencies of their subject(s). These
projects allow energy to be exchanged bidirectionally between
electrical, mechanical, and acoustic domains, breaking down the
typically unidirectional barrier between physical and digital sys-
tems [16]. This paper aims to investigate how novel instrument
behavior might emerge from similar bilateral energy flow.

2.5 Collocated Control

Most existing feedback instruments have a separate sensor and
actuator to achieve feedback. However, for improved stability
and simplified implementation of closed-loop feedback actua-
tion, the sensor and actuator should be physically located as
close together as possible. This collocation minimizes mechan-
ical propagation delay between them, reducing or eliminating
the need to consider the transfer function between the sensing
method and the actuating method [4, 22]. Correction methods
can be used, but this requires precise calibration and setup, and
deviation between calibration and implementation can cause
system instability [2, 3, 9, 10].

A transducer used as both a sensor and actuator simultane-
ously can be referred to as a sensoriactuator [14]. To achieve
collocated control, the sensing and actuating mechanisms must
be isolated to prevent unwanted electrical crosstalk between the
sensing and actuation signals. Our recent work describes how
this can be achieved in a few different ways [15], such as an adap-
tive controller that models and subtracts the effect of the applied
actuation signal to calculate a mechanically induced signal [14]
or a controller that rapidly switches the transducer between sen-
sor and actuator roles - also known as time-division multiplexing
[22].

https://gamechangeraudio.com/motor-synth-mkii/
https://circleinstruments.com
https://murobox.com/
https://korg.berlin/products/phase8
https://www.physical-synthesis.com


Sustained Interests: Active Collocated String Control with Lorentz Time Division Multiplexing NIME ’26, June 23ś26, 2026, London, UK

3 Principles of Operation

This section serves as a high level explanation of the principle
of operation behind Lorentz force actuation, the reciprocal case
of EMF sensing, and time-division multiplexing (TDM). TDM
bridges these actuation and sensing methods to become LTDM,
creating a collocated sensoriactuator from a conductive string
and permanent magnet(s).

3.1 Actuation: Lorentz Force

Lorentz force describes themagnetic force felt by a current-carrying
wire exposed to a magnetic field and suggests how a conductive
string can be used as an electromechanical/electroacoustic trans-
ducer. To generate a localized force vector on a conductive wire,
all that is required is a method to apply a current through the
string and an external magnetic field (Equation 2 and Figure 2).

F = 𝐼

∫

𝑑l × B (1)

When we assume a uniform magnetic field along and straight
wire, we can simplify to:

F = 𝐼L × B (2)

F: Force vector felt by wire
I: Current through the wire
B: Magnetic field vector
L: Length of the wire exposed to the magnetic field.

Figure 2: Lorentz force actuation ś a wire in a magnetic

field feels a force when carrying an electric current

This is the same underlying principle used by dynamic coil
speakers but with a geometric rearrangement. Instead of a coil
placed over a fixed permanent magnet, one can imagine the coil
has been unwound and placed under tension across a nut and
bridge. Another close analogy is the ribbon speaker, though un-
like speakers designed to support a wide band of frequencies, a
musical string responds most strongly to its resonant frequencies
that are a function of its tension, vibrating length, and linear
mass density. Additionally, rather than forces being applied ap-
proximately uniformly to the vibrating element as you would
expect in a typical electroacoustic transducer, force is applied
only to the section(s) along the string subject to a magnetic field.
Following the right-hand rule, the force felt by the string is or-
thogonal to the magnetic field and current (as indicated by the
current, magnetic field, and force vectors in Figure 2).

The coil "unwinding" analogy mentioned above has an electri-
cal consequence as well; electromagnetic sensors and actuators
(e.g., loudspeakers, solenoids, guitar pickups) have a significant
inductive property due to their solenoid geometry that cause
phase lag and bandwidth limitations in signals passing through

them. However, a straight, tensioned wire has no significant in-
ductance to resist changes in current, so current through the
string can change direction quickly and support audibly higher
frequencies and exhibit less magnetic coupling to nearby ele-
ments.

3.2 Sensing: Electromotive Force (Faraday’s
law & Lenz’s Law)

To sense the string’s motion, we rely on the electromotive force
described by Faraday’s Law and Lenz’s Law. Faraday’s Law de-
scribes the induced electromotive force (or EMF - a voltage) in-
duced by the string’s velocity in a magnetic field, while Lenz’
law describes the polarity of the induced current and voltage
(Equation 3 and Figure 3).

𝜀 =

∫

(v × B)𝑑l (3)

Assuming a uniform magnetic field along L, we simplify to:

𝜀 = (v × B)L (4)

𝜀: Induced electromotive force (Volts)
v: Velocity perpendicular to magnetic field
B: Magnetic flux density
L: Length of the wire exposed to the magnetic field.

Figure 3: Electromotive force sensing - a voltage induced

in a vibrating wire in a magnetic field

As seen by equations 3 and 4, the induced voltage (𝜀) is propor-
tional to the velocity (v) and magnetic flux density (B). Just as
Lorentz force is analogous to dynamic coil loudspeakers, EMF
sensing is analogous to dynamic coil microphones. This method
of string vibration sensing is well known tomusic researchers and
practitioners [12, 34, 37, 38, 40] with some commercial systems
on the market as well3.

Though the string may vibrate on two axes, the vibrations
sensed in this arrangement are only those that are orthogonal to
the applied magnetic field.

3.3 Collocated Sensoriactuation via Time
Division Multiplexing

Inspired by Paul Vo’s now-expired patent [22], we borrow the
concept of Time Division Multiplexing to bridge EMF sensing
and a Lorentz force actuation.

The lower left of Figure 4 shows the order of events that occur
within each frame of TDM. The processor switches between
two circuits simultaneously connected to the string at a high,
predetermined frame rate. Just like an audio sample rate, this

3https://www.stringamp.com/stringamp/

https://www.stringamp.com/stringamp/
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Figure 4: Sensing (red) and actuating (blue) events are interleaved within each frame (bottom left). Hardware bridges the

processor to the physical string via two pathways (bottom right).

frame rate can only sense and actuate frequencies up to half of the
frame rate (Nyquist Theorem). Within each frame, the system
first senses the velocity of the string in one moment (during
signal 1) and applies a current to the string in the next (during
signal 2). At 𝑡0, the sense event begins, and the string’s velocity is
sampled and stored by the controller. This conversion takes place
during 𝑡0 to 𝑡1. Between 𝑡1 to 𝑡2, the system assesses the sample to
determine the characteristics of actuation to be applied back onto
the string. Between 𝑡2and 𝑡3 the controller has the opportunity
to push current through the string, giving the string a small kick.
Time 𝑡3 to 𝑡4 is reserved as settling time of the system, allowing
the applied actuation signal in the string to dissipate from the
string so that the only voltage present is generated by EMF from
the string’s vibration in a magnetic field. At 𝑡4, the period ends
and we once again sample the velocity of the string (𝑡4 of frame
one = 𝑡0 of frame two).

4 Technical Implementation

We have successfully recreated Paul Vo’s 1999 patent [22] but
rather than using an electromagnetic coil as a sensoriactuator
(as done in the Moog Guitar), we use the alternate Lorentz force
arrangement of a conductive wire and permanent magnets. Here
we outline the technical hardware and software design of the cur-
rent system, building on the principles of operation from above.
Finally, we verify the efficacy of the system and demonstrate how
the need for compensation methods has been eliminated before
moving on to two musical instrument case studies.

4.1 Mechanical Setup

For this section, we consider the case of a simple monochord: a
brass string is stretched across a bridge and a nut on a hard maple
plank, terminated by a nail on one and tensioned with a zither
pin on the other (as represented in Figures 2, 3, & 4). Permanent

neodymium magnets are placed below the vibrating portion of
the string, and two electrical leads from the LTDM controller are
clipped directly to the termination points of the string.

4.2 Teensy 4.1 for TDM

A Teensy 4.1 microcontroller (MCU) is used as the backbone
of this feedback controller, chosen for its highly reliable and
manipulatable FlexPWM timers, built-in high resolution analog-
to-digital converters, and the high computational capabilities of
its high-speed NXP iMXRT1062 processor. 20kHz was chosen
as our frame rate as it is considered the lowest frequency that
remains outside of typical human hearing range, so any switching
noise should remain inaudible. According to Nyquist Theorem,
a sample rate of 20kHz limits our system to sampling up to a
maximum of 10kHz. While this frame rate could be increased,
higher rates limit the amount of time the CPU has to calculate
the actuation force. In practice, acoustic instrument strings do
not exhibit much significant harmonic content above 10kHz, so
this sample rate seemed appropriate. Referring back to Figure 4,
we now know the length of each control frame is 50𝜇s (𝑡0 -𝑡4),
granting the ADC approximately 5𝜇s to acquire and store each
sample (𝑡0 -𝑡1), the Processor another 5𝜇s to calculate the length
of the actuation pulse (𝑡1 -𝑡2), a maximum of 20𝜇s to apply a
current (𝑡2 -𝑡3), and 20𝜇s to settle (𝑡3 -𝑡4). The actuation current is
applied for a variable length of time in the style of Pulse Width
Modulation (PWM)

The fully addressable 16-bit FlexPWM Modules on the Teensy
4.1 create the synchronized and reliably interwoven events seen
in Figure 4 that regularly sample the string’s velocity, trigger
calculations, and drive the actuating circuitry. Directly manip-
ulating these timers allows the processor to conduct real-time
sample-by-sample operations during the actuation events with
ample headroom for higher level control.
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4.3 Sensing: Multistage Preamplifier + Full
Wave Rectifier + Comparator

The circuit in Figure 5 is used to monitor the magnitude and di-
rection of the string’s velocity by amplifying and pre-processing
the voltage induced across the string (Equation 2). In practice,
even with reasonably large permanent magnets, the expected
voltage induced across the string is in the microvolt to millivolt
range. For an improved signal-to-noise ratio and to maximize
the dynamic range of the MCU’s ADCs, it is beneficial to amplify
this signal. An ultra-low noise amplifier consisting of cascaded
non-inverting op amps (OPA1612) measures the voltage across
the string with a gain of 250-500 [37]. In theory, the output of
the preamplifier is still directly proportional to the velocity of
the string in the permanent magnet’s field.

The output of this preamplifier (signal 2 in Figure 5) is bipolar,
meaning we see both positive and negative voltages come from
the output depending on which direction the string is moving
at any given moment. However, the ADC on the Teensy 4.1 is
only capable of measuring voltages from 0V to 3.3V. To remedy
this, the velocity signal goes through precision full wave rectifier
circuit that outputs the absolute value (magnitude) of the signal,
followed by a protective clamp circuit to ensure the signal con-
nected to the MCU pin never exceeds 3.3V (signal 4). In parallel

to this, the original bipolar signal is passed through a comparator
that outputs either a 0V or 3.3V signal depending on whether
the bipolar signal is above or below 0V (signal 5). The MCU then
reads both the magnitude signal and sign signal separately and
no information about the signal should be lost.

4.4 Actuation: Pulse Width Modulation via
MOSFETs

To actuate the string, we use a pair of complimentary MOSFETS
in a push-pull setup that can run current through the string in
either direction (Figure 6). When the PMOS is activated, a +12V
power supply is connected through the string to ground, and
when the NMOS is activated, a -12V power supply is connected
through the string to ground. Following the right hand rule,
the force vector felt by the string is orthogonal to the applied
magnetic field and direction of current (Figure 6).

We are running a Pulse Width Modulation (PWM) scheme
where the length of the actuation pulse (i.e., duty cycle) is propor-
tional to our desired actuation strength. After the MCU samples
the string’s velocity, it then determines which MOSFET to pulse
on and for how long during the allotted actuate period.

In Figure 6, R1 models a string’s internal resistance, which
varies by string diameter, length, temperature, and material. R2
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is a current-limiting resistor (usually 1Ω or 2Ω) that helps avoid
strain on the power supplies and bulk capacitors. Although this
resistor reduces the current through the string and lowers our
maximum actuation force, it ensures safe operating currents and
temperatures, especially in cases where the string’s resistance
is particularly small (≤0.1Ω). L represents stray inductance of
the string and leads connected to it, and C represents parasitic
capacitance of the load. These two values form an LC tank that
oscillates at the beginning and end of an actuation pulse which
can cause ringing that can destabilize the feedback system. R3
is a power resistor that helps dissipate this electrical ringing.
The lower value R3 is, the faster the ringing can be dissipated,
and therefore the longer we can actuate the string within each
frame before the ringing creates electrical crosstalk in the next
sensing frame. However, if R3 is too low, then much of the ac-
tuated pulse force can dissipate directly through this resistor
instead of the string and reduce our maximum actuation force.
Through simulation and experimentation, using a value in the
range of 100Ω-680Ω stabilizes feedback without sacrificing too
much actuation force.

4.5 Custom Printed Circuit Board

We designed the system based on Vo’s patent [22] in conjunc-
tion with the theory and circuits above. Putting these concepts
together, we prototyped a 2-channel LTDM system (Figure 7).
On the LTDM PCB, there are connections to reroute signal flow
within and out from the board for testing and measurement. The
‘send’ jack can send the sensed signal to guitar pedals, eurorack
modules, and other outboard gear, and the ‘return’ jack allows
the use of any arbitrary signal source as an actuation signal.

4.6 Interaction Design

The role of firmware running on the Teensy MCU described
thus far has been related to the precise timing and interrupt
routines necessary for interfacing with hardware, minimizing
latency, and mitigating crosstalk to enable TDM. For the most
simple case of feedback-actuated infinite sustain, we take the
value of a sensed velocity and linearly map that to the duty cycle
of the actuation pulse. However, we also wish to have higher-
level control of the quality of feedback, such as overall volume
or timbre. Initial use of the system with the monochord and
an augmented autoharp (expanded upon further in Section 5.1)
led to additional refinements in firmware designed with specific
musical affordances in mind.

By using a fixed gain in the feedback path, two initial issues
of musical consequence emerged. The first is a matter of note
onset; if the string starts at rest, then the feedback continues to
remain zero. Though this can be overcome with a simple pluck
or strike of the string, we began to envision musical systems
and scenarios where a musician may wish to play strings by
solely manipulating the electronic controller or directly handling
magnets. With sufficiently high feedback gain, we reach a point
where we can quickly and reliably initiate actuation of the string
(presumably due to an increased noise floor or significant ampli-
fication of even the smallest perturbations). However, the second
and converse issue we run into is that this high gain necessary
to initiate vibration causes the string to vibrate aggressively and
beyond desirable levels.

4.6.1 Noisy Actuation. We address the initial note onset issue by
first adding a randomly-generated value to the actuation pulse
length. This value manifests as white noise, applying actuation
pulses of randommagnitude and polarity to the string even when
there is no detected vibration signal. When a magnet is present
near the string, the wide-band actuation signal initiates resonant
harmonic vibrations in the string. The issue with this is that
the noise is still noticeably audible even when the string self-
oscillates.

4.6.2 RMS Monitoring. The first step in addressing the audible
noise is calculating the average vibrational power of the string.
RMS (root mean square) is a common way to assess the average
power of a bipolar voltage or current signal; As a new sample
comes in every 50𝜇s, the value is stored in a circular buffer (200
samples) and a running RMS is calculated during the non-critical
moment of each frame (𝑡3 to 𝑡4 of Figure 4). As the calculated RMS
signal (proportional to the string’s vibrational power) increases,
the processor reduces the amplitude of the white noise to instead
actuate primarily with feedback so no noise is heard while the
string is infinitely sustained. The RMS calculation used is as
follows:

RMS =

√

√

√

1

𝑁

𝑁−1
∑︁

𝑛=0

𝑥 [𝑛]2, with 𝑁 = 200

𝑆𝑛 , the scaling factor of the noise, is then programmed to be
inversely proportional to the measured RMS value yet bounded
between 0.0 and 1.0. 𝑆𝑅𝑀𝑆 is a scaling factor used to increase the
weight of the RMS signal, allowing the noise to be scaled back
more with a lower incoming RMS value:

𝑆𝑛 = 1.0 − 𝑆𝑅𝑀𝑆 ∗ RMS, 0 ≤ 𝑆𝑛 ≤ 1

4.6.3 Automatic gain control. Although this solves the issue of
vibration initiation, we still have difficulty finding the balance
between the string’s vibrations feeling too slow to build up versus
becoming too loud and overpowering. Using the same RMS value
calculated above, this value can be compared to a target RMS
value; if the string’s vibrational power is measured below the
target RMS value, the controller increased the feedback gain
to allow vibrations to build up more quickly. If the string is
vibrating above the target RMS value, the controller will reduce
the feedback gain. This dynamic feedback gain clamps the string’s
vibrational power to a desired target value when magnets are
present, acting more or less as an overall volume control. This
scheme yields somewhat predictable and repeatable interaction
the string while maintaining the gesture-controlled and tactile
response of a physical string.

4.6.4 Active Damping. Active damping is the opposite case to
infinite sustain; rather than continually adding energy to a string
to support harmonic vibrations, negative feedback can be used to
actively oppose vibrations (Figure 8). This is achieved by revers-
ing the polarity of the actuation signal that we previously used
for a simple sustain. Informal experiments suggest our system is
capable of active damping to some degree ś shortening the decay
time of a plucked string so that it stops vibrating sooner than if it
were under passive conditions. Though we have seen moderate
success in active damping, performing this with LTDM is inher-
ently limited because the LTDM system only senses velocities
and applies forces on one of the string’s two axes [3].
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Figure 7: Custom 2 channel LTDM PCB powered by Teensy 4.1

Figure 8: String under passive (top) and active (bottom) conditions

5 Case Studies

Here we highlight LTDM in two case studies with contrasting
sonic results. This contrast arises from differing mechanical ar-
rangements and playing techniques ś the circuits and software
remain the same between instruments.

5.1 Augmented Autoharp

The first case is an augmented autoharp (Figure 9). When design-
ing the LTDM system, we assumed each string would require its
own channel on the PCB, limiting us to only two strings with one
two-channel PCB. However, by replacing the metal bridge and
nut that the strings rest on with short segments of conductive
rod long enough for two adjacent strings to rest on at once, we
were able to arrange the strings so they all make up a single, con-
tinuous electrical path, allowing us to connect multiple strings
to a single channel of the PCB (Figure 10). By connecting the
LTDM system to just two points, several strings are electrically
in series and the strings that decide to feedback are directed by
the positions and gestures of handheld magnets. This instrument
is used in the 2026 alt.nime work Connecting to Ground: A Séance

in the Wick Woodlands [23].

5.2 The Weather Harp

In 2025, a collaboration began with University of Michigan pro-
fessor Michael Gurevich and PhD student Molly Jones using our
LTDM technology. Together we have been co-developing a mu-
sical instrument called the Weather Harp (Figure 11), which was
initially inspired by the wind-actuated aeolian harp but replaces
the unpredictable and untameable wind with our own control-
lable electromagnetic actuation method [18]. The instrument has
manifested as an augmented bass drum, featuring brass strings
stretched across the drum’s frame and coupled to the drum’s
membrane with a hand carved wooden bridge. Magnets are fixed
to the drum’s head and drum frame rather than handheld, and the
instrument is considered łself-playingž, driven by a live stream
of weather data rather than by a live musician. The physical com-
plexity of the instrument supports nonlinear and unpredictable
sounds that are still eerily cyclical and musical in nature.

The instrument is central to an interactive sound installation
exploring agency, control, and non-linearity, touching on many
of the themes outlined by the Feedback Musicianship Network
and contributing to the growing body of work in this space [36].
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Figure 9: Augmented Autoharp connected to the LTDM PCB

Figure 10: Electrical pathway through all strings
Figure 11: The Weather Harp - a four channel actuated

string instrumented built from a bass drum frame
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5.3 Contrasting Sounds

It is trivial to add a feedback system on top of an existing instru-
ment that more or less act independently (e.g., an eBow + a piano
string), but it is more interesting ś and much more challenging
ś to create a feedback network that explores and exploits the
unique interactions that emerge between the physical, electrical,
and digital realms. Systems such as this are typically complicated
to deploy due to instrument-specific control schemes that rely on
precise calibration, sensitivity to sensor and actuator placement,
and computationally expensive DSP. However, LTDM begins to
take a step in the direction towards a system that reduces this
design bottleneck because energy is exchanged between physical
and digital domains through the collocated control scheme. The
firmware and electronics require no calibration or prior knowl-
edge of the physical system it is actuating; the same PCB running
the same firmware power both the Autoharp and Weather Harp,
yet each has distinct behavior due to physical arrangement. In
the case of the Weather Harp, its design brings out physical and
electromagnetic nonlinearities and sympathies between strings,
drum membrane, and magnets without explicit programming
[18]. In the case of the augmented autoharp, the predictable
and causal response from the sturdy acoustic box and regularly-
spaced strings means a user’s gestures with handheld magnets
becomes the main gateway towards invoking and controlling
instrument behavior. Video examples of these two contrasting
LTDM instrumenets can be found on the accompanying github
repo: https://github.com/aschmidt99/LTDM_NIME2026.

6 Discussion

Musicians seeking rich sonic textures praise feedback instru-
ments for their unpredictability and chaotic behavior - hallmarks
of feedback musicianship [19, 28, 31, 32]. However, it makes
structured performance and predictable instrument behavior a
challenge. Meanwhile, commercial music technology often prior-
itizes control and causality, often associated with quantization
and rigid, grid-locked parameterization in Digital Audio Work-
stations (DAWs) and the Musical Instrument Digital Interface
(MIDI) protocol. This minimizes the influence of physical factors
on instrument behavior and sacrifices much of the potential for
nuance and naturally-occurring nonlinearities found in acoustic
instruments and instead emphasizes repeatability and predictabil-
ity in music.

6.1 Affordances

We feel LTDMoffers a balance between these extremes. At present,
our collocated sensoriactuation system has opened the doors
for simple deployment of feedback actuation as well as elegant
transformation of acoustic and electromechanical instruments,
recontextualizing and revitalising them with minimally invasive
augmentations that reap the affordances of both Lorentz force
actuation and TDM as well as highlighting some unique charac-
teristics of their simultaneous implementation.

6.1.1 Simple deployment. For instruments that have electrically-
isolated strings (not shorted through a conductive bridge, nut, or
other hardware), LTDM is simple to deploy and can be quickly
connected and disconnected to strings for rapid prototyping.
Rather than carefully fixing solenoid actuators near strings or
being burdened with many wires, the barrier to entry is sim-
ply sorting the electrical path through the strings and fixing or

holding a magnet near them. With LTDM, the practitioner be-
comes largely free from calibration, measurements, calculations,
transfer functions, or any other complex math or models, afford-
ing them simple and rapid reconfiguration between instruments
with the focus of designing feedback instruments now shifting
towards teasing new sounds out of the materials and mechanical
properties of an instrument.

6.1.2 Holding, fixing, or moving magnets. LTDM grants flexi-
bility in how one interacts with a string. For a keyboard-style
instrument, it may make the most sense to fix the magnets to a
soundboard or rail, and whether or not the strings are actively
being actuated can be determined by a hardware controller, a
digital GUI, or a physical mechanism. In contrast, the designer
may find interest in manually holding and manipulating magnets
(as suggested by Figure 1 and Figure 9).

6.1.3 Harmonic access. With LTDM, the entire vibrating length
of a string becomes eligible for collocated sensoriactuation, so
manually moving magnets or using multiple magnets affords the
targeting and evocation of vibrational modes and timbres that
other feedback methods cannot easily access. Higher frequencies
are more accessible to Lorentz force actuation than coil-based
actuation due to the low inductance of a straight wire [27, 42].
Upper partials of the vibrating string can be accessed using mul-
tiple magnets with opposite polarities facing the string (again
suggested by Figure 1). From an actuation mechanism standpoint,
the string is ’pulled’ at one point of the string and ’pushed’ at
another, potentially inducing anti-nodes at the positions where
magnets are. From a sensing standpoint, the EMF-induced volt-
age is the sum of multiple velocities in multiple magnetic fields
that interfere constructively and destructively on the string. For
Figure 1, even if the fundamental frequency was present, it would
be approximately canceled out in the ’picked-up signal’ and begin
to favor the second harmonic.

6.1.4 Active Sympathetic Vibrations. One unique characteristic
of LTDM is the ability to excite one vibrating string and use its
signals (both sensed and actuated) to excite another string within
the electrical path. This is similar to sympathetic vibrations that
naturally occur on acoustic or electromechanical instruments,
but now we can amplify and steer sympathy within the system
with magnet positions. It affords the user the feeling that they can
selectively łpick upž a vibration at one point on the instrument
and łdrop itž somewhere else in the system. We are calling this
empathetic vibration, emphasizing that the strings are not just
feeling a passive, mechanically induced vibration, but rather are
actively electromagnetically engaged with one another.

6.1.5 Material-driven design. The LTDM system thus far exhibits
rich and emergent behavior with evolution of sound that depends
on interactions between the material, mechanical, acoustical, and
electrical properties of an instrument or system. This contrasts
to many existing actuated instruments where actuation signals
are designed or conditioned to behave within the context of a
particular instrument manifestation. The design of an instrument
can evoke different behaviors; in the case of the autoharp, the
fixed bridge produces stable and predictable behavior, whereas
mechanically coupling strings to resonant membrane like the
weather harp evokes more chaotic and emergent behavior from
the same type of brass strings.

https://github.com/aschmidt99/LTDM_NIME2026
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6.2 Limitations

We have observed different sensing, actuating, and feedback
limitations in LTDM broadly as well as specific string materials.
Here we discuss some limitations to create practical guidelines
for instrument construction and electronics design.

6.2.1 Control axes. Inherent to Lorentz force actuation is the
limitation to only affect one axis of string movement at a time.
For a higher level of control over a string, Paul Vo’s Moog Guitar
and Vo-96 systems use two electromagnetic coils tilted 90º to one
another to act on each of the vibrating axes of a ferromagnetic
string [22]. Since LTDM actuates with a single current that goes
through the entirety of the string at any given moment, multi-
axis control is not an option. Two permanent magnets can indeed
be positioned 90º to one another, though the sensed signal is
flattened into a single signal and information about whichmagnet
contributed to which part of the signal is lost. This is not a major
limitation for sustain systems but limits the efficacy of an active
damping scheme (as mentioned in Section 4.6.4).

6.2.2 PWM power bottlenecks. In our implementation, the max-
imum actuation period for our 20kHz framerate (50𝜇S period)
is set to be 20𝜇S (or maximum 40% duty cycle). This means for
a 24W power supply for the actuation circuitry, the maximum
effective power that can be used for actuation is approximately
24𝑊 ∗ 40% = 9.6𝑊 [15]. Furthermore, the sharp edges of these
high-frequency pulses contain ultrasonic harmonics that electri-
cally contribute to heat buildup but do not contribute to actuating
the string in a meaningful way.

6.2.3 Audio processing without conventional DSP. The audio sam-
ples cannot go through sample buffers for processing without
compromising the collocated control, which eliminates the use of
most audio Codecs. The Teensy audio library is convenient and
powerful, but interfacing from the Teensy’s NXP iMXRT1062 to
external hardware will incur latencies that could destabilize the
system or add complexities.

6.2.4 Ferromagnetic strings. Strings made of ferromagnetic ele-
ments (iron, cobalt, or nickel) or alloys of these materials exhibit
behavior much different to non-ferromagnetic strings due to
forces from the necessary magnetic field pulling directly on the
string, causing dissonant, non-harmonic overtones. This effect
is known to electric guitarists as stratitis and often considered
undesirable in musical contexts.

6.2.5 Thermal expansion down-tuning. Metal strings exhibit elec-
trical resistance dictated by their length, diameter, material com-
position, and temperature. As current is run through a string,
the resistance of the string induces a voltage drop across it. Fol-
lowing Ohm’s Law (𝑉 = 𝐼 ∗ 𝑅), this voltage is a product of the
current run through the string and the resistance of the string,
and following the power equation for electric circuits (𝑃 = 𝐼 ∗𝑉 ),
we know that power is dissipated in the string itself. Much of
this power dissipates as heat, which in turn can cause thermal
expansion of the string, causing the string to lengthen. When the
string is held in tension by friction (like a standard guitar-style
tuner or zither pin), the increased length of the string reduces its
tension and lowers its pitch. This effect can be interesting, but
in many musical contexts with fixed scales, stable tuning of the
instrument is of high priority.

Brass (both red and yellow) has been the best performing ma-
terial thus due to its high conductivity and lack of ferromagnetic

effects. Steel and iron can work but suffer significant detuning
[42].

6.2.6 Tension-induced Up-tuning. We have also heard the tuning
of a string drift upwards rather than downwards. This is because
LTDM is sometimes able to drive a string hard enough that its
average tension increases and causes the string to vibrate at a
slightly higher frequency than what you would hear from a pluck
or strike. The fact that the initial onset of a string pluck or strike
rings sharp is well known to stringed instrument players and is
more prominent as string tension is lowered.

6.2.7 An unknown effect. We have seen several string materials
work with our system, though the most puzzling result thus far
occurs with copper-wound or bronze-wound steel core strings.
Although the system can sustain vibrations in bronze strings,
brass strings, or steel strings independently, steel wire wrapped
with copper or bronze windings pushes the LTDM system into an
unstable oscillatory state related to the TDM switching frequency,
manifesting as an audible squeal at 10kHz, 5kHz, or 2.5kHz when
our sample rate is 20kHz. Although wrapping steel with wire
initially sounds similar to an inductor, this is not electrically
equivalent because the windings are typically electrically con-
nected to the string core wherever they touch and thus produce
no significant inductance.

7 Conclusion

This research aims to push forward a new generation of musical
instruments and practices and contribute to the subculture of
feedback actuated instruments. Our system thus far exhibits rich
and emergent behaviors that depends on interactions between
the material, mechanical, acoustical, and electrical properties of
an instrument. Future work includes refining and developing
technology and conducting experiments to deepen our scientific
understanding of feedback systems and collocated control.

8 Ethical Standards

This stage of the research is focused on technical development
and testing by the authors, so institutional ethics review for hu-
man subjects research has not yet been necessary. Electrical safety
should be considered with any actuated instrument, though the
risks in this setup are low given low power supply voltages and
internal short-circuit protection in the amplifiers.

Acknowledgments

This research is supported by a UKRI Frontier Research grant
(EP/X023478/1, łRUDIMENTS: Reflective Understanding of Dig-
ital Instruments as Musical Entanglementsž) and by the Royal
Academy of Engineering under the Research Chairs and Senior
Research Fellowships Scheme.



Sustained Interests: Active Collocated String Control with Lorentz Time Division Multiplexing NIME ’26, June 23ś26, 2026, London, UK

References
[1] Lior Arbel, Yoav Y. Schechner, and Noam Amir. 2019. The Symbaline Ð An

Active Wine Glass Instrument with a Liquid Sloshing Vibrato Mechanism.
In Proceedings of the International Conference on New Interfaces for Musical
Expression. Porto Alegre, Brazil, 9ś14. https://doi.org/10.5281/zenodo.3672848

[2] Edgar Berdahl. 2009. Applications of Feedback Control to Musical Instrument
Design. Ph. D. Dissertation. Stanford University, Stanford, California, USA.

[3] Edgar Berdahl and Julius O Smith III. 2006. Active Damping of a Vibrating
String. In International Symposium on Active Noise and Vibration Control.
Adelaide, Australia.

[4] Edgar Berdahl, Guenter Niemeyer, and Julius O. Smith. 2008. Active Control
of a Vibrating String. The Journal of the Acoustical Society of America 123
(May 2008), 3666. Issue 5. https://doi.org/10.1121/1.2934997

[5] Francisco Bernardo, Matthew Davison, and Andrew McPherson. 2025.
Impedance Synthesis for Hybrid Analog-Digital Audio Effects. In Proceedings
of the 28th International Conference on Digital Audio Effects.

[6] Francisco Bernardo and Andrew McPherson. 2026. Z-Wah: Appropriating the
Wah via Digital Impedance Synthesis. In Proceedings of the 2026 International
Conference on New Interfaces for Musical Expression. London, UK.

[7] Charles Besnainou and Henri Boutin. 2012. Active Control of Violin Bridges.
Journal of the Violin Society of America 23, 3 (2012). https://hal.science/hal-
03583425v1

[8] Per Bloland, Richard Causton, and Henri Boutin. February 2025. Artistic
Research Residency Seminar. https://www.youtube.com/watch?v=1t3cSMtN
Fj0

[9] Henri Boutin. 2011. Méthodes de contrôle actif d’instruments de musique. Cas
de la lame de xylophone et du violon. Ph. D. Dissertation. https://doi.org/10.1
3140/RG.2.1.4620.4966

[10] Henri Boutin, Charles Besnainou, and Jean-Dominique Polack. 2015. Modify-
ing the Resonances of a Xylophone Bar Using Active Control. Acta Acustica
united with Acustica 101 (April 2015). https://doi.org/10.3813/AAA.918836

[11] N. Cameron Britt, Jeff Snyder, and Andrew McPherson. 2012. The EMvibe:
An Electromagnetically Actuated Vibraphone. In Proceedings of the Interna-
tional Conference on New Interfaces for Musical Expression. The University of
Michigan, Ann Arbor, MI, USA.

[12] Kurijn Buys, Andrew McPherson, et al. 2018. Real-time bowed string feature
extraction for performance applications. (2018). https://doi.org/10.5281/zeno
do.1422597

[13] Murray Campbell, Clive Greated, and Arnold Myers. 2004. 13 Electroacous-
tic, Electromechanical, and Electronic Instruments. In Musical Instruments:
History, Technology, and Performance of Instruments of Western Music, Murray
Campbell, Clive Greated, and Arnold Myers (Eds.). Oxford University Press, 0.
https://doi.org/10.1093/acprof:oso/9780198165040.003.0013

[14] Robert L. Clark Jr, Jeffrey S. Vipperman, and Daniel G. Cole. U.S. Patent
5,578,761, November 1996. Adaptive Piezoelectric Sensoriactuator. https:
//ntrs.nasa.gov/citations/20080004858

[15] Matthew Davison, Adam Schmidt, and Andrew McPherson. 2026. Techniques
for Closely-Coupled Sensing and Actuation in Digital Musical Instruments. In
Proceedings of the 2026 International Conference on New Interfaces for Musical
Expression. London, UK.

[16] MatthewDavison, Craig JWebb,Michele Ducceschi, andAndrew PMcPherson.
2024. A Self-Sensing Haptic Actuator for Tactile Interaction with Physical
Modelling Synthesis. In Proceedings of the International Conference on New
Interfaces for Musical Expression. Utrecht, Netherlands.

[17] Liam Donovan. 2018. Travelling Wave Control of Stringed Musical Instruments.
Ph. D. Dissertation. Queen Mary University of London.

[18] Molly E. Jones, Adam Schmidt, and Michael Gurevich. 2026. The Weather
Harp. In Proceedings of the 2026 International Conference on New Interfaces for
Musical Expression. London, UK.

[19] Alice Eldridge, Chris Kiefer, Dan Overholt, and Halldor Ulfarsson. 2021. Self-
Resonating Vibrotactile Feedback Instruments ||: Making, Playing, Conceptu-
alising :||. In Proceedings of the International Conference on New Interfaces for
Musical Expression. https://doi.org/10.21428/92fbeb44.1f29a09e

[20] Alessandro Fiordelmondo, Matteo Spanio, Patricia Cadavid, Xinran Chen,
Sergio Canazza, and Raul Masu. 2025. Toward a Repository Template for
Music Technology Research. In Proceedings of the International Conference on
New Interfaces for Musical Expression.

[21] Jiffer Harriman. 2015. Feedback Lap Steel : Exploring Tactile Transducers
as String Actuators. In Proceedings of the International Conference on New
Interfaces for Musical Expression. Louisiana State University, Baton Rouge, LA,
USA.

[22] Paul F. Ierymenko. Patent EP1218716B1, 1999. Unitary Transducer Control
System.

[23] June Kuhn, Byuka Makodru, Courtney Reed, and Adam Schmidt. 2026. Con-
necting to Ground: A Séance in the Wick Woodlands. In Proceedings of the
International Conference on New Interfaces for Musical Expression. London,
United Kingdom.

[24] Alvin Lucier. 1980. Music On A Long Thin Wire. Vinyl. Lovely Music, Ltd.,
VR 1011/12.

[25] Thor Magnusson and Enrike H. Mendieta. 2007. The Acoustic, the Digital and
the Body : A Survey on Musical Instruments. In Proceedings of the International
Conference on New Interfaces for Musical Expression. New York City, NY, United
States, 94ś99. https://doi.org/10.5281/zenodo.1177171

[26] Andrew McPherson. 2010. The Magnetic Resonator Piano: Electronic Aug-
mentation of an Acoustic Grand Piano. Journal of New Music Research 39, 3
(Sept. 2010), 189ś202. https://doi.org/10.1080/09298211003695587

[27] Andrew McPherson. 2012. Techniques and Circuits for Electromagnetic In-
strument Actuation. In Proceedings of the International Conference on New
Interfaces for Musical Expression. The University of Michigan, Ann Arbor, MI,
USA.

[28] Adam Pultz Melbye. 2021. Resistance, Mastery, Agency: Improvising with
the Feedback-Actuated Augmented Bass. Organised Sound 26, 1 (April 2021),
19ś30. https://doi.org/10.1017/S1355771821000029

[29] Romain Michon, Julien Sourice, Victor Lazzarini, Joseph Timoney, and Tanguy
Risset. September 2023. Towards High Sampling Rate Sound Synthesis On
FPGA. Proceedings of the 2023 Digital Audio Effects Conference (DAFx23)
(September 2023).

[30] Giulio Moro, Andrew P. McPherson, and Mark B. Sandler. 2017. Dynamic
Temporal Behaviour of the Keyboard Action on the Hammond Organ and Its
Perceptual Significance. The Journal of the Acoustical Society of America 142,
5 (2017), 2808ś2822. https://doi.org/10.1121/1.5003796

[31] Tom Mudd. 2023. Playing with Feedback: Unpredictability, Immediacy, and
Entangled Agency in the No-input Mixing Desk. In Proceedings of the 2023
CHI Conference on Human Factors in Computing Systems (CHI ’23). Association
for Computing Machinery, New York, NY, USA, 1ś11. https://doi.org/10.114
5/3544548.3580662

[32] Tom Mudd, Simon Holland, and Paul Mulholland. 2019. The Role of Non-
linear Dynamics in Musicians’ Interactions with Digital and Acoustic Musi-
cal Instruments. Computer Music Journal 43, 4 (Dec. 2019), 25ś40. https:
//doi.org/10.1162/comj_a_00535

[33] J. Nečásek, J. Václavík, and P. Marton. 2016. Digital Synthetic Impedance for
Application in Vibration Damping. Review of Scientific Instruments 87, 2 (Feb.
2016), 024704. https://doi.org/10.1063/1.4942085

[34] Eoghan O Néill, Maarten VanWalstijn, and Miguel Ortiz. 2025. Real-time bow-
ing parameter sensing methods for articulated bow-string physical modelling.
In Forum Acusticum/Euronoise 2025, the 11th EAA Annual European Conference
on Acoustics and Noise Control Engineering. European Acoustics Association.

[35] Dan Overholt. 2011. The Overtone Fiddle: An Actuated Acoustic Instrument.
In Proceedings of the International Conference on New Interfaces for Musical
Expression. https://doi.org/10.5281/ZENODO.1178127

[36] Dan Overholt, Alice Eldridge, and Chris Kiefer. 2020. Feedback Musicianship
Workshop @ NIME 2020. Proceedings of the International Conference on New
Interfaces for Musical Expression.

[37] Laurel Pardue, Kurijn Buys, Dan Overholt, Andrew P. McPherson, andMichael
Edinger. 2019. Separating Sound from Source: Sonic Transformation of the
Violin through Electrodynamic Pickups and Acoustic Actuation. In Proceedings
of the International Conference on New Interfaces for Musical Expression. Porto
Alegre, Brazil, 278ś283. https://doi.org/10.5281/zenodo.3672958

[38] Laurel S Pardue and Andrew McPherson. 2019. Real-time aural and visual
feedback for improving violin intonation. Frontiers in Psychology 10 (2019),
627.

[39] Martin Piñeyro. 2012. Electric Slide Organistrum. In Proceedings of the Inter-
national Conference on New Interfaces for Musical Expression. The University
of Michigan, Ann Arbor, MI, USA. https://doi.org/10.5281/ZENODO.1180571

[40] Edward Reszke and Andrzej Dobrucki. 2024. Electrodynamic Pick-up for
Electric String Instruments. 35, 1 (2024). https://doi.org/10.21008/J.0860-
6897.2024.1.05

[41] Adam Schmidt andMichael Gurevich. 2024. The Lorentz Lap Brass: Method for
Frugal Integrated Sonic/Haptic Interaction. In Proceedings of the International
Conference on New Interfaces for Musical Expression. Utrecht, NL.

[42] Adam Schmidt, Jeffrey Snyder, Gian Torrano Jacobs, Joseph Gascho, Joyce
Chen, and Andrew McPherson. June 2025. The Sparksichord: Practical Im-
plementation of a Lorentz Force Electromagnetic Actuation and Feedback
System. In Proceedings of the International Conference on New Interfaces for
Musical Expression. Canberra, Australia.

[43] Halldór Úlfarsson. 2018. The Halldorophone: The Ongoing Innovation of a
Cello-like Drone Instrument. In Proceedings of the International Conference on
New Interfaces for Musical Expression. Blacksburg, VA, USA.

[44] Halldor Ulfarsson and Adam Pultz Melbye. 2020. Sculpting the Behaviour of
the Feedback-Actuated Augmented Bass. In Proceedings of the International
Conference on New Interfaces for Musical Expression. Birmingham, United
Kingdom.

[45] Federico Visi. 2024. The Sophtar: A Networkable Feedback String Instrument
with Embedded Machine Learning. In Proceedings of the International Confer-
ence on New Interfaces for Musical Expression. Utrecht, Netherlands, 142ś148.
https://doi.org/10.5281/zenodo.13904810

[46] Bo Yan, Ke Wang, Zifan Hu, Chuanyu Wu, and Xinong Zhang. 2017. Shunt
Damping Vibration Control Technology: A Review. Applied Sciences 7, 5 (May
2017), 494. https://doi.org/10.3390/app7050494

[47] Halldór Úlfarsson. 2018. The Halldorophone: The Ongoing Innovation of a
Cello-like Drone Instrument. In Proceedings of the International Conference on
New Interfaces for Musical Expression (Blacksburg, Virginia, USA). 269ś274.
https://doi.org/10.5281/zenodo.1302579

https://doi.org/10.5281/zenodo.3672848
https://doi.org/10.1121/1.2934997
https://hal.science/hal-03583425v1
https://hal.science/hal-03583425v1
https://www.youtube.com/watch?v=1t3cSMtNFj0
https://www.youtube.com/watch?v=1t3cSMtNFj0
https://doi.org/10.13140/RG.2.1.4620.4966
https://doi.org/10.13140/RG.2.1.4620.4966
https://doi.org/10.3813/AAA.918836
https://doi.org/10.5281/zenodo.1422597
https://doi.org/10.5281/zenodo.1422597
https://doi.org/10.1093/acprof:oso/9780198165040.003.0013
https://ntrs.nasa.gov/citations/20080004858
https://ntrs.nasa.gov/citations/20080004858
https://doi.org/10.21428/92fbeb44.1f29a09e
https://doi.org/10.5281/zenodo.1177171
https://doi.org/10.1080/09298211003695587
https://doi.org/10.1017/S1355771821000029
https://doi.org/10.1121/1.5003796
https://doi.org/10.1145/3544548.3580662
https://doi.org/10.1145/3544548.3580662
https://doi.org/10.1162/comj_a_00535
https://doi.org/10.1162/comj_a_00535
https://doi.org/10.1063/1.4942085
https://doi.org/10.5281/ZENODO.1178127
https://doi.org/10.5281/zenodo.3672958
https://doi.org/10.5281/ZENODO.1180571
https://doi.org/10.21008/J.0860-6897.2024.1.05
https://doi.org/10.21008/J.0860-6897.2024.1.05
https://doi.org/10.5281/zenodo.13904810
https://doi.org/10.3390/app7050494
https://doi.org/10.5281/zenodo.1302579

	Abstract
	1 Introduction
	2 Related Work
	2.1 Embodied Sound
	2.2 Electromagnetically-Actuated Instruments
	2.3 Feedback Instruments & `Infinite Sustain'
	2.4 Hybrid Digital-Acousto-Electro- Mechanical Instruments
	2.5 Collocated Control

	3 Principles of Operation
	3.1 Actuation: Lorentz Force
	3.2 Sensing: Electromotive Force (Faraday’s law & Lenz’s Law)
	3.3 Collocated Sensoriactuation via Time Division Multiplexing

	4 Technical Implementation
	4.1 Mechanical Setup
	4.2 Teensy 4.1 for TDM
	4.3 Sensing: Multistage Preamplifier + Full Wave Rectifier + Comparator
	4.4 Actuation: Pulse Width Modulation via MOSFETs
	4.5 Custom Printed Circuit Board
	4.6 Interaction Design

	5 Case Studies
	5.1 Augmented Autoharp
	5.2 The Weather Harp
	5.3 Contrasting Sounds

	6 Discussion
	6.1 Affordances
	6.2 Limitations

	7 Conclusion
	8 Ethical Standards
	Acknowledgments
	References

