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ABSTRACT 
We introduce Acoustruments: low-cost, passive, and power-
less mechanisms, made from plastic, that can bring rich, 
tangible functionality to handheld devices. Through a struc-
tured exploration, we identified an expansive vocabulary of 
design primitives, providing building blocks for the con-
struction of tangible interfaces utilizing smartphones’ exist-
ing audio functionality. By combining design primitives, 
familiar physical mechanisms can all be constructed from 
passive elements. On top of these, we can create end-user 
applications with rich, tangible interactive functionalities. 
Our experiments show that Acoustruments can achieve 
99% accuracy with minimal training, is robust to noise, and 
can be rapidly prototyped. Acoustruments adds a new 
method to the toolbox HCI practitioners and researchers can 
draw upon, while introducing a cheap and passive method 
for adding interactive controls to consumer products. 
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INTRODUCTION 
Smartphones and other handheld devices are increasingly 
being employed in interactive applications that extend be-
yond their conventional touchscreens. For example, tangi-
bles allow users to interact with mobile devices using phys-
ical objects both on the screen and around the device. Simi-
larly, there is a growing class of auxiliary devices that re-
quire a smartphone to be plugged in or docked, transform-
ing an otherwise simple object into something with rich and 
dynamic interactivity, as well as wireless connectivity if 
needed. These include appliances, such as alarm clocks and 
speakers, to children’s toys, audio mix decks, and even ro-
bots (see e.g., [48]). The latter devices can be made less 
costly by relying on the “smarts” from an expensive, gen-
eral-purpose computing device.   

However, these auxiliary devices still require numerous 
components, including mechanical mechanisms, wires, ICs, 
PCBs and sometimes batteries. This dramatically increases 
manufacturing cost and reduces physical robustness. In this 
work, we introduce Acoustruments: low-cost, passive, and 
powerless mechanisms, made from plastic, that can bring 
rich, tangible functionality to handheld devices. The opera-
tional principles were inspired by wind instruments (e.g., 
slide whistles, ocarinas and flutes), which produce expres-
sive musical output despite a simple physical design. In 
general, a sustained source of sound is injected into one end 
and various physical elements are altered to produce dis-
tinctive outputs. For example, a flute has a series of holes 
along its main axis that can be covered, while a trombone 
varies its pitch by altering the size of an in-lined cavity.  

Permission to make digital or hard copies of all or part of this work for personal or 
classroom use is granted without fee provided that copies are not made or distributed 
for profit or commercial advantage and that copies bear this notice and the full cita-
tion on the first page. Copyrights for components of this work owned by others than 
the author(s) must be honored. Abstracting with credit is permitted. To copy other-
wise, or republish, to post on servers or to redistribute to lists, requires prior specific 
permission and/or a fee. Request permissions from Permissions@acm.org. 
CHI 2015, April 18 - 23 2015, Seoul, Republic of Korea  
Copyright is held by the owner/author(s). Publication rights licensed to ACM. 
ACM 978-1-4503-3145-6/15/04��$15. http://dx.doi.org/10.1145/2702123.2702416 
 
 

  

Figure 1. Like musical instruments, we introduce structural elements along the speaker-microphone pathway to characteristi-
cally alter the acoustic output. Using an expansive vocabulary of design primitives, we construct physical mechanisms (A), 
and on top of that, build end-user applications such as an interactive doll (B), an alarm clock (C), or an interactive toy car (D). 

 



In a similar manner, we can create an “instrument” that 
attaches to a smartphone. Specifically, one end of an en-
closed tube is connected to the speaker, which emits a con-
tinuous ultrasonic sweep (Figure 2). The other end is di-
rected into the smartphone’s microphone, which can moni-
tor the output. Like musical instruments, we can introduce 
structural elements along this pathway that can characteris-
tically alter the acoustic properties of the output, which in 
our case, we use for interactive control.  

Through a structured exploration, we identified an expan-
sive vocabulary of design primitives, providing the building 
blocks for the construction of tangible interfaces utilizing 
smartphones’ existing audio functionality. By combining 
design primitives, familiar physical controls, such as knobs, 
valves, rotary encoders, and sliders, can all be constructed 
from passive elements. On top of these, we can create end-
user applications, ranging from games to appliances. Using 
technologies like 3D printing, we show that rich physical 
controls can be rapidly prototyped, adding a new method to 
the toolbox HCI practitioners and researchers can draw 
upon. In addition, through mass production techniques (e.g., 
injection molding and training on a master mold), 
Acoustruments introduces a cheap and passive method for 
the construction of consumer "pluggables." 

RELATED WORK 
Our work touches upon several areas including tangible 
interfaces for mobile devices, fabrication and rapid proto-
typing, 3D printing, and mobile sensing. We now summa-
rize key related work in these respective domains. 

On-Screen and Around-Device Tangibles 
Researchers have explored techniques for augmenting in-
teractions on desktops, handhelds, and tabletops with exter-
nal physical controls using several sensing and fabrication 
techniques. Huwang et. al. [21] and Liang [25] utilize mag-
netically-driven tangibles as passive controls for devices 
equipped with a magnetometer. Capacitively-modulated 
widgets, such as CapStones and Zebra Widgets [9], Slap-
Widgets [46], and CapWidgets [23], utilize the device's 
touchscreen for on-screen tangible interaction. Similarly, 
camera-based systems [3,44] and fabricated optical ele-
ments offer configurable interactive physical controls: in 
Lumino 3 [3], Baudisch et. al. augment tabletop interaction 
with fiducially-marked "blocks" assembled using glass fi-
bers; Willis [47] and Brockmeyer et. al. [7] leverage 3D-
printed optical elements for interactive sensing, and display. 

3D-printing of Musical instruments 
3D-printed musical instruments, earlier thought to be un-
wieldy to fabricate, are now beginning to emerge. For in-
stance, Thingiverse [49] currently hosts a large collection of 
user-designed 3D-printable models of instruments, includ-
ing whistles, ocarinas and acoustic guitars. Simlarly, after 
building a series of 3D-printed guitars, Olaf Diegel [50] has 
constructed one of the earliest 3D-printed saxophones. The 

level of control and customization from CNC-based tech-
niques offer a novel approach for constructing tangible 
acoustic interfaces [10], whose applications can be extend-
ed to interactive physical controls. 

Rapid Fabrication and Prototyping 
Researchers have investigated techniques for rapidly proto-
typing interactive physical objects across numerous con-
texts. In Phidgets [16], Greenberg proposed a hardware and 
software ecosystem of “physical widgets” inspired by real-
world mechanisms. Printed Optics utilizes light pipes to add 
sensing and display capabilities to 3D-printed objects [47], 
and Hudson [20] introduces techniques for embedding con-
ductive thread and electronics in objects printed on felt ma-
terial. Techniques for augmenting inanimate prototypes 
with interactive capabilities have also been explored, in-
cluding wireless input components [2], mounted capacitive 
pads [38], and cameras [36]. These approaches complement 
techniques for rapidly prototyping object structure [26,27]. 
Savage et. al. [37] leveraged routed pipes as a post hoc pro-
cess for embedding input and output functionalities to 3D 
printed objects, and provide a tool for automatic routing. 
Although we utilize related primitives—pipes and tubes—
our technique does not require additional electronics for 
input control. 

“Pluggables” and Smartphone-Driven Devices 
There is an emerging class of use-cases where mobile de-
vices are being “plugged-in” into objects and environments, 
provisioning the "smarts" that augment their capabilities. 
As such, smartphones transform an otherwise simple or 
static object into something with rich interactive functional-
ity. Although researchers have traditionally leveraged mo-
bile devices as data acquisition interfaces [24,34], “plugga-
bles” have seen increasing interest in consumer applica-
tions. They can be simple products such as alarm clocks, 
speaker boxes, dolls, and children’s toys (apptoyz.com), or 
sophisticated tools such as card-readers (squareup.com), 
appliances (thefusionphone.com), DJ mixers, and robots 
[48]. However, these pluggables still require extra compo-
nents and electronics, which increase cost and complexity. 

Related Sensing Techniques 
Modal Analysis [5] and Swept Frequency Acoustic Inter-
ferometry (SFAI) are well known in fields such as materials 
[39] and structural analysis [15]. Acoustic sensing has been 
used in many HCI pursuits, and approaches can be grouped 
into three major categories. Acoustruments makes use of 
fingerprint-based techniques, which employ an uncon-

 
Figure 2. Physical controls manipulate the traversing 
ultrasonic signal from the speaker to the microphone. 

 

 



trolled, but characteristic signal to distinguish between 
states. Identification-based techniques can be active (i.e., 
emit a signal), as in the case of Acoustruments and Touch 
& Activate [30] (see also [28,40]) or passive (i.e., receive a 
signal), such as Scratch Input [18], Skinput [19], and BLUI 
[31]. Another, more structured approach is to use acoustic 
time difference of arrival (TDoA) or time of flight (ToF), 
most commonly encountered in the form of “sonar”, which 
has seen extensive use in the HCI literature [22,32,41]. Fi-
nally, sensing acoustic Doppler shifts has also proven use-
ful, as shown in SoundWave [17] and Doplink [1] (see also 
[33,45] for an overview). 

IMPLEMENTATION 
As noted earlier, our approach explicitly routes an enclosed, 
pipe-like pathway from the speaker to the microphone, ena-
bling direct transmission of high-fidelity ultrasonic signals 
(Figure 1A). Sound reaching the microphone is altered by 
various physical elements along the path. That is, the enclo-
sure alters the traversing acoustic signal depending on its 
shape, material, and other physical conditions. Specifically, 
carefully designed cavities, holes, and partial obstructions 
produce distinct spectral changes in the final signal. 

For reference, our prototype uses an iPhone 5C, with physi-
cal dimensions 124.4mm x 59.2mm x 8.97mm, audio in-
put/output sampling rate of 44.1kHz, and 1.3GHz dual-core 
Apple A6 processor. We utilize the collocated speaker and 
microphone at the bottom of the handset, with a physical 
separation of approximately 26.2mm. 

Fabrication 
Our fabrication approach was motivated by two goals. First, 
we wanted to be able to create pipes that would transmit 
sound from the speaker to the microphone with as little 
unintended loss as possible. In addition, and more im-
portantly, we wanted to explore how the internals of the 
pipes affect acoustic response. Although we used 3D print-
ing as a means for rapidly iterating on our ideas, it is im-
portant to note that the same structures can be manufactured 
using high-volume, low-cost fabrication approaches, most 
notably injection molding, but also casting and machining. 

We constructed our prototypes using an Objet260 Connex 
3D printer, using VeroClear-RGD810 UV-cured photopol-
ymer. This printer is capable printing multiple materials, 
and we took advantage of this capability in two instances 
(see next section). For the most part, our structures were 
printed as a single material. We used Rhino and its Grass-
hopper visual language as our authoring software, enabling 
parameterized modeling of expansive pipe configurations. 

One of the most onerous steps in our fabrication process 
was support material removal. Our 3D printer scaffolds 
support material on regions with sufficient overhang and, in 
most cases, it can be removed through a waterjet process 
i.e., dissolving support material by directing a high-pressure 
water stream, much like a fire hose. Further, remaining 

support material is soaked into an ultrasonic cleaner with a 
sodium hydroxide aqueous solution. However, for more 
sophisticated configurations such as pipes with extended 
branching, these methods are insufficient. To minimize 
support material removal, we designed our models by mak-
ing them modular (i.e., detachable parts), or by making es-
cape holes to provide the waterjet and the ultrasonic cleaner 
with more surface area to pass through. In extreme cases, 
we avoided using support materials altogether by bisecting 
our models and re-assembling them post-hoc. 

Swept-Frequency Acoustic Sensing 
Our sensing technique emits rapid ultrasonic frequency 
sweeps while simultaneously recording sound. As the signal 
traverses through the speaker-microphone pathway, certain 
frequencies resonate or are absorbed, creating a unique 
spectral signature. We emit a continuous 100ms linear 
sweep from 16.50kHz to 22.05kHz. We experimented with 
different variants of sweep lengths and interpolations (e.g., 
40ms logarithmic sweeps), and can say anecdotally that 
linear sweeps between 50ms and 100ms seem to provide 
the right balance between latency and signal fidelity. We 
note that these values should be treated as a lower bound, 
since the sweep rate and frequency range can be drastically 
increased as the sampling rate for handheld devices contin-
ues to improve in the future. 

Incoming audio is recorded as linear PCM, and stored into a 
circular buffer. The captured signal is transformed into the 
frequency domain using a Fast Fourier Transform (FFT). In 
turn, spectrum bands higher than 15.50khz are saved, and 
all values in this range are downsampled into 100 bins. In 
addition to raw FFT, we also compute the first and second 
derivatives of the downsampled signal, along with spectral 
band ratios, max index, min index, and center of mass. The-
se features are passed to a support vector machine (SVM) 
optimized for either classification or regression for discrete 
and continuous values, respectively.  

We forked a variant of libSVM [51] and made it run on 
iOS, which enabled real-time training and testing directly 
from the mobile device. For classification tasks, we trained 
a Sequential Minimal Optimization-based Support Vector 
Machine (SMO SVM) using default optimization parame-
ters (kernel=polynomial, C=1000, gamma=0, e=0.001). For 
regression, we optimized a nu- Support Vector Regression 
model (nu-SVR) using an RBF kernel, along with optimiza-
tion parameters identical to above. Of note, the system 
needs to train the models before it can perform real-time 
classification and regression. 

Our technique shares similarities to the touch sensing prin-
ciple embodied in Touch & Activate [30], which was in-
spired by Touché [35]. However, our approach utilizes 
commodity sensors and does not require additional elec-
tronics. Further, all computation is performed on the device, 
which means our approach can be deployed to existing de-
vices as a downloadable application or software update. 



IN-LINE DESIGN PRIMITIVES 
Physical configurations along the speaker-microphone 
pathway influence the frequency response properties of the 
transmitted acoustic signal. In order to develop a vocabu-
lary of discriminable in-line design primitives for this pur-
pose, we first looked at related literature in both instrument 
design [8,12,13,42], and also more generally, the physics of 
sound [4,6,11,14] We then iteratively prototyped, testing 
hundreds of single purpose prototypes to better understand 
how to control and isolate the acoustic effects. This process 
enabled us to build a comprehensive vocabulary of physical 
primitives and associated design recommendations that 
characteristically alter the acoustic properties of sound 
propagating through a controlled pathway. 

Holes 
When a flutist applies a jet stream of input air across the 
mouthpiece, the column of air vibrates with respect to the 
configuration of keyholes along its body. The human vocal 
system functions similarly (e.g., try speaking while cover-
ing your nostrils). Simply put, when holes are closed or 
opened, they indirectly modify the volume of air the sound 
effectively resonates within, thereby characteristically alter-
ing frequencies of the output sound. In a similar fashion, 
holes along the speaker-microphone pathway influence the 
acoustic properties of the traversing ultrasonic signal. Like 
those in a flute, holes offer a rich palette for input control. 

 
Our experiments revealed that hole diameters between 
3.0mm and 7.0mm affect the acoustic signal more discrimi-
natively (for reference, these holes were fabricated on a 3D-
printed pipe with a rectangular pipe (3.5mm by 9.0mm), 
extending 88mm from the speaker to the microphone). Fur-
ther, diameters less than 3.0mm had no significant effect. 
Additionally, distance between holes influences the reso-
nance of the acoustic signal, and our experiments show that 
holes should be at least 7.5mm apart in order for them to 
render significant effects. This distance is also effective at 
preventing the fat-finger problem by appropriate spacing of 
the openings. Finally, there is an upper bound on the num-
ber of holes that can be introduced along the pipe; in our 
experiments, more than 5 holes reduced the ability for any 
one hole to sufficiently affect the acoustic signal, which we 
suspect is due to energy loss from majority of the signal 
escaping into open air. 

Tube Length 
Similar to holes, changing the tube length affects the overall 
volume of vibrating air along the pathway. For example, in 
trombones, lengthening its main slide expands the air col-
umn, thereby producing lower frequency notes. Similarly, 
adjusting the tube length between the speaker and the mi-
crophone distinctively affects the acoustic properties of the 
traversing signal. As tube length increases, the strength of 
the acoustic signal reaching the microphone experiences 
characteristic attenuation. Tubes can be turned or twisted to 
accommodate for limitations on physical space. From our 
experiments, we learned that the number of turns does not 
significantly affect the acoustic properties of the signal, as 
long as the overall length of the tube remains constant.  

Blockages 
Full or partial blockages in the pathway disturb airflow, 
which in turn alters the properties of the resulting output 
signal. As a blockage narrows the aperture along the pipe, it 
increases the speed of air motion. Of note, a fully blocked 
pathway does not necessarily prohibit the ultrasonic signal 
from reaching the microphone; the signal still resonates 
across the enclosure, but its acoustic profile is markedly 
distinct relative to an unobstructed signal.  

Cavities 
Cavities are closed volumetric shapes along the pipe that 
alter acoustic resonance in distinctive ways. Its shape—
such as a hemisphere, a tapered cylinder, or an irregular 
hollow chamber—produces characteristic acoustic reso-
nance, much like the phenomena embodied in a Helmholtz 

 
Figure 6. Insertable blocks with narrow and wide cavities. 

 

 
Figure 5. Open (top) and blocked tubes. 

 
 

 
Figure 4. Short (top) and long tubes. 

 
 

 
Figure 3. Tubes with two (top) and fives holes, along 
with their respective ultrasonic responses between 
16kHz to 22.05kHz. 

 



resonator [43]. Cavities can also be made soft, in which 
case, they become squeezable, allowing cavity properties to 
be directly changed by user input.  

Tube Softness 
Modifying the tube material also affects the acoustic profile 
of the signal. More precisely, soft tubing e.g., latex rubber 
is more flexible, which means it can be bent, squeezed, or 
pinched at several segments along its axis, thereby modify-
ing how acoustic signals propagate along the pathway. 

Tube Gap 
When a physical discontinuity is introduced along a tube 
(Figure 8), the enclosed vibrating air column is forced to 
disperse out from one end of the aperture, into open air, and 
back into the continuing end. Unlike holes, gaps externally 
diffuse sound energy, and the traversing signal reaching the 
microphone suffers from distortion. Additionally, if gaps 
are wide enough, physical objects can be used to block or 
alter the flow of the diffused signal (e.g., a piece of soft 
cloth or a finger along the path), allowing for interesting 
input control modalities. 

Wall Thickness 
A tube’s interior thickness affects how sound waves reflect 
and travel internally. In general, tubes with thicker walls 
tend to be more rigid and reflect sound with less dampen-
ing. In our experiments, the range of variations we explored 
(thicknesses between 0.5mm and 2.0mm) did not produce 
acoustic differences large enough to be highly discriminato-
ry. Thus, we selected a wall thickness of 1.0mm, which was 
economical and provided sufficient structural durability. 

Tube Diameter 
Airflow oscillating through a tube is directly related to its 
diameter, which in turn affects its acoustical output (Figure 
9). Tighter tubes make the conduit resonate at higher fre-
quencies. We built majority of our models using tubes with 
a diameter of 3.5mm. Although other variations were ex-
plored, in general, narrow tubes of this size offered suffi-
cient sensitivity and were conveniently space-efficient. 

Structured Filters 
It is possible to characteristically attenuate the traversing 
acoustic signal by constructing tubes such that they function 
as basic filters (e.g., a low-pass filter). Figure 10 depicts the 
design of a primitive band pass filter which was derived 
from Munjal’s [29] exploration of the acoustics of ducts 
and mufflers. In this example, the filter’s center frequency 
is controlled by the distance between two baffles (Figure 
10, bottom left), which is half that frequency’s wavelength. 

Tube Interior Texture 
The texture of a tube’s interior characteristically dampens 
and excites certain frequency components of the traversing 
acoustic signal. They are a superset to the structured filters 
mentioned earlier, but far less constrained.  Textures can 
range from simple symmetric elements—flat, sawtooth 
ridges, or sinusoidal contours—to more irregular shapes, 
like riffles, waves, or diminutive bristles. 

COMBINING PRIMITIVES 
Although in-line design primitives by themselves offer 
enough expressivity for rich input control, they can also be 
combined into various configurations, providing even 
greater possibilities. In this section, we discuss several 
techniques for combining two or more primitives along the 
conduit between the speaker and the microphone, all while 
preserving maximum signal discriminability.  

Parallel Routing 
Two or more enclosed tubes can run in parallel across the 
speaker and the microphone, effectively enabling several 
primitives to affect the acoustic properties of the swept fre-
quency signal. For example, in Figure 12 two parallel tubes 
run between the speaker and the microphone, controlled by 
two valves. The first tube is longer than the second, with 
holes placed along its path (as part of the valve). In this 
specific multi-tube combination, two design primitives—

 
Figure 10. Engineered baffles along the tubular pathway 
(bottom left) serve as primitive physical acoustic filters. 
Here, baffle distance affects the filter’s center frequency. 

 

 
Figure 8. Physical gaps along the speaker-microphone 
pathway allow the audio signal to disperse into open air. 

 

 
Figure 7. An example of soft tubing using latex material. 

 

 
Figure 9. Cross-section of tubes with different diameters. 

 



tube length and holes— are being varied, producing several 
combinatorial states for input control. 

Branching 
Tubes can branch into two or more paths.  As such, this 
configuration splits the traversing signal into multiple 
routes, thereby strategically isolating the effect of in-line 
primitives. Other configurations are possible, e.g., merging 
forked paths into a single conduit (Figure 11B), or branch-
ing paths into “dead-end” outlets (e.g., Figure 11A).  

Modular Insertions 
It is possible to integrate in-line primitives into a conduit, 
post-hoc. Specifically, “generic tubes” can be fabricated 
with slots that can accommodate “insertable” modules 
(Figure 13), and in this fashion, components can be mixed 
and re-used. This introduces interesting combinations, and 
it de-couples the design of tubes and primitives into modu-
lar parts. This technique also provides a mechanism for 
identifying one of several different objects, which could be 
inserted by the user. 

MECHANISMS 
In-line design primitives form the building blocks for creat-
ing acoustically-driven interactive elements. They can be 
used, and in some cases combined, to create familiar human 
interface controls or even sensors. As a proof of concept, 
we selected nine illustrative examples, discussed below and 
depicted in Figure 14. 

Rocker Switch 
A rocker switch is single-pole single-throw switching 
mechanism supporting “ON” or “OFF” states (e.g., a light 
switch), and it leverages a blockage in-line primitive 
(Figure 2). To construct a rocker switch, we place a hole 
along the tube’s main axis and attached a lever element that 

pivots from the hole’s midpoint. When one side of the lever 
is pushed inward (OFF), the output signal is blocked. Con-
versely, when the opposite side is pushed, the acoustic sig-
nal is allowed to pass through (ON). 

Ball Valve 
A ball valve functions as a binary switch, which supports a 
turning actuation mechanism. Valves in our case function 
much like ball valves in water pipes; they are either posi-
tioned “ON” or “OFF.” Figure 14 illustrates the mechanism 
behind our ball valve. When in the “ON” position, a hole on 
the valve shaft aligns with the tube carrying the acoustic 
signal, permitting sound to pass through.   

Multi-Turn Knob 
Multi-turn knobs are identical to single-handle spigots. An 
adjustable knob controls fluid flow (e.g., water, air), and in 
our case, it restricts how much of the audio signal can pass 
through its constriction point. Our multi-turn knobs use a 
rotatable threaded bolt and a matching nut affixed to a tube. 
In our prototype, we constructed our threads with a pitch 
spacing of 1.3 mm, permitting 3½ full rotations. Unlike 
switches and valves, knob actuation is more appropriately 
represented as a range of continuous values, rather than 
discrete states, and so we employed regression-based ma-
chine learning to model this behavior. 

Slider 
Sliders utilize tube length as an in-line design primitive. We 
model our slider mechanism on a slide whistle; when a pis-
ton moves along a tube, it adjusts the air cylinder’s length, 
thereby characteristically altering its output sound. Similar-
ly, as seen in Figure 14, we fork a terminating branch (i.e., 
a dead-end) along the main conduit, and we insert a cylin-
drical shaft that slides along that branch’s main axis. Fitted 
rails help constrain the shaft’s min and max position, and its 
movement is modeled as a continuous value. 

Rotary Encoder 
A rotary encoder mechanism senses the changes in angular 
position of a rotating body. We construct a discrete-step 
rotary encoder by leveraging multiple parallel tubes with 
blockage primitives. Specifically, we fabricated a wheel 
element that rotates along the major axis of tubes routed in 
parallel (e.g., two parallel tubes, Figure 1A and 14). We 
then precisely position holes on the wheel; as it rotates, the 
blockage mechanisms encoded on the wheel permit one or 
more tubes to participate in altering the acoustic signal. 
Conveniently, this scheme offers expansive combinatorial 
states, which would be more than enough for approximating 
kinematic values such as rotational speed and direction.  

 
Figure 11. Branching Examples. They can terminate, as 
seen in this tilt sensor (A), or they can merge back into a 
single acoustical conduit (B). 

 

 
Figure 13. Modular insertions (left and middle) allow prim-
itives to be easily integrated into a pathway ad-hoc (right).  
 

   
Figure 12. Primitives can be combined through parallel 
routing. Here, two combined valves offer increased input. 

 



 
Figure 14. Using design primitives, we can construct several mechanisms for interactive physical control. Examples include 
valves, tilt sensors, knobs, line break sensor, sliders, switches, pressure sensors, proximity sensors, and rotary encoders. 

 
Proximity Sensor 
We leverage the tube gap in-line primitive to construct a 
proximity sensor. Specifically, we introduce a single gap 
along the tube—creating two apertures funneled outward—
enabling sound to disperse into open air. When a finger or 
an object approaches the gap’s aperture, portions of the 
sound energy reflect and enter back into the other end of the 
gap. The strength of the acoustic signal due to proximate 
reflections can be utilized to model continuous values for 
proximity sensing.  

Line Break Sensor 
Like proximity sensors, we utilize tube gap as in-line primi-
tive for constructing a line break sensing mechanism. How-
ever, instead of the apertures directing outward, the aper-
tures in a line break sensor face each other. In a line break 
sensor, the mechanism is either “ON” or “OFF.” When 
“ON”, sound disperses from one aperture, flows into open 
air, and funnels primarily back into the other end of the gap. 
When an object or a finger is placed between the apertures, 
the traversing sound is blocked—an indication that the con-
nection is “OFF.” 

Tilt Sensor 
We built a tilt sensor by embedding a ball that rolls along 
an elongated branch. When tilted, gravity forces the ball to 
slide towards one end of the branch, altering airflow and 
thereby creating a distinctive acoustic output. Our tilt sen-
sor can detect two discrete states (i.e., tilt forward or back-
ward), but can also be utilized to sense continuous values 
when trained accordingly. 

Pressure Sensor 
To construct a pressure sensor, we employ an in-line cavity 
fabricated with soft material. When pressure is applied 
(e.g., via squeezing), the cavity undergoes a distinct defor-
mation, thereby altering the acoustic resonance of the out-
put sound. Our pressure sensor can detect bilateral defor-
mations, and we model its behavior as a mechanism with 
continuous values. 

EVALUATION 
As seen in our video figure, sensing is robust and rapid 
across a range of sensing types and combinations. However, 
as further validation, we empirically tested the performance 
of four mechanisms of varying complexity – two controls 
and two sensors. Further, within each category, we use one 
example of discrete and one example of continuous sensing.  

Training 
Before any experiments could be run, a classifier first had 
to be trained. For the two binary sensing examples, 25 in-
stances of each class were captured and used for training. 
An SMO-based SVM was used for training and classifica-
tion (via libSVM ported on iOS with default parameters, 
see Implementation for details). For the two continuous 
sensing examples, we used a nu-Support Vector Regression 
model (nu-SVR, RBF kernel), which produces continuous 
output. It is impossible to train on every possible value, so 
instead the full sensor range was divided into five equal 
parts for capturing training data, with ten training instances 
acquired for each. In both the discrete and continuous cases, 
only 50 instances were used for model training – a small 
number by machine learning standards (but as we will see, 
sufficient for accurate sensing). Lastly, the tests below were 
evaluated using live prediction (i.e., no post hoc analysis). 

Accuracy 
First, we tested a simple binary button (Figure 2 mecha-
nism). We ran 40 trials (20 trials per ‘ON’ or ‘OFF’ condi-
tion), and collected five data samples per trial, generating 
200 sample points across all trials. To evaluate accuracy, 
we turned the rocker switch on or off according to a target 
configuration requested by our evaluation app (e.g., ‘switch 
ON’). Thereafter, we record the system’s prediction. Across 
200 samples, the mean accuracy was 99.50% (SD=0.07%). 

Increasing in complexity, we next tested the rotational ac-
curacy of a turn knob. Like its real-world counterpart, we 
tested its angular position between 0°-240° using 36 trials 
across nine equally spaced rotational positions (which in-
cluded positions where the system was untrained). Five data 



 
Figure 15. With Acoustruments, end-user applications can be built by combining mechanisms and design primitives. 

 

 

 
samples were collected for each trial, generating a total of 
180 data samples. Across nine configuration steps, the 
knob’s mean absolute error was 7.8° (SD=6.0°). This means 
that even with just 10 training instances across five posi-
tions, our turn knob was correct within ±7.8°, sufficient to 
accurately predict nine knob positions between 0°-240°. 

A line break sensor is an example of very basic, discrete 
classification. Similar to the evaluation we ran for the rock-
er switch, we collected a total of 200 sample points across 
40 trials, splitting them into 20 trials per condition. To 
evaluate accuracy, the line break sensor was ‘opened or 
blocked’ (i.e., placing a finger within the aperture’s proxim-
ity) to meet the specified target condition. To prevent con-
figuration bias, we return the line break sensor to its origi-
nal state before collecting samples for subsequent trials 
(i.e., setting it back to ‘open’ whenever it is ‘blocked’).  
Across 200 samples, the line break sensor misclassified one 
data point, garnering an accuracy of 99.50% (SD=0.07%). 

Finally, we tested our continuous pressure sensor with a 
rotatable clamp, which allowed for pressure to be varied 
and controlled. The clamp and pressure sensors were 
mounted on fixed positions, and pressure was varied by 
incrementally turning the clamp. In a similar fashion to the 
knob mechanism, our pressure sensor was trained with 10 
instances across five equally spaced variations (between 

0.0-4.0), and tested for 36 trials across nine equally spaced 
clamp rotations (with five samples collected for each trial). 
Across trials, the mean absolute error was ±0.29 (SD=0.21).  

Noise Robustness 
Since our technique is acoustically driven, we investigated 
its behavior and robustness to noise across different envi-
ronments. Using our alarm clock example application (see 
below), we conducted hour-long tests in two locations, one 
in an office environment (~57dB ambient noise) and the 
other in a noisy café (~72dB). The alarm clock was previ-
ously trained in a lab setting, using a relatively small num-
ber of 50 training instances for each of its three states (ON, 
OFF, SNOOZE). In each environment, we toggled the 
alarm clock between ‘ON’ and ‘OFF’ states for 30 minutes 
each, and recorded any misclassifications. We collect 10 
data samples per second, generating a total of 36K readings 
per environment. Overall, the alarm clock misclassified 4 
readings, garnering an overall false positive rate of less than 
0.006%. We found no significant difference in noise ro-
bustness results between the two environments. 

EXAMPLE APPLICATIONS 
To illustrate the potential of our approach, we created four 
example applications, each consisting of multiple mecha-
nisms operating in concert (see Figure 15 and Figure 16).  

Alarm Clock. In our first example, we built a docking sta-
tion that operates as an alarm clock equipped with interac-
tive physical controls. Our system can sense when users 
dock their mobile device, and it launches a companion 
alarm clock application. A rocker switch mechanism turns 
the alarm on or off, and a large soft cavity functions as the 
snooze button. When the alarm goes off, periodic beeps are 
played on the speakers. While this is happening, our system 
can still normally emit and sense ultrasonic signals.  

Smart Case. In this example, we built a smartphone case 
with sensing mechanisms wrapped around its exterior. This 
enables the case to sense dynamic configurations (e.g., 
grasps or gestures), allowing for interesting interaction mo-
dalities. For example, it can sense whether the phone is 

 
Figure 16. Our alarm clock application utilizes several 
mechanisms for interactive control, including a rocker 
switch and a pressure sensor. 

 



placed on a tabletop or hand carried. Additionally, it can 
support unique hand gestures such as gripping or a camera 
gesture, which can be used for launching system-wide apps.  

Interactive Doll. We built an interactive “pluggable” doll 
using pressure and proximity sensors, modular insertions, 
and several branching combinations. These mechanisms 
provide an otherwise static doll with rich interaction capa-
bilities. For instance, it can respond when its tummy is 
poked or when its antenna is being bent, or it can sense and 
change moods when objects are inserted in one of its hands. 

Car Toy. Finally, we fabricated a “pluggable” toy car using 
two rotary encoders as a differential-drive wheel mecha-
nism, and a set of engineered baffles to more effectively 
discriminate the rotational configuration of each wheel. 
This allows the car to sense speed, forward or backward 
movement, and steering direction. With these capabilities, 
the toy car itself can be used as a powerless tangible con-
troller for a racing game, or as an interactive story prop. 

DISCUSSION 
One of the major limitations of our approach is cross talk. 
As more structural elements are introduced, signal band-
width becomes overloaded since cross talk distorts a design 
primitive’s overall effect in altering the acoustic signal. 
However, we note that due to the hardware limitations of 
our device, our effective sweeping range is quite narrow 
(~5K). Devices with higher sampling rates, as well as signal 
modulation techniques could help mitigate cross-talk ef-
fects. Since we utilize the speaker for sensing, our tech-
nique impedes with how users regularly use their phone for 
audio output. Our sensing accuracy is sub-optimal when 
audio is playing on the speaker (i.e., since sound from the 
speakers creates unwanted harmonic effects to the signal 
traversing along the tubes). One possible solution is to in-
corporate silence detection and interweave ultrasonic 
sweeps during quiet portions of playback (e.g., as seen in 
our video figure, where we demonstrate this approach in 
our alarm clock application).  

Our method is fairly noise robust as the tube acts like a 
closed system, significantly dampening external noise (and 
thus curtailing the effect of ambient ultrasound). It also 
helps that our approach is active (and thus loud relative to 
external noises). In specific situations, our method can be 
susceptible to noise when the tube is overly exposed to 
open air. Also, forcefully hitting the enclosure (e.g., bang-
ing) will introduce unwanted vibro-acoustic interference. 

Although no formal tests were performed, we can anecdo-
tally report that the acoustic signatures of similar 3D-
printed models are also similar. As long as the physical 
configurations are the same, the acoustic output will be 
identical. As a consumer product, Acoustruments can be 
pre-trained more exhaustively from thousands of data 
points, increasing robustness and eliminating calibration. 

CONCLUSION 
Acoustruments are passive, acoustically driven mechanisms 
that provide rich, tangible functionality to handheld device 
interaction. By combining design primitives, familiar phys-
ical mechanisms, and even end-user applications, can all be 
constructed from passive elements made of plastic. Using 
technologies like 3D printing, we show that rich physical 
controls can be rapidly prototyped, providing new methods 
for experimentation by HCI practitioners. Further, our ap-
proach can be extended to traditional fabrication tech-
niques, such as injection molding, milling and machining, 
which can further drive down cost and improve ease of de-
ployment in consumer products. 
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