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ABSTRACT
This paper, describes the second phase of an ongoing research 
project  dealing  with  the  implementation  of  an  interactive 
interface. It is a “hands free” instrument, utilizing a non-contact 
tactile feedback method based on airborne ultrasound. The three 
main  elements/components  of  the  interface  that  will  be 
discussed in this paper are: 1. Generation of audible sound by 
self-demodulation  of  an  ultrasound  signal  during  its 
propagation through air; 2. The condensation of the ultrasound 
energy  in  one  spatial  point  generating  a  precise  tactile 
reproduction  of  the  audible  sound;  and  3.  The  feed-forward 
method enabling a real-time intervention of the musician,  by 
shaping the tactile (ultra)sound directly with his hands.
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1. INTRODUCTION
The project started in late 2009 and was inspired by the work of 
a group of researchers (Hoshi ,Iwamoto, Tatezono and Shinoda) 
from the Information Physics and Computing Department at the 
University of Tokyo [1], [2]. Already in 2001, the group started 
with  the  development  of  a  tactile  display  for  adding  tactile 
stimulation  to  hologram  images.  In  the  present  work  the 
principles  from  [1]  and  [2]  are  being  adapted  in  order  to 
produce a very simple and effective,  low cost  instrument  for 
musical  expression.  A first  prototype  was assembled in  early 
2010  and  presented  in  a  few live  performances in  Paris  and 
Ljubljana.  The  device  consists  of  97  ultrasound  transducers 
arranged on a spherically shaped surface (figure 1). The piezo-
electric transducers are operating on a resonance frequency of 
40kHz.  A desired  audio  signal  (the  final  audible  output)  is 
modulating the amplitude of a 40kHz sinus carrier,  which  is 
used  to  drive  the  transducers.  The acoustic  energy projected 
through all 97 transducers is condensed in one focal point – in 
the centre of the sphere (25 cm above the transducers) –  where 
the  distances  to  all  transducers  are  equal,  and  all  97  signal 
phases,  add  up  and  enhance  the  acoustic  pressure  to  a 

maximum. In this way a strong pressure field gets established, 
that can be sensed by the skin in a tactile way. This pressure 
field  is  resembling  the  frequency  structure  and  temporal  / 
rhythmic  characteristics  of  the  audible  sound  that  is  directly 
mapped  onto  the tactile  domain.  As a consequence of sound 
wave propagation through air an interesting side effect occurs. 
The  amplitude  modulated  ultrasonic  signal  gets  authentically 
(self)demodulated so the projected sound does not only exhibit 
the tactile character but at the same time, it is also audible. The 
third  component  of  the  instrument  is  a  concept  enabling 
physical  interaction  with  this  audible  and  haptic  sound.  It  is 
implemented through a network of ultrasonic receivers which 
pick up the reflections of the ultrasound that are produced by 
positioning the musician's hand in the focal point region. In this 
way different audio parameters can be addressed / manipulated, 
altering the projected sound along with its tactile impression. A 
musician is thus able to virtually mould and shape the sound 
with  his  hand,  while  observing  its  acoustic  and  tactile 
appearance / deformation. The recent publication (Ciglar 2010) 
[3] is describing the first technical solutions and a first artistic 
contextualisation  of  the  instrument.  It  can  be  viewed  as  a 
starting  point  for  further  technical  improvements  and 
simplifications that will be discussed in the next chapters.

Figure 1. Ultrasonic transducers arranged on a spherically 
shaped surface

2. (VIBRO)TACTILE FEEDBACK
When a musician plays an acoustic musical instrument, he does 
not  only  experience  the  audible  sound  produced  by  the 
instrument,  but  he also feels the vibration of the  instruments 
resonating  body,  as  well  as  the  force  feedback  (tension  and 
release  of pressure)  while  he is  mechanically stimulating the 
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instrument. This haptic / tactile feedback helps him to control 
the  instrument,  make  musical  decisions  and  influence  fine 
nuances  of  the  produced  sound.  The  obvious  tendency with 
electronic music instruments however is the drastic demise of 
this  tactile feedback information.  One of the first  attempts to 
counteract this trend came up in the late 70's in the PhD work 
of J.L. Florens [4].  Florens addressed the importance of the bi-
directional information flow (transmission – reception) and the 
tactile feedback that is informing the musician about the nature 
of the object he is manipulating. Together with Cadoz and the 
team at ARCOE in Grenoble, he created a computer-controlled 
device - The Retroactive Gestural Transducer system (TGR) - 
that  could  recreate  the  feel  and  sound  of an instrument.  The 
TGR involved the design of special motors, processors, and a 
modular  mechanical  system. It  is  now commercialized as the 
ERGOS device [5]. Being able to feel a physical response of an 
instrument while playing it, is a crucial factor in the process of 
learning how to play it. In a primitive experiment performed by 
O’Modhrain [6]  in which he tried to find out  whether haptic 
feedback was critical to musical performance, it was observed 
that  theremin players,  seemed to  have more control  over  the 
instrument when their hand was attached to the antenna with an 
elastic  band.  The goal  with  trying  to  add  the missing tactile 
component to an electronic instrument is not only to mimic the 
behaviors  of  acoustic  musical  instruments.  Thus,  the  initial 
situation where the haptic component is not inherently present 
in  an  instrument,  may  even  be  beneficial.  It  can  open  the 
possibility  to  “compose”  the  instrument's  haptic  feedback 
behavior  in  order  to  display any other  acoustic  features  that 
would not be picked up, or recognized through tactile reception 
when playing an acoustic instrument.  Taking into account the 
psycho-physics of vibro-tactile perception, David M. Birnbaum 
conducted  some  experiments  on  how  to  condition  the 
vibrational signal with perceptually relevant audio features [7]. 
His vibrating flute prototype is based on an audio analysis layer 
which first extracts psycho-acoustical measures from the audio 
signal.  These audio  features  are then  mapped to  vibro-tactile 
perceptual parameters, consisting of pitch, loudness, brightness, 
and envelope trigger. At this point, it is important to stress the 
limited  reception  spectrum and  the  signal  discrimination 
potential  of  tactile  perception.  There  are  several  studies 
indicating  the  frequency  range  of  vibro-tactile  sensitivity  of 
human skin e.g. [8]. Within the lower frequency range – up to 
about  40Hz  –  the  sensation  threshold  is  independent  of 
frequency.  At around 250Hz there is a sensitivity peak,  with 
increasing  frequency however  (above  500Hz),  the  sensitivity 
and the frequency discrimination levels drop rapidly. Also, in 
the present case of a non contact tactile feedback method, the 
reception  of  vibrational  stimuli  is  limited  to  a  rather  narrow 
frequency band, when compared to the sense of hearing. It  is 
possible  to  distinguish  a  continuous  alteration  of  the  tactile 
stimulus when a slow - single tone (sinus) - glissando from 0 to 
1000Hz  is  performed.  The  discrimination  task  gets  more 
complicated  when  one  needs  to  distinguish  different 
waveforms.  In  the  case  of  polyphonic  signal  mixtures  –  e.g. 
polyphonic  music  –  the  information  gained  through  tactile 
reception  can  merely be  put  to  use  for  distinguishing  larger 
temporal  structure  changes,  like  individual  instrument  onsets 
and the rhythmic structure. The goal of adding tactile feedback 
to an instrument can thus not only be, the duplication of audible 
information, but rather, to provide an alternative perspective on 
an object of interest. How to effectively  generate aesthetically 
pleasing and perceptually engaging tactile compositions was the 
subject of research in the thesis of Eric Gunther [9] where he 

also  introduces  the  idea/possibility  of  defining  the  tactile 
domain as a new and independent  compositional  medium. In 
the  present  work,  the  acoustic  and  the  tactile  domain  are 
strongly interwoven, thus, the experiments on tactile perception 
were  conducted  without  conditioning  the  vibro-tactile  signal 
through  psycho-acoustic  /  psicho-phisic  factors  like  in  [7]. 
Since not only tactility but also a simultaneous audibility of the 
produced sound had to be established within the same interface, 
the tactile component was generated by direct modulation of the 
the ultrasonic carrier amplitude with the desired sound output. 
In  this  case,  the  audible  and  tactile  components  are  not 
independent objects but are generated in the same medium and 
by the same means. 

3. AUDIBILITY
The  idea  of  touching  and  feeling  the  actual  (audible)  sound 
while manipulating its acoustic and tactile appearance directly 
by deforming it with ones hands might sound a bit utopian, but 
still, it is this idea that wanted to be transmitted or embodied 
through  this  interface.  By  modulating  the  amplitude  of  an 
ultrasonic  signal,  a  well  known  phenomenon  of  self  de-
modulation takes place while  the sound signal is propagating 
through the medium of air.  Referring to an early observation 
[10], a sound wave can not be propagated without undergoing a 
slight  change  of  its  form.  As  a  consequence,  additional 
frequencies  are being generated.  This  distortion  is caused by 
some non-linear characteristics of air, that is, if equal positive 
and negative increments of pressure are impressed on a mass of 
air, the changes in volume of the mass will not be equal in both 
cases. According to that, also the phase velocity is greater at the 
peak of the pressure wave than at the zero crossing. The well 
known  result  of  an  amplitude  modulation  is  a  pitch  shifted 
signal  spreading  symmetrically around  the  carrier.  Since  our 
carrier  is  a  40kHz  sine  signal,  the  computational  result  of 
modulating  it  with  an  audible  signal  (range  20-20.000  Hz) 
would be a frequency spectrum that is above the human hearing 
spectrum. Through the non-linear distortion taking place during 
propagation  in  air  however,  all  the  difference  frequencies 
pertaining  to  the  carrier  signal  become audible.  This  audible 
(secondary)  sound  is  dependent  on  the  primary  ultrasonic 
frequencies  that  actually  generate  it.  Since  ultrasound 
wavelengths are extremely short, the device is creating a narrow 
beam of  audible  sound,  that  is  further  focused  through  the 
spherical  constellation  of  transducers  (fig.  1  and  2a) 
(accumulating the energy in one focal point in order to create 
the tactile stimulus). If an audience is listening to a performance 
that is  not  being amplified by an additional  PA system, they 
would also hear an amplitude variation of the produced sound, 
while  the  musician  is  “moulding”  it.  That  is  to  say,  he  is 
reflecting the  sound beam in  different  directions  while  he is 
changing the position of his hand. The sound that the device is 
producing  is  amazingly authentic  /  non-distorted  in  terms  of 
audibility,  extremely focused and what is more, it produces a 
vibro-tactile stimulus in one spatial point.    

4. GESTURE INTERPRETATION
Until now, only the feedback (haptic and audible) parts of the 
instrument were discussed, but a very crucial component of the 
device is also the feed forward section. In [3],  a solution was 
proposed where one or more ultrasonic receivers were arranged 
behind the acoustic focal point,  so the musician's hand would 
produce an acoustic shadow at the receivers while interacting 
with the sound beam. Since the musician is physically affecting 
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and  manipulating  the  sound  wave  propagation,  the  receiver 
array is picking up different signal amplitudes. The position of 
his  hand  is  interpreted  with  respect  to  the  intensities  of  the 
incoming signals which  are mapped onto  the audio synthesis 
parameters1. The main problem with this method was that the 
amplitude modulated carrier was already producing fluctuations 
in  the  sound  amplitude  that  was  piked  up  by the  ultrasonic 
receivers, especially when the selected audio signal itself had a 
strongly  variable  amplitude  envelope  (e.g.  speech,  rhythmic 
music). Initially it was attempted to de-modulate the incoming 
signal but due to the strong nonlinear frequency responses of 
both piezo-electric transducers and receivers, it was simply not 
possible to create a reliable de-modulation section.  Instead,  a 
different solution was found. Additional transducers emitting a 
single  frequency  at  50kHz  were  placed  on  the  spherically 
shaped  surface  (fig  2a).  The  available  transducers  were 
manufactured as a transmitter-receiver pair, which also led to an 
effective simplification of the transmitter-receiver arrangement. 
Now,  both  were  placed  on  the  same  location,  making  the 
receiver  pick up  the  sound  waves that  were reflected  by the 
performer's hand. The whole setting was now even more easily 
accessible from all sides. Figure 2b shows the signal intensities 
caused by the respective hand position (fig 2a). The FFT plots 
are representing the input signals of three receivers. The plots 
show two components – the 50 kHz control signal and the 40 
kHz AM carrier signal produced by the 97 initial transducers. 
Surprisingly the 40kHz signal  is still  being picked up by the 
piezo receivers, that were supposed to have a narrow sensitivity 
band at 50kHz. However, through simple filtering it is easy to 
get rid of the 40kHz component and to interpret the amplitude 
of the 50kHz control signal as an indicator for the current hand 
position. This three dimensional vector can be used to drive a 
sound synthesis  /  processing engine,  altering the audible  and 
haptic representation of a sound, according to the hand position 
around the focal point region. Of course this is a very simple 
solution and the next task would be explore further possibilities 
regarding the same hardware, like exploiting the Doppler effect 
– in order to detect dynamic changes – as proposed in [11].

Figure 2a - Array with 3 added 50kHz trans-ceivers (black). 
- Hand position generating the amplitude pattern in fig.2b  

1 It  is important to mention that until  this point,  the research 
work  within  this  project  was  not  focused  on  designing  a 
particular sound synthesis engine. The experiments regarding 
gesture  (hand  position)  interpretation  were  conducted  by 
analyzing the amplitude parameters detected by the ultrasonic 
receivers.  In  some  simple  synthesis  experiments  these 
parameters were mapped to pitch values of simple oscillators. 
The  purpose  of  this  mapping  was  merely  to  indicate  the 
success of the proposed parameter extraction method.  

Figure 2b. 1024 point fft transform (abs) of the three 
incoming signals at 192kHz sampling rate. The left peaks at 
40kHz should be ignored. The amplitudes of the right peaks 
(at 50kHz) are describing the hand position form fig. 2a.     

5. TECHNICAL DETAILS
The technical  solution  on  how to  generate  an  acoustic  focal 
point, that was proposed in [1], deployed a phase shift method 
to condense the acoustic  energy at a selected spatial point  A 
18x18 transducer array was arranged on a flat surface, where 
each transducer was driven by a separate audio signal. By phase 
shifting individual signals it is possible to arbitrarily select the 
focal point location in a three dimensional space in front of the 
array. This method however is rather expensive since it requires 
a  very high  frequency  resolution  of  the  signal  generator,  in 
order to produce the accurate phase shifts, not to mention the 
amount  of  signal  channels  required  to  drive  each  transducer 
individually.  The  goal  of  the  present  work  was  to  find  a 
solution on how to recreate this extraordinary tactile stimulus in 
a  simplified  and  cost  efficient  way.  Through  the  spherical 
arrangement of transducers a fixed focal point is created which 
is  equidistant  to  all  transducers.  The  main  drawback  of  this 
method  is,  that  the  focal  point  can  not  be  moved,  however, 
there are also a lot of benefits. The transducers are all connected 
into  a  parallel  circuit  and  can  be  driven  by  a  single  audio 
channel. For generating the audio signal an Edirol FA101 audio 
interface is used, that is operated at 192kHz sampling rate. The 
40kHz signal can easily be generated, as well as the amplitude 
modulation  with  a  desired  audio  signal.  All  calculations  are 
done in real time, in the PD (Pure Data) software environment. 
For generating the 50kHz control signal that is fed to the three 
additional transducers, a second audio channel is required,  as 
well as (in the present case) three input channels to pick up and 
analyze the acoustic reflections. The main problem thus far is 
the amplification of the 40kHz AM signal. A first solution was 
found  by utilizing  an  old  Hi-Fi  audio  amplifier.  To  prevent 
damaging the piezos – due to possible low frequency or noise 
currents – the amplifier needs to be connected to the transducer 
network via a 2,2μF (MKT) coupling capacitor. The amplifier 
has  100W output  power  and  apparently it  can deal  with  the 
ultrasonic frequencies. It is sufficient to amplify the transducer 
array, however, it is running with full power. Due to a lack of 
measuring equipment, it was so far not possible to measure the 
exact impedance of the load at working frequencies. According 
to the data sheets, the transducers (400ST-R160) are supposed 
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to  have  a  very  high  impedance  of  10.000  Ω at  resonance 
frequency  (40kHz).  The  problem is  that  the  transducers  are 
driven  by  an  amplitude  modulated  40kHz  signal,  that  is 
containing  frequencies  between  20kHz  and  60kHz. 
Consequentially the impedance drops drastically, however it is 
impossible  to  determine  its  value,  without  precise  measuring 
equipment. The most important task for future work therefore is 
to  execute  all  necessary measurements  to  find  out  the  load's 
impedance  and  further,  to  adapt  it,  in  order  to  match  the 
amplifier's  output  impedance.  In  the  present  state  these  two 
impedances  are  not  aligned,  thus  the  power  transfer  is  not 
efficiently  realized.  The  goal  here  is  to  re-dimension  the 
amplifier  in  order  to  minimize  the  costs  and  to  ensure  the 
portability of the device. The cost of one piezo transducer is 
around  2,90  Euro,  making  the  (self)assembly  of  the  device 
affordable for every interface enthusiast. 

6. DISCUSSION 
In  this  paper  some technical  concepts  regarding the different 
components  of  a  musical  instrument  were discussed.  All  the 
ideas  that  were brought  together  are  not  new and  have been 
around  for  many  years.  The  main  part  of  the  instrument 
however is the generator of a non-contact tactile stimulus, that 
is based on airborne ultrasound. Although it is not the purpose 
of  this  paper,  and  would  require  an  extensive  treatise,  it  is 
important to at least indicate a broader context of the discussed 
technology. The introduced concept could as well be seen as a 
small  scale  version  of  an  acoustic  weapon,  which  potentials 
have been discussed since the late 1960's and which became an 
increasing  interest  in  the  1990's,  mainly to  the  US military. 
Although this research field is largely non-transparent in terms 
of documentation,  an overview of different ideas and historic 
developments can be found in [12]. Today, some realizations of 
such weapons are even commercially available and are being 
deployed by the police (riot control), military, coast-guard etc.2 
as non- lethal weapons. Since the device concept proposed in 
this paper is inspired by a musical background it might perhaps 
be interesting to introduce the full range of this new technology 
into a compositional discourse. In a way, it is still merely sound 
we are dealing with here, and through this special technique of 
sound source and frequency arrangement,  it  is  possible  for a 
composer  to  go  one  step  beyond  the  use  of  regular 
compositional  parameters  like  pitch,  rhythm,  timbre,  musical 
structure,  etc.  It  is  perhaps  even  difficult  to  imagine 
contemporary music in the 21st century, without an interrelation 
with other (formal) mediums of artistic expression. In this case, 
we  find  out  that  even  sound  itself  can  establish  a  haptic 
information channel as a possible domain for artistic expression 
and research.  Further,  a conventional  compositional  language 
and terminology can be applied in order to operate within this 
domain.  The  research  and  the  discussion  around  possible 
artistic implications of tactile compositional extensions on the 
basis  of  airborne  ultrasound  utilization,  is  still  at  its  very 
beginning. At this point it is also not possible to tell whether 
this  field  will  find  its  place  in  a  broader  compositional 
discourse or not, at all. On the other hand, music for the masses 
– e.g. for crowds of demonstrators – is already being composed 
by the engineers at LRAD2. It almost seems like the military – 
together  with  its  subsidiary  companies  –  have  already 
outperformed the developments at the intellectual levels, inside 
contemporary academic music contexts, and that, not only on a 
theoretic but also on a practical level. Of course one should not 
2 http://www.lradx.com/    

consider this situation merely form a formal point of view. It is 
obvious  that  the  utilization  of sound as a weapon – whether 
lethal  or  not  –  is  extremely  problematic  and  if  looking  for 
parallels  in  musical  composition,  perhaps  it  would  be  much 
more  appropriate  to  enter  with  an  artistic  discourse  at  this 
particular point. The questions of composition and its function 
in the contemporary society, the evolution of the notion of the 
composer  into  an  interdisciplinary  profile  with  a  strong 
engineering background, as well as the commissioning of works 
and  their  function  for  the  government  authorities  remain  an 
interesting field for further discussions and interpretations. 
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