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Abstract 

This thesis wants to develop a prototype of a final commercial product. It tries to take the 
idea of electronic drums to the next level by creating a drum system packed in just a pair 
of sticks.  

Any surface will be an option for a drum pad, so the user will only carry the sticks and 
have a drum kit when and wherever he wants. 

The stick has an accelerometer that captures the vibrations in a stroke, and a Bluetooth 
module embedded inside the stick will send these signals to a computer. The different 
pads will be distinguished by signal processing, and a variety of drum sounds will be 
triggered depending on the pad played. 

The main problem of a conventional electronic drum that this project tries to eliminate is 
the need for a prepared, wired surface to hit on, adding more versatility to the electronic 
drumming system. 
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Resum 

Aquesta tesis vol desenvolupar un prototip de producte comercial. Intenta portar la idea 
de les bateries electròniques al següent nivell, creant un sistema de percussió en només 
un parell de baquetes. 

Qualsevol superfície serà opció per un pad de percussió, i l'usuari només haurà de 
carregar les baquetes i tindrà una bateria on i quan vulgui. 

La baqueta té un acceleròmetre que captura les vibracions en un cop, i un mòdul 
Bluetooth que enviarà aquestes senyals a un ordinador. Els diferents pads seran 
diferenciats mitjançant processament de senyal, i una varietat de sons de percussió 
s'accionaran depenent del pad tocat. 

El problema principal de les bateries electròniques convencionals que aquest projecte 
intenta eliminar es la necessitat d'una superfície preparada i cablejada on colpejar, 
afegint més versatilitat als sistemes de bateries electròniques.  
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Resumen 

Esta tesis quiere desarrollar un prototipo de producto comercial. Intenta llevar la idea de 
las baterías electrónicas al siguiente nivel, creando un sistema de percusión en tan solo 
un par de baquetas. 

Cualquier superficie será opción para un pad de percusión, i el usuario solo tendrá que 
cargar las baquetas y tendrá una batería donde y cuando quiera. 

La baqueta tiene un acelerómetro que captura las vibraciones de los golpes, y un módulo 
Bluetooth que enviará estas señales a un ordenador. Los diferentes pads serán 
diferenciados mediante procesado de señal, y una variedad de sonidos de percusión 
serán accionados dependiendo del pad tocado. 

El problema principal de las baterías electrónicas convencionales que este proyecto 
intenta eliminar es la necesidad de una superficie preparada y cableada donde golpear, 
añadiendo más versatilidad a los sistema de baterías electrónicas. 
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1. Introduction 

Electronic drums are electrical devices that are struck to produce a selection of sounds 
from samples or modeled sounds in real time. They were invented in the late 60's and 
they introduced a whole new world to music recording and drums playing. 

An electronic drum consists of three parts: 

• Pads: surfaces where the drummer hits and where a piezoelectric material (called 
trigger) is placed so the force applied is converted to an electric signal. 

• Trigger-to-midi converter: responsible of transforming the electrical signal 
created by the triggers into meaningful information. 

• Sampler module: produces a sound determined to the MIDI signal received. 

 

1.1. Statement of purpose 
 

The purpose of this project is to take the idea of electronic drums to a new level, more 
flexible and dynamic. To do this, the project tries to suppress the need of a prepared 
surface for recognizing the instrument played with a trigger, and to centralize the pad 
recognition into a unique device, the stick, allowing to use any object as a pad. 

 

The main goals of the project are: 

1. Do research on how electronic drums work. 
2. Look for the newest inventions in the field of electronic drums. 
3. Design a system capable of differentiating surfaces small enough to fit inside a 

drumstick. 
4. Develop a wireless transmission system that will send the data from the stick to a 

computer. 
5. Develop software that differentiates the surfaces and triggers a sound depending 

on the surface. 

1.2. Requirements and specifications 

1.2.1. Requirements 

• Ability to detect multiple instruments with a single device associated with the 
drumstick. 

• Low price but robust circuitry capable of handling strokes and vibrations from the 
stick. 

• Easy integration in the normal way to play the drums. 
• Wireless transmission from the detector device to the pc. 

1.2.2. Specifications 

• Complete processing time from stick-pad contact to sound trigger: < 50 ms 
• Repetition frequency of the strokes of a drumstick: > 80 ms 
• Minimum number of different surface detections: 5 
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• Physical properties of the complete stick: 
o Weight: 40-70 g 
o Diameter: 1.45-2 cm 
o Height: 38-42 cm 
o Young modulus: 9-10 GPa 

• Physical properties of a stroke from stick in a pad: 
o Contact time between stick and pad: 2-4 ms 
o Stick velocity in the instant of contact (mezzo-forte): ~6.5 m/s 

• Acceleration supported by the accelerometer: > 5000 g 
• Telemetric scope of the stick: > 2m 
• Number of channels (simultaneously monitorable sticks): 2 
• Sampling frequency of A/D convertor: > 20 kHz 

1.3. Methods and procedures 
This project is built completely from zero. The first idea was provided by the author of the 
thesis, and was fully developed with the help of the tutor of the thesis. 

It uses some Java free source codes from various websites for the software of the project. 
They will be listed in the bibliography. 
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1.4. Work plan and Gantt Diagram 

1.4.1. Work plan 
 

Project proposal and work plan WP 1 

Major constituent: 

Documentation 

Start date: 

25/02/2015 

Short description: 

Work description and organization. Gantt diagram. 

End date: 

6/03/2015 

T1: Project description and planning 

T2: Work plan writing 

T3: Work plan revision 

T4: Work plan approval 

 

Deliverable: 

Project plan 

 

 

 

 

 

Analysis of different choices of the stick-pad contact 
detection 

WP 2 

Major constituent: 

Analysis 

Start date: 

27/02/2015 

Short description: 

Research of some ways of implementing the stick-pad 
contact detection, and selection of one of them for 
implementing. 

End date: 

8/03/2015 

T1: Brainstorming   

T2: Pros and cons of each way 

T3: Selection 

 

Deliverable: 

Document with justifications 
and conclusions 
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Analysis of the physical specifications of the sticks 
and the pads 

WP 3 

Major constituent: 

Technic analysis 

Start date: 

08/03/2015 

Short description: 

Research and definition of the physical specifications the 
sticks and the pads will have to meet (height, weight, 
diameter, balance, rebound...) 

 

End date: 

15/03/2015 

T1: Stick specifications 

T2: Pad specifications 

 

Deliverable: 

Document with features and 
specifications 

 

Stick-pad contact electronic circuit implementation WP 4 

Major constituent: 

Electronic implementation 

Start date: 

16/03/2015 

Short description: 

Implementation of the electronic circuit chosen in the WP2 
that detects the stick-pad contact 

 

End date: 

12/04/2015 

T1: Circuit design 

T2: Component research 

T3: Protoboard implementation of the prototype 

T4: Circuit board implementation 

 

Deliverable: 

- Design document 

- Circuit boards 
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Wireless transmission of the signal from the 
electronic circuit to the pc 

WP 5 

Major constituent: 

Data transmission and A/D conversion 

Start date: 

13/04/2015 

Short description: 

Conversion of the signal captured by the circuit to digital 
and wireless transmission of the signal to the pc. 

 

End date: 

10/05/2015 

T1: Analysis and study of the different options for the 
wireless transmission 

T2: A/D conversion 

T3: Component research 

T4: Circuit integration 

 

Deliverable: 

- Document with justification 
and conclusions 

- Document of design 

 

Critical review of the project WP 6 

Major constituent: 

Evaluation 

Start date: 

20/04/2015 

Short description: 

Work progress and reorganization of the work plan. 

 

End date: 

24/04/2015 

T1: Revision of the work done until now 

T2: Restructuring of the work plan and final planning of 
the project 

T3: Writing of the documentation needed 

 

Deliverable: 

Project critical review 
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Activation signal processing and sound triggering WP 7 

Major constituent: 

Software development 

Start date: 

11/05/2015 

Short description: 

Development of a real time application that distinguishes 
the pad hit and triggers a corresponding sound. 

 

End date: 

07/06/2015 

T1: Decide the best programming language/framework 

T2: Preparation of the sound bank 

T3: Signal processing and sound triggering 

 

Deliverable: 

 

 

 

Writing and presentation of the Treball de Final de 
Grau 

WP 8 

Major constituent: 

Documentation 

Start date: 

25/05/2015 

Short description: 

Memoir writing and oral defense preparation 

 

End date: 

20/07/2015 

T1: Memoir structuring 

T2: Preparation of the material needed for the memoir 

T3: Memoir writing 

T4: Memoir revision 

T5: Memoir delivery 

T6: Oral defense preparation 

T7: Oral defense of the Treball de Final de Grau 

Deliverable: 

Eduard Rodriguez TFG 

Final Report 
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1.4.2. Milestones 
 

 

WP Task Short title Milestone Date 

WP1 T4 Work plan approval Project plan 06/03/2015 

WP2 T3 Selection of the detection method Implementation decision 09/03/2015 

WP3 T4 Stick and pad specifications Implementation start 16/03/2015 

WP4 T1 Electronic circuit design Circuit design 30/03/2015 

WP4 T4 Circuit implementation Circuit implementation 13/04/2015 

WP5 T1 Transmitter design Transmitter design 04/05/2015 

WP5 T4 Transmitter implementation Transmitter implementation 11/05/2015 

WP6 T3 Critical review of the project Critical Design Review 24/04/2015 

WP 7 T2 Sound bank preparation Drum sound bank 18/05/2015 

WP7 T3 Signal processing Prototype finished 08/06/2015 

WP8 T5 Memoir delivery TFG Final Report 10/07/2015 

WP8 T6 Oral defense preparation TFG Presentation 20/07/2015 

WP8 T7 TFG Oral defense TFG Final evaluation 20/07/2015 
Table 1: Milestones 
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1.4.3. Gantt Diagram 

Figure 1: Gantt Diagram 
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2. State of the art of the technology used or applied in this 
thesis: 

In this chapter a general overview of every aspect and part involved in this project will be 
given. 

2.1. Electronic drums 
The first electronic drums were created in the late 60's. They had a very poor "human 
feel", more or less like today's cheaper ones. The technology has developed a lot since 
then, and nowadays they have a much more realistic touch and sound. 

Two areas of electronic drums will be analyzed, for each one has his features in the state 
of the art, professional and toy/experimental drums: 

2.1.1. Professional 
They try to make electronic drums realistic in feel and sound. Examples of these high-end 
professional kits include the Yamaha DTX 950k and the Roland V-Drums TD-30KV. 

Some of the most innovative features these drums are equipped with are: 

• High-quality digital sounds, with a different audio for each magnitude of force 
applied to the pad. 

• Combination of triggers in the same pad for hitting different areas (head-rim in a 
drum, edge-bow-bell in cymbals). 

• Cymbal choking capability. 
• Realistic hi-hats capable of combination of open/half-open/closed sounds. 
• High-speed trigger processing, allowing to hit a lot of strokes in a short period of 

time 

2.1.2. Toy/Experimental 
While professional electronic drums try to recreate an acoustic drum set, there are other 
inventions that try to bring some new features sacrificing some of the "feel" of a real drum 
set. These have more in common with the approach of the system developed in this 
thesis. Some examples are: 

• Aerodrums1 is a system that uses a frontal camera and a reflective material to 
track the position of the stick in every moment. It allows to have a very portable 
drum kit, but with the lack of feel, as it is played in the air. 

• Arduino Air Drums2 it's a simpler design with the same function as Aerodrums but 
with different technology. It uses three 1-axis accelerometers and a light sensor to 
detect the strokes by the drummer, and processes it through an Arduino. 

 

                                                
1 Demo available at www.aerodrums.com 
2  Instructions to build at blimp12.blogspot.co.il/2012/01/arduino-air-drums-part-
1.html 



 

ELECTRONIC WIRELESS DRUM STICKS  Eduard Rodríguez García 

 20  

• Another original approach can be seen in Drums Anywhere3. This system uses 
only a microphone attached to a surface, and with signal processing it can 
distinguish different signals depending on the position of the stroke being hit in the 
surface. 

• Cliphit4 is a system by Korg with a similar, but more safe and easy method as 
Drums Anywhere. Instead of using only one microphone, there is a trigger for 
every element to hit. This reduces the possible false pad recognitions, but adds 
more wires to the system. 

All these systems have been studied and taken some features of each one to include in 
this thesis. 

The most interesting features of every system are: 

• The wireless playing method of the Aerodrums. The system uses a camera with a 
wire to the computer, but the drumming area is completely wireless. 

• The simplicity with an Arduino processing of the Arduino Air Drums.  
• The centralization of the data acquisition and signal processing used by Drums 

Anywhere. 
• The versatility of using any object as a surface for hitting of Cliphit. 

2.2. Accelerometers 
The system developed in this thesis has very strong needs of powerful accelerometers 
both in peak accelerations and, in the digital case, sampling frequency. 

As stated in the first chapter of this thesis, the specifications of the accelerometer should 
be: 

• Peak acceleration: > 5000 g 
• Sampling frequency: > 20 kHz 

First of all commercial solutions were studied. All normal and cheap accelerometers that 
can be bought do not fulfill the specifications required, for instance mobile or Arduino 
based accelerometers can have a maximum acceptance of 20 g, and sampling 
frequencies up to 4000 kHz. 

A commercial accelerometer capable of satisfying the specifications could be the 
Endevco model 22 Pikomin5, with signal linearity up to 4000 g and a shock limit of 10000 
g. But this more advanced accelerometer is expensive (can be bought in eBay for $300), 
and therefore it would not satisfy the requirements of low price. 

With these considerations it has been decided to include in the project the design and 
creation of a cheap accelerometer capable to satisfy the requirements. 

The information about this part is included in the appendices B and C. 

 

 

 

                                                
3 Demo available at www.drumsanywhere.com 
4 Demo available at www.korg.com/us/products/drums/cliphit 
5 Specification sheet available at www.akron.be/pdf/endevco/22.pdf 
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2.3. Drums Soundbank 
The state-of-the art soundbanks for electronic drums samples are very sophisticated and 
sound nearly as perfect as a real acoustic drum kit. 

These samples can be acquired by two methods: synthesizing the audios, and recording 
the sounds from a real drum kit. 

The first method implies characterizing and trying to replicate by software the signal 
coming out from each instrument in a drum kit. This was used in drum machines from the 
60's until the late 90's, and is still used for getting a special and original sound in some 
music genres. 

But when trying to obtain a realistic imitation of an acoustic drum set, the method used 
nowadays is the sound recording. To achieve an almost perfect sound, instead of 
recording one press of each instrument and modifying its volume, several recordings are 
taken, one for each quantization of volume. 

Also, in the most sophisticated audio modules, each volume quantization has some 
recordings assigned, and are chosen sequentially, so a particular recording will not be 
played twice in a short period of time. 

For example, a drums soundbank that has 10 different sounds, with 20 steps of volume 
quantization for each sound, and 4 different versions of each instrument, would have 800 
different samples. If each sample has an average duration of 3 seconds (kick is shorter, 
but crash is way longer), and is recorded in lossless high-quality format (PCM, 44100 Hz, 
16 bits) this simple soundbank would be 413 MB. 

The purpose of this thesis is not focused on the actual sounds being played, but on the 
detection of strokes on different non-prepared surfaces. For this reason the soundbank 
used in this system will only be composed of one wav file for each pad willing to be 
played, only for demonstration purposes. 
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3. Methodology / project development:  

This chapter shows the workflow of the system, and also breaks it down to blocks and 
describes all methods used in every part. It explains all the steps from the signal 
acquisition to the triggering of the sounds. 

3.1. Block diagram of the system 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Signal Acquisition 

Stick 

 

A/D Conversion 

Transmission 

Storage Matching 

Server 

 

Signal 
Database 

Preprocessing 

Sound triggering 

Accelerometer 

Arduino 

Bluetooth module 

Setup mode Play mode 

Audio 
Database 

Dynamic Volume 
Processing 

Figure 2: Block Diagram 
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3.2. Workflow 
The system has two phases that make it work: setup and play. Each one will be 
described below. 

3.2.1. Setup 
First of all, the system preloads all the audio clips corresponding to the drum sounds to 
be played in a database, so the access to the clips will be fast. 

Then, the user is asked to do a series of strokes to the surfaces that he will be hitting 
during the play phase, and the signals are stored in a database. The program asks to hit 
every pad twice, first with low intensity, and then with high intensity. With this method the 
system accomplishes better matching results, and also makes possible dynamic sound 
volume depending on the force applied. 

3.2.2. Play 
This phase is where the user is able to play freely among the pads he previously 
configured in the setup step. 

The current program allows to hit 4 pads (bass drum, snare, hi-hat, crash) for simplicity, 
but as will be explained in the future work part, it would be easy to increase the number of 
pads, and make it variable depending on the user preferences. 

 

3.3. Signal acquisition 
There are some options that were proposed for the signal acquisition: 

• Stick with metal material at the tip, pads with different conductivity. When the stick 
hits the pad, an electrical circuit is closed and a voltage appears. The surface 
differentiation is computed depending on that voltage. 

• Color sensor at the tip of the stick. Pads are distinguished by their color. 
• Sticks with an easy tracking feature (reflective, pure color...), camera tracking the 

tip of the stick, video processing to determine the pad played. 
• Acoustic transmitter at the tip of the stick, acoustic receiver at the center of the 

drumming area, tip position computed by processing the acoustic signal. 
• Accelerometer attached to the stick that captures the vibrations originated in a 

stroke. 

Putting all pros and cons of every method, the last option, the accelerometer, has been 
chosen, for it's simplicity, low intrusion in the stick and versatility. 

The accelerometer used in the signal acquisition has been developed in the thesis. 
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This is the last version of the accelerometer: 

 
Figure 3: Accelerometer 

The most important feature is that it is omnidirectional in a plane, so the signal captured 
will be independent to the stick rotation. 

The process of design and construction of this accelerometer and the previous versions 
is discussed in the appendix B. 

The accelerometer is placed inside a tube attached to the bottom of the stick. This 
position has been chosen for constructive simplicity. Placing it in the tip of the stick would 
mean having a fully prepared stick instead of only the grip, and also the accelerometer 
would be easier to break in a stroke.  

If the accelerometer were put on the tip of the stick, the signal collected would be 
something similar to figure 15, in appendix C, superposed with a series of resonance 
modes of the stick. But by placing the accelerometer at another position along the stick, 
the signal goes through a transformation. 

Some meaningful information about the stroke could be collected, like its duration and the 
hardness of the surface hit, if this transfer function could be characterized. Although it is 
superficially analyzed in the appendix A, it is difficult to compute, so the signal is left as is. 
The first 3 ms of signal captured of the strokes at different surfaces (3 ms is more or less 
the duration of the contact between the stick and the surface) are different enough to 
distinguish them by signal comparison. 

 

3.4. A/D conversion 
In order to capture the signal coming from the accelerometer an Arduino Nano V3.0 has 
been used. Its cheap cost, small size and easy programming makes an ideal option for 
the prototype of the product. 

The Arduino Nano satisfies the specifications needed for the accelerometer signal 
(sampling frequency higher than 20 kHz, dynamic from 0 to 5 Volts), and its energy 
consumption is low enough to be fed with a battery. 
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3.5. Transmission 
For a more versatile system, a wireless transmission has been chosen. 

The signal captured by the Arduino is transmitted to the server with a serial 
communication via Bluetooth by the HC-05 Bluetooth module: 

 
Figure 4: HC-05 Bluetooth module 

 

This module can theoretically transmit with baud rates from 9600 to 115200 bits/sec, 
although by testing it, it has been found that the limit at which the connection is not stable 
anymore is above 57600 bits/sec. It has a UART interface for its configuration, and has 
two pins that can be connected to LEDs to track its state. A red LED blinks when the 
module is waiting for a connection, and a green LED will light when the module has been 
paired with another device. 

The signal cannot be transmitted continuously, because writing a sample to the Bluetooth 
serial port requires at least 300 ms, and as the Arduino has only one core and do not 
support parallel programming, this method would slow the sampling rate to about 3 kHz, 
not fulfilling the frequency specifications. 

Instead, a buffer for storing samples has been used. The Arduino remains passive, 
tracking the accelerometer signal input, until a threshold is reached. When the signal 
passes this threshold, the next 100 samples are stored with a sample rate of 20 kHz, this 
is, 5 milliseconds of signal. The average contact time when a stick hits a surface is 3 ms, 
so in this case the system assures no information about the stroke is lost.  

When all the samples have been stored, they are written to the Bluetooth serial port as a 
stream of bytes. 
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3.6. Preprocessing 
In this stage the signal resulting from the accelerometer readings will be transformed in 
order to prepare it for the matching step. This block will smooth the signal and increase 
the overall performance of the system. 

This is the raw signal captured by the accelerometer: 

 
Figure 5: Raw signal from accelerometer 

 

Some high frequencies can be seen in the image above, so to eliminate this noise an 
average filter of size 6 is applied. Each sample is replaced with the average of it and its 5 
next samples, transforming the signal to this: 

 
Figure 6: Smoothed signal 

This transformation is enough to improve the surface differentiation results, so the signals 
are ready for the matching step. 
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3.7. Storage 
The strokes hit during the setup phase are now stored in a 3 dimension array (number of 
pads x 2 x number of samples). There are stored 2 versions of each pad, one being hit 
with low intensity and the second one with high intensity, so in this case with 4 pads and 
100 samples per signal, the array will be 4x2x100. 

Another array is stored with the maximum values of each stroke. The following stages will 
use this array. 

In the setup phase another database is loaded too, with the sounds that will be triggered 
in the play phase. 

 

3.8. Matching 
When a stroke is hit in the play phase, its signal is acquired, sent to the server, 
transformed, and then compared with all the strokes previously stored in the database. 

The algorithm used in this matching step is the correlation. 

The correlation is a measure of similarity between two signals. Its range goes from 1 to -1, 
being 1 total positive correlation, 0 no correlation, and -1 total negative correlation. It is 
defined as the normalized covariance, this is, the covariance divided by the standard 
error of both signals: 

𝑐𝑜𝑟𝑟 𝑥,𝑦 =   
𝑐𝑜𝑣 𝑥,𝑦
𝜎! · 𝜎!

 

The covariance between x and y is defined as: 

𝑐𝑜𝑣(𝑥,𝑦) =
𝑥[𝑖] · 𝑦[𝑖]!

!!!

𝑛 −
𝑥[𝑖]!

!!!

𝑛 ·
𝑦[𝑖]!

!!!

𝑛  

And the standard deviation of x: 

𝜎! =
𝑥![𝑖]!

!!!
𝑛 −

𝑥[𝑖]!
!!!
𝑛

!

 

So when a stroke is hit in a pad that was stored before in the setup phase, the correlation 
between that signal and the corresponding one stored will be the highest, and the sound 
corresponding to this pad will be triggered. 

 

3.9. Dynamic volume processing 
In the setup phase the user is asked to hit twice each pad. The main purpose for this is to 
enable the dynamic volume feature. The volume of the clip triggered will vary depending 
on the force applied in the stroke. If the force is lower or equal than the low intensity 
stroke stored in the database the sound will have minimum volume. If the force is higher 
or equal to the high intensity stroke the sound will have maximum volume. Between these 
ranges, the volume will have an exponential relation. 
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The information used to compare the force of each stroke is the maximum value of a 
stroke, and the gain applied to the sound follows this equation: 

 

 

                                                                                                                                            −15  dB,                                                                                      𝐹 ≤ 𝐹!"# 

                                                                      𝐺𝑎𝑖𝑛 =                           −
F− 𝐹!"#

𝐹!!"! − 𝐹!"#

!

· 15  𝑑𝐵, 𝐹!"# < 𝐹 < 𝐹!!"! 

                                                                                                                                                      0  dB,                                                                                        𝐹 ≥ 𝐹!!"! 

 

Where F is the peak of force applied in the stroke played, Flow the peak on the low 
intensity stored signal, and Fhigh the high peak. 

 

3.10. Sound triggering 
The last step of the system is the sound triggering. 

After all the processing stages, two variables are extracted and passed to the sound 
module: which pad is has been played and with how much intensity. 

With this information the block picks a clip from the sound database created in the setup 
phase, sets the volume with the gain extracted from the previous block, and activates the 
audio. The code in charge of this step is asynchronous, so this means that if a second 
stroke is recorded while the first clip is still sounding both sounds will sum up. 
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4. Results 

Once the system is built, and all the parts are working correctly, some tests have been 
executed to assess the overall performance of the program. The methodology followed 
for all tests is: 20 hits to every pad involved, with the features described in every section, 
and every experiment repeated 4 times. So the percentage error in all the tables is the 
number of wrong detections divided by the total number of strokes per experiment. 

4.1. Surface differentiation 
The sections below will analyze the errors committed in the pad detection, depending on 
some variables: 

4.1.1. Number of pads 
The next table shows the percentage of errors hitting with the same force to pads with 
sufficiently different hardness. The results will be shown in relation to the number of pads: 

Number of pads Error 

2 1.25% 

3 8.33% 

4 9.06% 

5 10.75% 

6 15% 

7 21.07% 

8 34.38% 

Table 2: Errors depending on number of pads 

As expected, the error rate increases with the number of pads used in the system. The 
more pads involved, the more signals in the database to be compared against, and 
therefore more probability of wrong detections. 

By making a lot of testings with different combination of pads, the conclusion is that it is 
easy to achieve a low error rate with up to 6 pads, if they are chosen carefully: they are 
not very hard, they are a smooth and stable... Above 6 pads, the system starts to have a 
high rate of wrong detections. 
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4.1.2. Force applied to the pad 
The next table will show the percentage of errors hitting to a constant number of pads, 4, 
and varying the force applied. This section will analyze too the difference of using or not 
using the feature of dynamic volume, that makes the user record low and high intensity 
strokes on each pad. This table tries to explain the : 

Test Error 

Setup: high intensity 
stroke/ Play: high 
intensity strokes 

3.13% 

Setup: high intensity 
stroke/ Play: low 
intensity strokes 

39.06% 

Setup: low intensity 
stroke/ Play: low 
intensity strokes 

3.13% 

Setup: low intensity 
stroke/Play: high 
intensity strokes 

33.75% 

Dynamic volume 
feature /setup and play 
have both low and high 

intensity strokes 

4.06% 

Table 3: Errors depending on force applied 

The signals of two strokes with a small variation of intensity have similar shape, only 
varying their amplitudes, but as the intensity variation becomes higher their signals start 
to be more different. The reasons for this are that at higher intensity more resonance 
modes of the stick are excited, and also the accelerometer can have non-linearities with 
greater accelerations. The result is that strokes at high intensity have signals with higher 
frequencies involved. 

Using dynamic volume this problem is solved, as two versions of each pad are stored. 
The error increases a bit in relation to hitting with constant intensity, but it feels more real. 
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4.1.3. Similarity of the surface 
This section analyses the minimum surface hardness difference to achieve a good 
performance result. 

 

 

Surfaces Error 

Wood/rubber 5.63% 

Wood/mouse pad 8.13% 

Drum pad/mouse pad 1.25% 

1 rubber layer/2 rubber 
layer 0.63% 

Table 4: Errors depending on surface similarity 

 

 

Surprisingly, this table shows that having a great difference in hardness is not as much 
important as being in the hardness limits at which the system works well. It can correctly 
detect small differences as having 1 or 2 layers of rubber, but the signal is distorted and 
non-linear if the surface is too hard or too soft. 

Another result extracted from this experiment is that soft surfaces work better with higher 
intensity of strokes, and hard surfaces with low intensity. It is understandable, hitting hard 
on a hard surface can saturate the system, and hitting soft on a soft surface can make 
the quantization of the ADC to lose signal. 
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4.2. Time from hit to sound 
One of the most important requirements in this system is that it has to be fast. All the 
signal process, from its acquisition to the triggering of the sound must be done in less 
than 50 ms in order to be usable. If it is slower, the user will notice a delay in the sound 
activated after his stroke. 

The measurements are calculated by calling to the millis() function in Arduino, and 
System.nanoTime() in Java. 

The next table will show the disaggregated timings of the system: 

 

Block Time 

Signal acquisition 4.5 ms 

Writing to Bluetooth 9.5 ms 

Reading from Bluetooth 4 - 40 ms 

Signal preprocessing 0.01 ms 

Matching 0.2 ms 

Dynamic volume 0.05 ms 

Sound trigger ? * 

Total 18-59 ms 

Table 5: Time from hit to sound 

 

The time spent by Java in triggering a sound could not be measured in the code as the 
function in charge is asynchronous, which is good because multiple sounds can be 
played simultaneously, but do not permit this kind of measurements. 

These results are very encouraging, because the time involving server processing is very 
small, and most of the time is spent in the BT communication. This means that the time 
can be easily reduced by using a new communicating system (BT with higher baud rate, 
Wi-Fi or ZigBee...), and that the server does not have to be a powerful computer, but a 
simple mobile, or even a processor inside the stick could do the processing. 

Despite these good results, the truth is that the real system has a high sound delay, 
about 250 ms. This delay is mostly due to the Java sound handling not being fast enough. 
A new system for the sound triggering should be implemented. 

  

Arduino 

Java 
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5. Budget 

This section breaks down for one part the cost of constructing a single stick, counting on 
all the pieces, the manufacturing and the manpower, and for the other part the costs of 
the project development. 

5.1. Prototype 
The cost of manufacturing a single stick: 

 

 

Part Cost 

Wooden stick 5 € 

Arduino Nano 2.5 € 

HC-05 BT module 3 € 

Green and Red LEDs 0.05 € 

Tube 0.2 € 

Accelerometer  

 Piezoelectric 
material 

0.15 € 

 Plastic 0.2 € 

 Metal ring 0.1 € 

Manpower welding          
and assembly 

8 € 

Instruction manual 0.2 € 

Box 0.5 € 

Total 19.9 € 

Table 6: Costs of the prototype 
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5.2. Design 
The cost of the project development: 

 

 

 Quantity Price Cost 

Supervisor (wage) 46 hours 25€/hour 1150€ 

Junior Engineer 
(wage) 690 hours 8€/hour 5520€ 

Computer 
(amortization) 1 5.2€/week 120€ 

  Total 6790€ 

Table 7: Cost of the project 
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6. Conclusions and future development:  

In this project an electronic wireless drumming system has been developed. The state-of-
the-art systems in this area have been analyzed, some ideas of them have been applied, 
and some new ones have been developed. 

The time given for this project was not enough to build a completely finished commercial 
product, but instead a prototype that works and shows how the real finished product 
could look like. 

There are many advanced features that could not be developed in the framework of this 
thesis, as the main purpose of the project was to demonstrate the viability of this system, 
and so the thesis has been focused in the most important feature that would make the 
product possible. This is the centralization of the surface differentiation into one device. 

6.1. Future work 
Next, a list of several features that would be interesting to add to the developed system 
are presented: 

• The first thing to be reviewed. This project encountered a problem with the speed 
of the Java sound API, causing a big delay in the hit to sound timing. A new way 
has to be found to manage the audio in the system so it can be truly real time. 

• A friendly user interface for making easy the connection and interaction with the 
product. 

• Allowing the user to choose different configurations: changing the number of pads, 
using other sounds... 

• Software implementation in Android/iOS, so the system can be more portable. 
• Instead of using a clip for each drum pad and varying the volume depending on 

the force applied to the surface, using different recordings depending on the 
volume would increase the realistic feel of the sound. This feature is already used 
in the high-end state-of-the-art electronic drum modules. 

• Instead of using a battery to power the system, an energy harvesting system 
could be developed by taking a bit of the energy from the strokes. 

 

In conclusion, this thesis has demonstrated the viability of the system proposed, but there 
is a lot of future work until it can be a real commercial product. 
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Appendix A: Modal analysis of the vibrations of a stick 

When a stick hits a surface, a vibration is generated in the stick, and this is what will be 
acquired by the accelerometer. In this vibration there are two main sources: the energy 
passed from the surface to the stick, and the resonance frequencies of the stick itself. 

The first source is what the system is interested in, as it will vary depending on the 
hardness of the surface the stick will be hitting on, and that will allow the system to 
differentiate the pads. Its signal is short, the time in which the stick is in contact with the 
surface, between 2 and 4 milliseconds, and the remaining signal will only be the 
resonance frequencies of the stick.  

For acquiring a signal more similar to the first source alone, by trying to minimize the 
impact of the resonance frequencies, an analysis is made. 

The analysis will demonstrate that these resonance frequencies have maximums and 
minimums along the stick, so varying the position of the accelerometer, the signal 
acquired will also vary, and if it is placed where more minimums of the resonance 
frequencies, the unwanted signal will be reduced. 

Method 

The next figure shows the experimental configuration made for the analysis. The stick is 
clamped with foam by the place where a drummer would hold it, simulating the grip of a 
hand between the thumb and the index finder. During the analysis the stick is hit by a 
batter, and its deflection is measured by a laser ray, one measure each centimeter. A 
piece of foil tape is attached to the measuring side of the stick for reflecting purposes. 

 
 

 

 

  

Figure 7: Modal analysis experiment 
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The device used for the data acquisition is the Polytec OFV-5000 laser vibrometer 
controller and the Polytec OFV-505 Sensor head. The sensor head is attached to a tripod 
and moved up and down one centimeter for each measure. 

The experiment has been repeated two times, for comparing the variation in the 
frequencies and the position of the nodes, clamping the stick at 6 and 15 centimeters 
from the bottom of the stick. 

Results 

A single measurement of the vibrometer looks like this: 

 

Figure 8: Measure acquired with the laser vibrometer 

Some predominant frequencies can be clearly seen. If a DFT of the samples of this signal 
is made, the resultant graphic looks like this: 

 
Figure 9: DFT of the vibrometer signal 
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Comparing the DFT's of all the measurements for a particular grip, the frequencies 
appearing in the signals are the same, but with different amplitude.  

If the amplitude at these particular frequencies of all the measurements is collected, and 
then put all together in a graphic, the maximums and minimums of the modal frequencies 
can be seen. The following figures show it: 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Modal analysis with grip at 6cm 
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In both graphics only the most significant resonance frequencies are taken into account, 
because they will be the ones intruding in the desired signal. 

Some meaningful conclusions can be extracted from this analysis: 

• All frequencies have maximums at both tip and bottom of the stick. This means 
that placing the accelerometer at any of these positions will make the signal 
captured to have all the resonance frequencies of the stick. 

• The first mode of resonance varies depending on the grip. It has a node in the 
same position of the grip, and 2 maximums at both ends of the stick. 

• All the other modes are almost non-dependent to the position of the grip and have 
the same position of their nodes. 

• It cannot be deducted from these graphics, but in this analysis another information 
has been discovered: by varying the pressure of the grip to the stick, the modes 

Figure 11: Modal analysis with grip at 15cm 
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will have the same node position, but will vary in frequency. The stronger the grip 
is, the higher the frequency will be. 

An option for the optimal position for the accelerometer on the stick could be placing it in 
the node of the first "grip non-dependent" mode. Taking into account that the signal we 
want to acquire lasts more than 1ms, so it has less than 1000Hz, a low-pass filter could 
be placed to reduce the influence of the other higher frequency resonances. 
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Appendix B: Design and creation of low cost accelerometers 

Commercial accelerometers cannot satisfy the requirements of this product. They cannot 
be cheap and support high accelerations at the same time. For this reason the creation of 
a suitable accelerometer has been included in the framework of this thesis. 

Three versions of accelerometers have been designed in total, each one satisfying 
different features. The following sections will show the design of them. 

 

Accelerometer v1 

First prototype of accelerometer. It is designed to be placed inside a tube, mated to the 
stick. A piezoelectric ceramic is the element that transforms the mechanical vibration to 
electric signal. This piezoelectric material creates an electric potential difference between 
his two poles when the pressure applied on it varies. 

 
Figure 11: Accelerometer v1 

This accelerometer uses a spring washer to charge the piezoelectric ceramic with an 
initial pressure, so it will transform the vibration to positive and negative voltage. If there 
were no initial pressure applied to the ceramic, it would move inside his hole, and would 
introduce noise to the readings. 

 

Accelerometer v2 

The analysis of the resonance frequencies of the stick creates the need of an 
accelerometer that permits an easy displacement along the stick. But with the first version, 
this would mean having a long tube attached at the bottom of the stick, cutting a long 
fragment of wood, and changing the balance, weight and feel of the stick. 

Another version is designed, smaller and less intrusive to the stick. 

 

 

 

 

 

Piezoelectric 
ceramic 

Spring washer 

Connector 
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Figure 12: Accelerometer v2 

 

In this accelerometer a piezoelectric bimorph is used. It acts as a cantilever, put inside a 
tiny tube with two plastic pieces holding half its body. 

When the device is put into acceleration, the free part of the bimorph vibrates, and 
transforms it into an electrical signal. 

Then, a small round hole is carved along the stick, so the accelerometer can slide 
through it and be attached to try different positions relative to the stick. 

 

Accelerometer v3 

When a real stick is used, it can rotate along the axis of his length, and the stroke 
resulting has to be independent of this rotation. But the accelerometers designed until 
now can only detect vibrations in 1 axis, and thus cannot satisfy this feature. 

A solution could be placing two accelerometers tracking two perpendicular axes, and then 
processing the output signal as the modulus of both accelerometer signals. 

Instead of this, an idea of an omnidirectional accelerometer has been developed. 

This third version uses a piezoelectric disk mounted on a plastic shell, with a liquid 
between them. When the device is put under acceleration on the XY plane, this liquid will 
try to compress in one side and expand in the other. This will cause the piezoelectric 
material to be deformed, and thus, to create a voltage between his two poles. 

 



 

ELECTRONIC WIRELESS DRUM STICKS  Eduard Rodríguez García 

 44  

 

 

 
Figure 13: Accelerometer v3 

The piezoelectric disk lies on the triangles of the shell. The function of these triangles is 
to not allow the disk to work with tensile, but only with pressure, because the disk is 
designed to work only with pressure. This will cause a non-linearity, as the resultant 
signal will be the modulus of the acceleration. The triangles also reduce the liquid 
between the shell and the disk, reducing the sensitivity of the system, so it will handle 
higher accelerations. 

If this accelerometer is put attached to the stick, it will capture the strokes independently 
to the rotation of the stick. 
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Appendix C: Calibration of the accelerometers 

A calibration of the accelerometers must be made in order to find out the magnitudes of 
accelerations the stick is going to be put through. 

Once this calibration is done, the relation between the voltage generated by the 
accelerometer, and the real accelerations will be known, and so it will be possible to put a 
number to the accelerations in a stroke. 

In order to calibrate an accelerometer, we need to put it through a known acceleration, 
and try to fit its signal with a mathematical expression. 

The experiment recreated in the calibration is the collision between two billiard balls with 
known mass subjected to a thin wire, acting as a pendulum: 

 
Figure 14: Calibration experiment 

The second version of the accelerometers has been used for the experiment. The 
accelerometer is put inside the ball in a tiny hole in its middle, so it will get all the 
accelerations from it. 

A signal captured when the two balls collide looks like this: 

 
Figure 15: Calibration signal 

θ 

m 

m 

l 

vt h 

d 



 

ELECTRONIC WIRELESS DRUM STICKS  Eduard Rodríguez García 

 46  

The moment before the balls are in contact the acceleration measured is null, when they 
start the contact the acceleration decreases until a minimum, where the two balls have 
the same speed. After that the acceleration increases again to zero, where the two balls 
lose contact. 

One way to calculate the voltage/acceleration relation is to find the real initial velocity at 
which the two balls collide, and compare it to the theoretical one. By dividing them the 
sensitivity S of the accelerometer will be found: 

𝑆 =
𝑣!,!"#$

𝑣!,!!!"#!$%&'(
 

To find the real velocity, we have to integrate the acceleration signal during the time when 
the balls are in contact, knowing that the velocity before the collision is what we are 
looking for, and after the collision is null: 

𝑣!,!"#$ = 𝑉!𝑑𝑡
!
! , 

being V0 the voltage of the accelerometer. 

Next is finding the theoretical velocity of the ball. 

In this experiment we suppose the collision is completely elastic, this is, the energy lost 
as sound and heat is neglected. We suppose the mass of the two balls equal, and the 
mass of the wire is neglected too. 

The experiment is divided in 2 phases. 

In the first phase, the first ball is held at height h, with an angle θ, at a distance d to the 
second ball. It has no kinetic energy, and a potential energy Ep=m·g·h, being g the gravity. 

The second phase is when the first ball is released, the instant before it hits the second 
ball. The first ball has transformed all his potential energy into kinetic energy, Ek=0.5·m·vi

2. 

Applying the law of conservation of energy, the potential energy at the first phase must be 
equal to the kinetic energy at the second phase. By matching this equation we can find 
the velocity at which the first ball hits the second: 

𝑣!,!!!"#!$%&'( = 2 · 𝑔 · ℎ, 

being h the height from the ground of the first ball at the first phase. We can know 
this variable from the distance to the second ball and the length of the wire, using 
the Pythagorean theorem: 

 

  𝑙! = 𝑑! + 𝑙 − ℎ !, 

  ℎ   = 𝑙 − 𝑙! − 𝑑! 

 

So finally, the equation of the sensitivity of the accelerometer is defined as: 

𝑆 =
𝑉!𝑑𝑡

!
!

2 · 𝑔 · 𝑙 − 𝑙! − 𝑑!
      

𝑉
𝑚
𝑠!

 

l l-h 

d 
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Appendix D: Arduino Code 

#include <SoftwareSerial.h> 
 
#define KEY 9 
#define STATE 8 
 
SoftwareSerial BT1(10, 11);    // RX, TX 
boolean isConfigMode = false;  // only true to change bluetooth module settings 
const int numsamples = 100; 
char buf[numsamples];          // buffer used for sending the samples 
int threshold; 
 
void setup() { 
 pinMode(KEY, OUTPUT); 
 pinMode(STATE, INPUT); 
   
 if (isConfigMode) setupConfigMode(); 
 else setupTransparentMode(); 
} 
 
void loop() { 
 if (isConfigMode) loopConfigMode(); 
 else loopTransparentMode(); 
} 
 
 
void setupConfigMode() { 
 Serial.begin(9600); 
   digitalWrite(KEY, HIGH); 
   Serial.println("Configuration mode:"); 
   Serial.println("Disconnect and reconnect BT module Vcc pin"); 
   Serial.println("Start AT commands:"); 
   BT1.begin(38400); 
} 
void loopConfigMode(){ 
   if (BT1.available()) Serial.write(BT1.read()); 
   if (Serial.available()) BT1.write(Serial.read()); 
} 
 
 
void setupTransparentMode() { 
   //These first lines speeds up the Arduino sample frequency on pin A0 lowering the 
 sample bits 
   //clear ADCSRA and ADCSRB registers 
   ADCSRA = 0; 
   ADCSRB = 0; 
   
   ADMUX |= (1 << REFS0); //set reference voltage 
   ADMUX |= (1 << ADLAR); //left align the ADC value- so we can read highest 8 bits 
 from ADCH register only 
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   ADCSRA |= (1 << ADPS2) | (1 << ADPS0); //set ADC clock with 32 prescaler- 
 16mHz/32=500kHz 
   ADCSRA |= (1 << ADATE); //enabble auto trigger 
   ADCSRA |= (1 << ADEN); //enable ADC 
   ADCSRA |= (1 << ADSC); //start ADC measurements 
   
   digitalWrite(KEY, LOW); 
   BT1.begin(57600); 
   Serial.begin(9600); 
   while(digitalRead(STATE) == 0); // Wait until a device is paired 
   threshold = ADCH+5; 
   delay(1000); 
   
} 
void loopTransparentMode() { 
   detectHit(); 
   accquireData(); 
   sendData(); 
   delay(80); 
} 
 
// Blocks until the signal overtakes a threshold 
void detectHit() { 
   while(ADCH < threshold) {}; 
} 
 
// Reads (numsamples) samples from pin A0 and stores in buf 
void accquireData() { 
   for(byte i = 0; i < numsamples; i++) { 
      buf[i] = ADCH; 
     delayMicroseconds(40); 
   } 
} 
 
// Sends data stored in buf through BT serial port 
void sendData() { 
   BT1.write(buf,numsamples); 
} 
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Appendix E: Java Code 

import java.io.*; 
import javax.microedition.io.*; 
import javax.bluetooth.*; 
import java.util.*; 
import java.net.URL; 
import javax.sound.sampled.*; 
 
public class Stick implements Runnable{ 
     
    final static int NUMPADS = 4; 
    final static int NUMSAMPLES = 100; 
    final static int MAXLAG = 10;   // Number of samples the 
correlation displaces for the matching process 
    final static String ADDRESS1 = new 
String("btspp://201310220332:1");  // MAC address of the Arduino 
BT module 
     
    BufferedReader input; 
    char padDB[][][];       // Buffer for storing the setup 
strokes 
    char fortePiano[][];    // Buffer for storing the setup 
strokes' max and min values 
    SoundManager dB;        // In charge of the audio clips 
     
    public Stick(String address) throws Exception{ 
        loadSounds(); 
        padDB = new char[NUMPADS][2][NUMSAMPLES]; 
        fortePiano = new char[NUMPADS][2]; 
        input = connectDevice(address); 
    } 
     
    public static void main(String[] args) { 
        try { 
            (new Thread(new Stick(ADDRESS1))).start(); 
        } catch ( Exception e ) 
{ System.err.print(e.toString()); } 
    } 
     
    public void run() { 
        try { 
            setup(); 
            play(); 
            //while(true) if(input.ready()) 
System.out.println(input.read()); 
        } catch ( Exception e ) 
{ System.err.print(e.toString()); } 
    } 
 
    // Tries to connect to the BT module on the stick. Returns 
the input of the serial communcation. 
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    public BufferedReader connectDevice (String address) throws 
Exception { 
        System.out.println("Trying to connect..."); 
        StreamConnection conn = (StreamConnection) 
Connector.open(address); 
        System.out.println("Connection successful!"); 
        BufferedReader input = new BufferedReader(new 
InputStreamReader(conn.openInputStream(),"ISO-8859-1")); 
        return input; 
    } 
     
    // Asks the user to hit the setup strokes and prepares the 
system 
    public void setup() throws Exception { 
        System.out.println("Stick setup:"); 
        for(int i = 0; i < NUMPADS; i++) { 
            System.out.println("Hit pad..." + (i+1) + " 
(Piano):"); 
            padDB[i][0] = nextStroke(); 
            Thread.sleep(500); 
            System.out.println("Hit pad..." + (i+1) + " 
(Forte):"); 
            padDB[i][1] = nextStroke(); 
            Thread.sleep(500); 
            fortePiano[i][0]= maxValue(padDB[i][0]); 
            fortePiano[i][1]= maxValue(padDB[i][1]); 
        } 
    } 
     
    // Infinite loop where the user is able to play with the 
system 
    public void play() throws Exception { 
        System.out.println("Time to play:"); 
        while(true) { 
            char stroke[] = nextStroke(); 
            time = System.nanoTime(); 
            int pad = padHit(stroke); 
            System.out.println("Matching:   " + (-time + 
System.nanoTime())); 
            time = System.nanoTime(); 
            float gain = detectForce(stroke,pad); 
            System.out.println("Force:      " + (-time + 
System.nanoTime())); 
            sound(pad,gain); 
        } 
    } 
     
    // Blocks until new data is sent via BT, reads and 
preprocesses the signal 
    public char[] nextStroke() throws Exception { 
        char stroke[] = new char[NUMSAMPLES]; 
        while(!input.ready()){}; 
        time = System.nanoTime(); 
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        for(int i = 0; i < NUMSAMPLES; i++) stroke[i] = 
(char)input.read(); 
        System.out.println("Read:       " + (-time + 
System.nanoTime())); 
        time = System.nanoTime(); 
        stroke = smoothStroke(stroke,6); 
        System.out.println("Smooth:     " + (-time + 
System.nanoTime())); 
        return stroke; 
    } 
     
    // Determines which of the setup pads is played using 
correlation as signal comparison 
    public int padHit(char[] stroke) { 
        int activatedPad = 0; 
        int window = NUMSAMPLES - MAXLAG; 
        double maxCorr = 0; 
        double cor; 
        for(int i = 0; i < NUMPADS; i++) { 
            double aux = 0; 
            double aux2 = 0; 
            cor = 
corr(Arrays.copyOfRange(padDB[i][0],0,window),Arrays.copyOfRange(
stroke,0,window)); 
            for(int k = 0; k <= 1;k++){ 
                for(int j = 1; j < MAXLAG; j++) { 
                    aux = corr(Arrays.copyOfRange(padDB[i][k],j,j 
+ window),Arrays.copyOfRange(stroke,0,window)); 
                    aux2 = 
corr(Arrays.copyOfRange(padDB[i][k],0,window),Arrays.copyOfRange(
stroke,j,j + window)); 
                    aux = Math.max(aux,aux2); 
                    if(aux > cor) cor = aux; 
                } 
            } 
             
            if(cor > maxCorr){ 
                activatedPad = i+1; 
                maxCorr = cor; 
            } 
        } 
        return activatedPad-1; 
    } 
     
    // Detects the force applied to the stroke 
    public float detectForce(char[] stroke, int pad){ 
        char force = maxValue(stroke); 
        float gain; 
        if(force < fortePiano[pad][0]) gain = -1; 
        else if(force > fortePiano[pad][1]) gain = 0; 
        else gain = ((float)(force - 
fortePiano[pad][0])/(float)(fortePiano[pad][1] - 
fortePiano[pad][0])) - 1; 
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        return gain * (-gain) * 15; 
    } 
     
    // Activates the sound corresponding to the played pad 
    public void sound(int pad, float gain) throws Exception { 
        //System.out.println("Sound:  " + 
(System.nanoTime()/1000000)%1000); 
        dB.playSound(pad, gain); 
        //System.out.println("End:    " + 
(System.nanoTime()/1000000)%1000); 
        System.out.println(pad+1); 
    } 
     
    // Loads the audio clips 
    public void loadSounds() throws Exception { 
        dB = new SoundManager(); 
         
        for (int i = 1; i <= NUMPADS; i++) { 
            dB.addClip(i + ".wav"); 
        } 
    } 
     
    // Returns the maximum value of an array 
    private static char maxValue(char[] array) { 
        char max = array[0]; 
        for (int i = 0; i < array.length; i++) { 
            if (array[i] > max) { 
                max = array[i]; 
            } 
        } 
        return max; 
    } 
     
    // Applies an average filter of size n 
    private static char[] smoothStroke(char[] stroke, int n) { 
        char[] smoothedStroke = new char[NUMSAMPLES-n]; 
        for (int i = 0; i < NUMSAMPLES-n-1; i++) { 
            char[] aux = Arrays.copyOfRange(stroke,i,i+n); 
            for (int j = 0; j < aux.length; j++) 
smoothedStroke[i] += aux[j]; 
            smoothedStroke[i] = (char)(smoothedStroke[i]/n); 
        } 
        return smoothedStroke; 
    } 
     
    // Computes the correlation between arrays xs and ys 
    public static double corr(char[] xs, char[] ys) { 
         
        double sx = 0.0; 
        double sy = 0.0; 
        double sxx = 0.0; 
        double syy = 0.0; 
        double sxy = 0.0; 
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        int n = xs.length; 
         
        for(int i = 0; i < n; ++i) { 
            double x = xs[i]; 
            double y = ys[i]; 
             
            sx += x; 
            sy += y; 
            sxx += x * x; 
            syy += y * y; 
            sxy += x * y; 
        } 
         
        // covariation 
        double cov = sxy / n - sx * sy / n / n; 
        // standard error of x 
        double sigmax = Math.sqrt(sxx / n -  sx * sx / n / n); 
        // standard error of y 
        double sigmay = Math.sqrt(syy / n -  sy * sy / n / n); 
         
        // correlation is just a normalized covariation 
        return cov / sigmax / sigmay; 
    } 
     
    // Class in charge of the audio management 
    public class SoundManager 
    { 
        private javax.sound.sampled.Line.Info lineInfo; 
         
        private Vector afs; 
        private Vector sizes; 
        private Vector infos; 
        private Vector audios; 
        private int num=0; 
         
        public SoundManager() 
        { 
            afs=new Vector(); 
            sizes=new Vector(); 
            infos=new Vector(); 
            audios=new Vector(); 
        } 
        public void addClip(String s) 
        throws IOException, UnsupportedAudioFileException, 
LineUnavailableException 
        { 
            URL url = getClass().getResource(s); 
            //InputStream inputstream = url.openStream(); 
            AudioInputStream audioInputStream = 
AudioSystem.getAudioInputStream(loadStream(url.openStream())); 
            AudioFormat af = audioInputStream.getFormat(); 
            int size = (int) (af.getFrameSize() * 
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audioInputStream.getFrameLength()); 
            byte[] audio = new byte[size]; 
            DataLine.Info info = new DataLine.Info(Clip.class, af, 
size); 
            audioInputStream.read(audio, 0, size); 
             
            afs.add(af); 
            sizes.add(new Integer(size)); 
            infos.add(info); 
            audios.add(audio); 
             
            num++; 
        } 
private ByteArrayInputStream loadStream(InputStream inputstream) 
        throws IOException 
        { 
            ByteArrayOutputStream bytearrayoutputstream = new 
ByteArrayOutputStream(); 
            byte data[] = new byte[1024]; 
            for(int i = inputstream.read(data); i != -1; i = 
inputstream.read(data)) 
                bytearrayoutputstream.write(data, 0, i); 
             
            inputstream.close(); 
            bytearrayoutputstream.close(); 
            data = bytearrayoutputstream.toByteArray(); 
            return new ByteArrayInputStream(data); 
        } 
public void playSound(int x,float gain) 
        throws UnsupportedAudioFileException, 
LineUnavailableException 
        { 
            if(x>num) 
            { 
                System.out.println("playSound: sample nr["+x+"] 
is not available"); 
            } 
            else 
            { 
                Clip clip = (Clip) 
AudioSystem.getLine((DataLine.Info)infos.elementAt(x)); 
                clip.open((AudioFormat)afs.elementAt(x), 
(byte[])audios.elementAt(x), 0, 
((Integer)sizes.elementAt(x)).intValue()); 
                FloatControl gainControl = (FloatControl) 
clip.getControl(FloatControl.Type.MASTER_GAIN); 
                gainControl.setValue(gain); 
                clip.start(); 
            } 
        } 
    } 
} 


