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ABSTRACT

A novel wireless motion sensing device for control of real-
time electronics is presented.

The device consists of a small (25×40mm) circuit board
including all circuitry and battery, and contains a complete
inertial measuring unit (IMU), measuring both acceleration
and angular velocity in 3 dimensions. Data is transmitted
wirelessly via a bluetooth link and can be read from appli-
cations either using bluetooth serial emulation, or using a
small standalone server application that converts incoming
data and sends reformatted data out via OSC.

1. INTRODUCTION

In [1] a new sensorbow project was presented - a project that
was started at the Norwegian Academy of Music in cooper-
ation with NOTAM. The project is primarily focused on the
artistic value of augmenting string instruments, but some of
our findings can be applied to other controlling tasks, and
the sensor device itself is versatile and flexible in design. In
fact, the hardware and software design are released as Open
Source, and can be retrieved from the project website.

In this article, the main focus is on the electronics used
in the project, the technical challenges encountered on the
way, and the solutions to them.

2. SENSING THE BOW

Wireless motion sensing devices have existed for quite a
while. Many of these have been used with bowed string
instruments [2, 3, 4, 5], and several have had the aim of
augmenting existing instruments by adding new controlling
possibilities [3, 4, 5].

For our project, a new device was developed that could
be adapted closely to the task. It needed to be small and in-
obtrusive, and it should be usable in real stage performance
situations. In addition, the device should be easy to extend
with external sensors such as pushbuttons and a finger pres-
sure sensor.

A first model shown in [1] contains a 3D accelerometer,
and a 2D gyroscope providing angular velocity. The second
model now contains a 3rd gyroscope, upgrading the device
to a complete IMU with 6 degrees of freedom. It is now
possible to calculate a good estimate for the orientation of
the device in respect to the gravity vector.

Measurement of bow position and bow force are omit-
ted – the former being unimportant for our project, and the
latter being easy to calculate otherwise: As discussed in [1]
and previously shown in [6], an estimate of the bow force
can easily be extracted from the spectral envelope of the mi-
crophone signal.

Bowsense is based on a compact design, and it is not
necessary to mount electronics to other parts of the instru-
ment. This makes the device easy to use with other instru-
ments, or with no instrument at all.

Figure 1. The sensorbow developed at the Norwegian
Academy of Music in cooperation with NOTAM, here as
a bass bow.

3. ELECTRONICS

The first model contained a 1.5V AAA battery and a step-
up converter. This solution was replaced by a Li-Polymer
battery, reducing both weight and complexity of the design.
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A battery charger was integrated into the device, and the
battery can be mounted in a way that enables “emergency
exchange” in stage situations. The device can be charged
from a standard mini-USB cable.

To reduce noise in the analog circuitry, the device con-
tains a separate 3V linear regulator for the analog supply,
and a 3.3V linear regulator for digital components, includ-
ing the bluetooth module. With this circuitry, the device
is able to run very near the cutoff-voltage of a typical Li-
Polymer battery, and the resulting runtime is well over 2h.

Function Component Manufacturer
Microcontroller C8051F530 Silabs
Bluetooth Module RN41 Roving Networks
Accelerometer ADXL330 Analog Dev.
Gyroscope, X/Y IDG300 Invensense
Gyroscope, Z LISY300AL ST
Battery LPP402025 Varta
Battery Charger MCP73831 Microchip

Table 1. Components

The device is built around a C8051F530 microcontroller
from Silabs, which contains an 8bit core capable of 25MIPS
and a 12bit A/D-converter that can be used with any of the
unused port pins. With a total of 16 port pins, and 5 of these
used for digital signals, this leaves up to 11 inputs for analog
values. Of these, one is used to sample the battery voltage, 3
for the 3D accelerometer, and another 3 for the gyroscopes.
The remaining 4 unused inputs are made available at the
edge of the PCB, and can be used to connect additional sen-
sors to the device.

As a bluetooth transmitter, the RN41 module made by
Roving Networks is used. The RN41 has a max. range of
100m in open air. Data is sent into the module by a serial
port with 115kbaud. As the bluetooth data rate drops con-
siderably with increasing distance, hardware flow control is
used to avoid data loss.

In the choice of sensors, both technical specifications
and resulting simplicity of the design were important crite-
ria. All sensors in this design can run from 3V, so a single
analog supply was sufficient. The sensor outputs are con-
nected to analog inputs of the microcontroller, with only a
few additional passive components.

As accelerometer, an ADXL330 from Analog Devices
is used. It measures up to ±3g (1) along 3 axes X ,Y (along
the PCB surface) and Z (perpendicular to the surface). To
measure angular velocity in 3 dimensions, two gyroscopes
are used: An IDG300 from Invensense, measuring up to
±500deg/s around the X and Y axes, and a LISY300AL
from ST, measuring up to ±300deg/s around the Z axis.
The battery used (Varta LPP402025) is a single cell Li-
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Polymer battery with a capacity of 150mAh, and a weight
of under 4g (2). The total weight of the sensor board inkl.
battery is approximately 12g.

The electronics layout was done with Eagle 5.3 profes-
sional, but as only two PCB layers are used, further work can
be done with the free edition Eagle Light. Special consid-
eration has been made to make handsoldering of the board
possible, the necessary experience and tools provided.

Figure 2. Front view, showing processor and gyroscopes.
The bluetooth module and the accelerometers are mounted
on the back.

4. TRANSFER PROTOCOL

Data is sent via bluetooth, using the Serial Port Profile
(SPP). A very simple binary packet protocol is used, which
was derived from the protocol used by Dan Overholt on the
CUI [7] device. Every data item is sent as a 2byte integer
(low byte first), and each packet framed by a hardcoded se-
quence. The resulting packet length is constant.

Header Data Footer
0x23 0x40 data0, data1, ... 0x24

Table 2. Transfer Protocol

Data can be sent with a rate of up to 200samples/s.
Sending slip encoded OSC messages directly was tested,

but as numerical data values in OSC are sent as 4bytes,
this approximately doubled the bandwidth requirement. It
would certainly be nice to define smaller OSC data types.
Here, the effort to introduce the uOSC [8] variant may be
a step in the right direction, although smaller data types are
not yet part of the specification.
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5. WHERE IS GRAVITY?

The orientation of an object in space can be controlled very
intuitively by a musician, and may therefore be a good con-
trol parameter for music applications. Also, knowing the
direction of gravity will make it easy to split the measured
acceleration into two parts, one part equaling gravity, and
the other equaling the dynamic acceleration of the object.

To determine the orientation of the device towards grav-
ity, the gravity vector can be estimated from the measured
data. In [9], a gravity estimator that is also used to correct
for offset in angular rate is constructed using a Kalman Fil-
ter. In [10], a gravity estimator that is used to compensate
for the effect of gravity is constructed using rotation by the
integrated angular rate.

The gravity estimator proposed here is based on conti-
nously iterated coordinate rotation, depending on the mea-
sured angular rate. It is so simple that it can be implemented
in fixed point arithmetics, and without the use of trigonomet-
ric functions.

A coordinate rotation by an angle α around the X-axis
can be defined by following rotation matrix:

R =

 1 0 0
0 cosα −sinα

0 sinα cosα

 (1)

With a data rate of 200 samples/s, and if the assumption
can be made that the typical angular rate does not exceed
180 deg/s, the expected angle differences from one sam-
ple to the other are small, and we can write sinα ∼ α and
cosα ∼ 1. This will lead to following simplification:

R =

 1 0 0
0 1 −α

0 α 1

 (2)

The general case of a small rotation by angles α,β ,γ
can then be written as:

R =

 1 −γ β

γ 1 −α

−β α 1

 (3)

If this is applied iteratively, the resulting vector will
grow slowly, and in addition rounding errors can accumu-
late. This can be corrected by scaling the vector to unity
length. Drift in the orientation of the estimated gravity could
be corrected by adding a small portion ε~a of the measured
acceleration ~a. However, a much better solution is found
in turning the gravity vector with a constant rate towards
the measured acceleration. This results in much smaller er-
rors caused even by big accelerations, and it converges bet-
ter with the used fixed point arithmetics.

The algorithm for one iteration step from ~g to ~g′ is as
follows (for simplicity, scaling to unity length is omitted):

~g′ =

 1 −(γ + ε3) (β + ε2)
(γ + ε3) 1 −(α + ε1)
−(β + ε2) (α + ε1) 1

~g

where
(ε1,ε2,ε3) = a small rotation towards ~a.

(4)

An algorithm based on this concept is implemented in
the bowsense firmware.

Figure 3. Y component of measured acceleration and es-
timated gravity, when bowsense is shaken. As expected,
changes in the gravity estimate are small compared to the
amplitude of the measured acceleration.

6. CALIBRATION

For greater ease of use, all sensor data is calibrated auto-
matically while the device is in use. This makes the de-
vice less suited for precise measurement of physical motion
properties, where calibration typical would be done before
and after usage. But the benefit for a performing musician
is obvious, as a manual calibration routine can be omitted.

MEMS 3 components such as the sensors used in this
design typically reveal significant errors in offset and scale.
The offset especially is affected by the mechanical stress
that occurs when mounting the component, but experiences
little change thereafter, apart from a reproducible tempera-
ture dependency. It is thus possible to calibrate the sensors
on the finished board, and expect little random change over
time.

However, in some applications even a small offset in an-
gular velocity must be avoided. We know that for most mu-
sicians, the mean rotation speed of a device attached to the
body is small, seen against the magnitude of the motions of
interest. The gyroscope offset can therefore be removed al-
most completely by applying a highpass with a very long
time constant to the output values.
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Removing the offset from the accelerometer output val-
ues is more complicated, as the influence of gravity in gen-
eral prevents the mean acceleration to become zero. But
if the acceleration is split into the effect of gravity and an-
other part that is induced by mechanical forces, it becomes
evident that the accelerometers can be calibrated by attract-
ing the measurements to a globe with radius = 1g. On
bowsense, this is done by applying small adjustments to the
offset value. The scale of the accelerometers is calibrated
statically, and no automatic calibration is performed here.

The gyroscope scale is calibrated by applying small ad-
justments to the scaling factor, depending on the angle dif-
ference between the estimated gravity vector and the mea-
sured acceleration vector.

7. FIRMWARE

The firmware resources are constrained by the inter-
nal 256byte RAM and 8kbyte FLASH memory of the
C8051F530 microcontroller. In the most recent version,
2kbyte FLASH is used for program storage, leaving space
for future enhancements.

The firmware is written in C, and compiled with Keil
C51. It could probably be ported to the SDCC compiler
suite with little effort.

8. FUTURE WORK

The algorithms described here work under the assumptions
that acceleration and angular rate of the object are not
strongly correlated, and that the mean angular velocity is
zero. For most musicians this will be true, but for others,
e.g. dancers, these assumptions can not be made. It would
be an improvement to modify the algorithms such that fewer
constrains need to be made for the motion pattern.

It would be interesting to extend the device by other sen-
sors, e.g. a 3D magnetometer. Another improvement could
be to implement other means of wireless data transfer. Espe-
cially WLAN would make the integration with OSC aware
applications easier.

9. CONCLUSIONS

A compact 6 degrees IMU system that can be used as a wire-
less controller for realtime music applications has been pre-
sented. The hardware is easily extendible, either by con-
necting sensors to the existing board, or by extending the
design based on existing material.

A simple algorithm that calculates an estimate for the
gravity vector has been shown, and the algorithm may be
used for automatic sensor calibration.

Hardware and software design is Open Source, and can
be retrieved from the project website.

More information can be found at:
http://notam02.no/proj/bowsense
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