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ABSTRACT
Maintaining a sense of personal connection between 
increasingly synthetic performers and increasingly diffuse 
audiences is vital  to  storytelling and entertainment. Sonic 
intimacy is important, because voice is one of the highest-
bandwidth channels for expressing our real and imagined 
selves.

New tools for highly focused spatialization could help improve 
acoustical clarity, encourage audience engagement, reduce 
noise pollution and inspire creative expression.  We have a 
particular interest in embodied, embedded systems for vocal 
performance enhancement and transformation. 

This short  paper describes work in progress on a toolkit  for 
high-quality wearable sound suits. Design goals  include tailored 
directionality and resonance, full bandwidth, and sensible 
ergonomics. Engineering details  to accompany a demonstration 
of recent prototypes are presented, highlighting a novel 
magnetostrictive flextensional transducer. Based on initial 
observations we suggest that vocal acoustic output from the 
torso, and spatial perception of situated low frequency sources, 
are two areas deserving greater attention and further study.
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1.INTRODUCTION
1.1Motivation
Technological enhancement of an actor’s persona is ancient and 
ubiquitous. Makeup and  costumes have been used for millenia 
to  magnify expressions and transform identities. The voice of 
an invented character is crucial to  its  believability and impact 
[25].
Artificial vocal  enhancement is also nothing new. Ancient 
examples of embodied voice transformation include the 
alaspraka masks  of Papua New Guinea and the African mirliton
[14,19].
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Figure 1. Alaspraka “trumpet” mask.
These devices use stretched membranes and long tubes that 
perform non-linear waveshaping and resonant filtering, 
interestingly akin to simple vocal tract models [3].
Makeup and costumes have come a long  way from wooden 
masks to articulated  animatronic prosthetics [1]. Tools and 
techniques for acoustical costumes or “auditory masquing” have 
not advanced as much. 

1.2 Focus
Modern sound systems can be very good at diffusing sound 
[16], but we are concerned that  they often also diffuse the 
audience’s attention. The size, weight and operational 
complexity of traditional system architecture has made extra-
diegetic sound the norm in popular performance. We think that 
disembodied voices should be a creative option, not the default!
The first  goal  of this multidisciplinary project  is to develop a 
flexible, high-quality wearable sound toolkit to facilitate further 
research in and application of re-embodied sound. We hope to 
identify tools that can be deployed quickly, as a way to answer  
some questions and ask others.

Initial efforts employed a highly iterative, rapid prototyping 
approach [10]. In the following three sections, this  paper 
provides background on specific psychoacoustic design goals, 
describes the technology of the latest working prototype, and 
concludes with an outline of upcoming work.

2.DESIGN CONSIDERATIONS
Certainly a wearable vocal sound system should be 
comfortable, intelligible, and reliable. In order to be compelling 
and engaging, we think the system should also  pay particular 
consideration to extended low frequency response, perceivable   
resonances, and 3D directionality. This section provides context 
on these concerns.

2.1 The paralanguage of resonance
Beyond words, many aspects of a speaker are echoed in the 
paralinguistic parts of speech [7]. Information about physiology, 
personality, mental  and physical  states is usually present and 
often exceeds the information content of the textual messages. 
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Paralinguistic cues are particularly important for trust  and 
rapport-building [13] in relationships including audience-
performer. The authors’ empirical  knowledge of stage presence,  
musical acoustics, recording engineering and attachment 
parenting leads us to hypothesize that  the perception of 
acoustical resonance is an important mechanism of affective 
resonance.

The value of adjusting vocal  resonances to match vocal pitch is 
well known to singers, although not necessarily in  precise 
acoustical terms [18]. Theatrical voice projection is similar, but  
seemingly more a matter of adjusting pitch to match resonance. 
These optimizations improve acoustic output efficiency and 
they effect the timbre of the voice.

Listeners can infer the size of a sound source, particularly a 
vocalization, based on the scale of its resonances [27]. We also 
use formant perception to distinguish the loudness of vocal 
exertion from the loudness  of close proximity. Humans and 
other animals use resonance cues to estimate both current [8], 
and desirable [5,6,20], proximity to each other.

Proprioceptive mirror neuron effects  have been observed in 
speech perception brain imaging studies [24].  Listening to a 
full and resonant voice may invoke the feeling of speaking with 
one, regardless of relative body size or sound power.

We suggest that in a source-specific audio costume, the timbre 
of the system may be tuned to the source. Many lightweight and 
compact speakers have a noticeably “boxy”, “tinny” or 
otherwise highly colored sound due to uncontrolled resonances. 
We do  not consider this a minor blemish that may be covered up 
with  equalization. Linear transducers tend to  be bigger and 
heavier, and less efficient, which makes the power system 
bigger and heavier too.  Informed by vocal practice and string 
instrument design, we have been exploring deliberate 
transducer resonance as a form of voice enhancement.

2.2. Bass is fundamental
A legacy assumption from early telephony is that frequencies 
below 300 Hz are considered unnecessary for voice messaging. 
The psychoacoustics concept of missing  fundamental, or virtual 
pitch [17], helps to  explain how we can still recognize a deep 
voice when its fundamental pitch is absent. Nevertheless,  while 
the linguistic content of speech can be recognized with limited 
bandwidth, paralinguistic information can be lost [4]. To 
reproduce the full emotional power of dialog  in  cinema, sound 
designers prefer bass response down to at least 70Hz [22]. 

2.3 Situated directionality
We also observe that  the directional sound radiation pattern of a 
situated source, such as a live actor or musician, makes a 
significant contribution to  its  acoustic and theatrical presence. 
The complex interaction of indirect sound and the environment 
is  an active area in musical acoustics, and we think it  is highly 
relevant to voice costumes as well [9,12]. For bass  singers, it 
has been observed that more than half of the sound power 
emanates from the chest, not the mouth [23]. 

Sound systems in general are installed at the periphery of 
occupied space. The preponderance of 5.1 surround and 2.1 
systems is justified by the idea that low frequencies aren’t 
localizable. Our early experiments (Fig. 2), suggest that 
auditory perception is different when the bass is  in the space. 
Walking around a woofer, that may itself be moving, promotes 
a distinct and intriguing spatial impression. While several 
listeners have independently commented on this  effect  in our 

prototype systems, both authors admittedly play  bass and  may 
be biased against  being perceived as without a place. We need 
more cogent study  of this, using the novel wearable woofer that 
will be described in the next section.
 

Figure 2. Early experiment in computational ventriloquism.

3.CURRENT STATUS

3.1Prototype System Architecture
The current system is  a two-way design. The typical division of 
signal into  low and high frequency bands is  implemented We 
have also demonstrated a new crossover concept  based on 
voiced/unvoiced classification of speech sounds: one transducer 
is  optimized for harmonic (voiced) components and another for 
impulsive, noisy  features.  This  approach may have both 
engineering and perceptual advantages.

3.2Electronics
The crossover, time alignment delays, dynamics  processing  
and multiband parametric EQ for each transducer, as well as an 
external volume control  and calibration signal generators, are 
implemented using an ADI ADAU1701 audio codec/DSP 
integrated circuit designed for inexpensive portable devices. 
Power amplifiers for the prototype system are small class-D 
(switching topology) amplifiers from Sure Electronics,.

3.3Transducers and Resonators
A variety of unusual transducers have been evaluated and 
curated in this investigation. 
Flat  Flexible Loudspeakers (FFL) from Warwick Audio Labs 
resemble frameless  electrostatic panels and  have several 
relevant characteristics.  These and other thin film possibilities 
(PVDF piezo film from MSI, ferroelectric film from Emfit)
remain interesting candidates, especially for the voiced/
unvoiced crossover concept. However none we have seen so far 
have the power output we needed for an initial application test, 
without requiring an overly large exposed surface area. 
Another type of audio transducer potentially suitable for a 
costume is the inertial exciter or tactile transducer, marketed as 
a way to  turn a wall  or a piece of furniture into a loudspeaker. 
Much of our recent experimentation has been with atypical 
application of these devices. 
Many of these are moving-coil based and seem too fragile for 
this  application. Others, from FeONIC and Induction 
Dynamics, use the magnetostrictive alloy Terfenol-D.
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Magnetostrictive alloys change their dimensions in response to 
a magnetic field. They are exceptionally robust; instead of a 
moving coil  or moving magnet, a stationary coil causes a 
stationary piece of metal to  expand and contract in place.These 
products are typically used to drive a larger panel into a 
complex vibration pattern. This configuration has been called a 
distributed mode loudspeaker or DML[15]. We tried using them 
differently, with the driver housing secured to  a harness, and 
various small  (300-600 cm2) rigid panels attached to its  active 
element. A series  of vaguely folded horn like enclosures  made 
of flexible foam and other comfortable materials  were made and 
tested as well. (Fig. 3).

Figure 3.  Experimental “buzz boards” (front) and 
resonators (rear)

While it may evoke a few cringes  from loudspeaker design 
experts, this  simple approach worked surprisingly well in 
practice and has been a very convenient experimental apparatus. 
Not surprisingly, the best  results came from very stiff and low 
mass panels: first 1cm foam core presentation  board and later  
shop-made foam core laminates with wood veneer and carbon 
fiber.
Compared to induction motors, magnetostrictive transducers 
have very small excursion and high force. Hence driving a 
lightweight small panel is an inefficient use of them. We tried 
several other configurations and the current favorite uses two 
SolidDrives coupled edge-wise to the ends  of a thin, curved 
carbon-fiber panel. The prestressed panel  provides mechanical 
leverage that amplifies the driver vibration and couples  it to the 
air. (Fig. 4) In underwater acoustics, similar designs at an 
ultrasonic scale are called flextensional transducers [21].

Figure 4.  Flextensional bass belt.
The inside of the panels close to the wearer’s body vibrates out 
of polarity like the back side of a loudspeaker cone. This raises 
the intriguing potential of using the body itself as  a resonator. 
Some energy from the loudspeaker is  weakly coupled into the 

body, then travels up and out  the same path as the wearer’s 
voice. The inherent dimension ratios are such that this may 
work to some degree as a transmission line speaker cabinet, 
meaning that by the time the internally coupled vibrations exit 
the mouth, they will be in  phase at the primary resonant 
frequency of the panels and of the wearer.
At least, in theory. We have received  enough positive subjective 
feedback from expert listeners and surprised bystanders, that it 
seems there is some serendipitous interaction happening. We 
look forward to isolating and understanding it in future work.
The curved panel model has good high frequency response. 
However, using a belt-pack speaker for the full frequency range 
creates a distracting sense of literally speaking from one’s gut.
To address this issue without  requiring a large expanse of 
exposed thin film around the head, a line array choker has been 
created (Fig. 5). This  is comprised of a KZ10 ultracompact 
speaker from K-array in Florence, Italy, held by a comfortable 
if not  couture setting hand-molded from polycaprolactone 
(Shapelock brand), a low temperature molding plastic. The 
KZ10 is  usually powerful for its size, weighs only 90g, and is 
small enough to be hidden in plain sight.

Figure 5.  Neckline array.

4. SUMMARY and FUTURE WORK

A high-quality prototype wearable sound reproduction system, 
featuring a novel flextensional  radiator has  been  demonstrated. 
Subjective audio quality is generally rated as very good. 
Quantitative measurements and refinements of the design are 
high priorities. 
Another near-term step is to build multichannel  versions, for 
example a 5 channel (LCRLsRs) flextensional belt. In the 
longer term, small integrated modules  are envisioned that could 
be sewn together into self-organizing speaker array. The current 
system somewhat resembles sonic plate armour;  the next 
evolutionary step should be more flexible, like chain maille.
The combination of high-tech rapid prototyping skills and 
interdisciplinary empiricism has been efficient so far. Moving 
forward,  predictive simulation, e.g. finite element analysis and 
modeling of the flextensional emitter [2], could facilitate 
refinements and more practical tailoring of sound suits to 
specific roles.
Another component of a complete audio costume is of course 
the microphone. We are concurrently investigating some 
unusual sensors in this context.

An obvious challenge when co-locating mics and speakers is 
avoiding feedback. One of the authors is  working on a novel 
method for feedback avoidance in speech reinforcement, that 
will be described in a future paper.
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