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Abstract

This paper addresses the need to utilize precision mea-

surement techniques in the the creation of new perfor-
mance instruments and interfaces. Discussed within is
the design and construction of a new violin interface,
the Hyperbow, which serves as a £rst demonstration of
how a violin bow might be made capable of measuring
the most intricate aspects of violin technique-the sub-
tle elements of physical gesture that immediately and
directly impact the sound of the instrument while play-
ing. In order to provide thisinsight into the subtleties
of bow articulation, a sensing system has been inte-
grated into a commercial carbon £ber bow to measure
changes in position, acceleration, and the downward
and lateral strains on the bow stick. These sensors
were fashioned using an electromagnetic £eld sensing
technique, commercial MEMSaccel erometers, and foil
strain gauges. The measurement techniques used in
this work were found to be quite sensitive and yielded
sensors that were easily controllable by a player using
traditional right hand bowing technique.

1 Introduction

Though a great deal of progress has been made in
the £elds of audio analysis and synthesis, and soft-
ware tools for musicians continue to quickly increase,
there is comparatively little advancement in the area of
performance instrument design and development, es-
pecially for accomplished players. Certainly, thereis a
great need for the development of new musical inter-
faces that may respond to the smallest and most subtle
gesture of an accomplished musician. Not only may
much be learned from accessing this level of descrip-
tion of musical technique, but by using this data we
may begin to delve into new kinds of musical expres-
sion, building upon traditional methods of manipulat-
ing sound. Of course, care must be taken not to reduce
the playability of the instrument in the development of
such an interface. Asin the study of aviolin bow inter-
face described here, when beginning with a traditional
acoustic instrument as amodel, thisissue is of extreme
importance.

The vialin (and its accompanying bow) is a prime
candidate for study and evolution. Traditional violin
repertoire and technique require extremely subtle ar-
ticulations and sophisticated coordination of gesture,

most of which is not easily understood by non-players.
For these reasons, the violin is a source of inspiration
for new music controllers.

The problem of how to develop anew musica inter-
face for an experienced string player in order to create
new methods of musical expression was addressed in
the Hypercello and subsequent Hyperinstruments work
attheM.1.T. MediaL ab (Paradiso and Gershenfeld 1997,
Machover 1992). L ater, projectssuch asthe bossa (Prince-
ton) were devel oped (Trueman and Cook 1999). These
endeavors used measurements such as bow position,
pressure on the bow stick, and acceleration of the bow
to ater the sound produced by the bowed string.

The Hyperbow project discussed in this paper is a
music controller similar to those mentioned above, as
the sensing system on which the controller is based in-
cludes sensorsfor bow position and acceleration (Young
2001). However, in order to providegreater insight into
the subtlety of gesture demanded of and used by vi-
olinists, different types of strain in the bow stick are
also measured. The downward and lateral strains on
the bow stick are closely related both to the experi-
ence of a violinist while playing and to the immedi-
ate changes in the sound produced by the string when
bowed. The three sensing subsystems—position, ac-
celeration, and strain—were grafted onto a carbon £ber
bow to enable (directly or indirectly) the Hyperbow to
collect and transmit data reaecting bow position, speed,
acceleration, downward force, and angle of the bow.

This paper describes the implementation and de-
sign considerations of the Hyperbow project, applica-
tions, and future advancements.

2 Design and | mplementation of the
Hyper bow

2.1 Position Sensing

The method of sensing the position of the bow (rel-
ative to the bridge of the violin) presented in this paper
is an adaptation of the system used in the development
of the Hypercello (Paradiso and Gershenfeld 1997).

In this method, two square wave signals of different
frequenciesare produced. The signals are connected to
opposite ends of a resistive strip that spans the length
of the bow. A simple electrode antenna is placed be-
hind the bridge of the violin. This antennais connected



Figure 1: The electrode antennais mounted behind the
bridge of a Jensen electric violin.
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Figure 2: The amplifed signa from the antenna board
on the violin combines two signals sent from the bow.
To determine the position of the bow, the combined
signal £rst must be separated into two signals once
again. Thisfunctionisperformed by directing the com-
bined signal into two bandpass £lters, one at 50KHz at
100K Hz. The £lter outputsare converted to DC by two
peak detectors and sent to the PIC16F877.

to a circuit that amplifes the combined signa and is
sent via a cable to a remotely mounted board, whose
task is to separate the two signals from each other and
measure their varying strengths. Bow position is then
determined from this data in software on a computer
receiving the output of the board.

For the Hyperbow, the implementation of the posi-
tion sensor is completed with as little alteration to the
rest of the existing sensing system as possible. So as
to add a minimal number of hardware components to
the small board mounted on the bow, the two square
wave signals are generated by the PIC16LF877 man-
ufactured by Microchip Technology, Inc. The board
that receives the signal from the antenna consists of
two bandpass £ltersthat have been designed to separate
the two different signals of different frequencies from
each other. Peak detectors convert the signals to ana-
log DC voltages equal to the signal amplitudes and a
PIC16F877 microprocessor with a built-in 10-bit A/D
converter receives these voltages and sends them to a
PC workstation as serial data (see Fig. 2).

2.2 Acceleration Sensing

In order to sense the acceleration changes of the
bow, ADXL 202 accel erometers from Analog Devices,
Inc. areemployed. ThisMEMS (Micro-Electromechanical
Systems) accelerometer has a measurement range of
+2g and is capable of measuring both static and dy-
namic acclerations.

Because the ADXL202 is a 2-axis accelerometer,
two of these devices, one mounted orthogonal to the
plane of the electronics board containing the other, are
used in the design in order to attain acceleration data
along all three axes. This accelerometer has a digital
output for each of its two axes of sensitivity that has
a maximum resolution of around 14 bits. The accel-
eration measured by the accelerometers is encoded in
the digital output signal by modulating the duty cycle
linearly with the acceleration. The acceleration is thus
retrieved by simply counting the duty cycle in a soft-
ware loop.

2.3 Strain Sensing

Because of its direct effect on the violin string and
its close relationship to the experience of a violinist
while playing, we developed a technique of measur-
ing the downward and lateral forces on the bow stick.
This measurement is similar to that used in the original
Hypercello project, which employed a force sensitive
resistor to indicate the pressure of the right hand in-
dex £nger on the bow stick. However, in this method
we measure the relative changes of the different strains
on the carbon £ber material of the bow stick itself.
This basic technique was also employed by Askenfelt
(Askenfelt 1986; Askenfelt 1989).

Strain Gauge Operation The sensors used in this
project are commercial foil strain gauges from Vishay
Measurements Group, Inc. The gaugesare two-terminal
devicesthat behave asvariableresistors. Therefore, the
proper operation of the gauges demands that they be
securely and permanently af£xed to the materia that
is under strain such that the stretching of the gauge is
identical to the stretching of the material. The strain
gauges used in this project possess a uniaxial pattern
designed to measure strain along one axis (in the direc-
tion of the grid lines), as in a bending beam.

WheatstoneBridge ConEguration Thestrain gauges
were arranged in a Wheatstone Bridge confguration
with the midpoints of each “leg” of the bridge con-
nected to a differential operational amplifer. So asto
alow for the best measurement possible, a full bridge
conf£guration, i.e., two strain gaugesin each of the two
legs of the bridge, is implemented. The sensor mea-
suresthe strain at the point located approximately halfway
between the two sets of gauges (see Fig. 4). At rest,
the resistances of all of the gauges are approximately
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Figure 3: These two uniaxia strain gauges (EK-06-
250BF-10C) each have nominal resi stances of approxi-
mately 1000€2 and are 6.35mm long and 3.18mm wide
each.
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Figure 4. The arrangement of the strain gauges that
comprise the Wheatstone Bridge circuit has been de-
signed so that the sensor measures the strain roughly
halfway between the two legs of the bridge (A/B and
C/D). In the case that a lateral force is applied to the
bow, gauges A and C are compressed and therefore de-
crease in resistance, while gauges B and D expand and
therefore increase in resistance.

equal, and so the corresponding voltage val ues between
the midpoints of the bridge and ground are al so approx-
imately equal, resulting in a voltage difference of zero
at the output of the differential amplifer.

Application and Alignment  Theaccuracy of astrain
gauge measurement is highly sensitive to the relative
alignment of the group of strain gauges along the bow
surface (see Fig. 4). Any difference of the angle made
between individual strain gaugesand the axis of thetest
object alters the effective lengths of the strain gauges
along the strain axis and therefore affects their relative
rest and strained resistances. Discrepancies between
the orientations of the individua gauges and how they
conform to the surface of the bow contribute to the dif-
ference between their nominal resistance values, and
thisin turn creates problemsin the performance of the
bridge. Since the measurement taken is really the volt-
age difference between the two voltages at the mid-
points of each leg of the bridge, when the gauges are
not closely matched this value at rest is nonzero and
the dynamic range of the measurement is impaired.

Figure 5: The Hyperbow consists of a modi£ed Cod-
aBow Conservatory violin bow enhanced with strain
sensors and a resistive strip used for position sensing.
A PCB mounted to the frog houses the accel erome-
ter sensors as well as control circuitry for sending data
wirelessy to aremote receiver.

2.4 System Overview

Though we are interested in creating a violin bow
with capabilities unlike any other and expect the form
of the bow to differ from the traditional as aresult, we
wanted to maintain certain traits of the physical inter-
face so as to enable a player to use the same posture of
the right hand wrist and £ngers on the bow. Therefore,
the hardware implementation of the Hyperbow mea-
surement subsystems was designed so asto providethe
performer with an instrument as similar to a traditional
bow in size, weight, and weight distribution as possi-
ble.

In addition to the reguirements of the physical in-
terface of the bow itself, there are severa basic re-
quirements for the architecture of the sensing system.
Though the printed circuit board on the bow performs
the functions necessary to attain and send strain and
acceleration data, it acts as only part of the position
sensor. The second part of the position sensor is the
tail-piece-mounted antenna described below. Because
the progress of the position sensing subsystem is sep-
arate from that of the rest of the project and the sub-
system was designed for use in musical applications
different from those of the strain and accel eration sens-
ing subsystems, the hardware to receive position data
isisolated from the other subsystems.

A seria protocol isused to carry the combined strain/
acceleration data stream and the position data stream to
an external computer at 19200 baud. The sampling rate
of the position sensing subsystemis1/7msec/sample ~
142.86samples/sec. and the sampling frequency for the
acceleration and strain subsystemsis 1/24msec/sample ~
41.67samples/sec.

A crucial design objective was that the bow remain
wireless, without power or data cables. The small elec-
tronics board mounted to the bow is powered by alithium
battery and sent the sensor data from its transmitter to
a receiver on a separate electronics board. This data
transfer is performed via a Linx HP-SerieslI RF mod-
ule, manufactured by Linx Technologies, Inc. This
module operates in the 902-928MHz band, is capable
of transmitting data for distances up to 1000ft, and has
eight selectable channels (making it possible to adapt
this sensing system for use in several instruments si-
multaneously). The antenna for the transmitter is a
simple  wave whip antennamade from apiece of solid
conductor wire cut to the appropriate length.
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Figure 6: The Hyperbow system includes accelerom-
eters, mounted at the frog of the bow, to give accel-
eration data for al three axes of bow movement, two
strain sensors, mounted around the middle of the stick,
for downward (normal to the strings) and lateral (par-
allel to the strings) strains, and the outputs for the two
signals necessary for position sensing (parallel to the
bridge), located on the stick at the extreme ends of the
bow hair.
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Weight and Balance Point  The overall weight of the
Hyperbow was increased to 89.751g from the origina
weight of 60.930g. The balance point was shifted from
approximately 25.5cm (measured from the frog end of
the bow stick) to about 22cm. Though the weight is
considerably increased, the shift in the balance point
toward the right hand seems to ameliorate the effect.
Though the weight might be reduced in future by £nd-
ing asuitable battery that is lighter than those currently
used (approximately 11g), the play-ability of the Hy-
perbow was found to be adequate by several profes-
sional violinists.

3 Applications

The Hyperbow has been used in public performances

by a professional violinist in January 2002 in Dublin,
Ireland and February 2002 in Berlin, Germany where
it was included in Tod Machover’s Toy Symphony. Fu-
ture performances of this piece will take place in April

(Dublin, Ireland), and June (Glasgow, Scotland) of 2002.

The Toy Symphony piece includes a solo violinist, full
orchestra, and a children’s chorus.

Though it was designed to be an interface for a vir-
tuoso violinist with a traditional classical music back-
ground, the Hyperbow is meant to be an aternative
for any violinist, or indeed, for any player of a bowed
string instrument. By offering possibilitiesfor the real -
time alteration of acoustic or electric sound though ges-
tures familiar and learned by the player, the Hyperbow
offers an endless supply of musical options. The Hy-
perbow enables playersto view, inspect, and exploit the
subtlety of their bowing.

Also, the possibility of using the Hyperbow to play
already existing models of bowed strings, or indeed
models of atogether different sounds, may be pursued.
This might enable a person who has particular skill
playing aviolin to play other instrumentsin a style that
is somewhat violinistic.

As the Hyperbow is a new instrument, with differ-

ent capabilities than a traditional bow, it is hoped that
further experimentation with the Hyperbow may lead
to altogether new bowing techniques.

4 FutureWork

There is much exciting progress to be made in im-
proving the interface of the Hyperbow in order to make
it more comfortable to play, to reduce the vulnerabil-
ity of the sensing system, and to better accommodate
the technol ogical enhancements within the form of the
bow. Perhaps in the future, a new bow may be created
whose sensing system is contained completely within
the bow stick.

The construction of a custom designed bow that
better houses the sensing system may also necessitate
the design of custom devices, such as strain sensors
(possibly created with MEM Stechnol ogy), whoseform
factor and material properties are better suited to this
application. Because augmenting a musical instrument
like aviolin bow offers new challengesin terms of ma-
terials, form factors, and precision requirements, it is
also possible that progress may be madein sensor and
device technologies as aresult of this new and rare re-
search.

One might also hope that the design and construc-
tion of new bows would inspire the development of
new stringed instruments.
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