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ABSTRACT 

When playing a viola, there are many ways to produce a sound from a string. 

Sound can be produced by drawing a bow over the string or by using a finger to pluck the 

string (also known as pizzicato). Although these methods of playing produce the same 

note, they produce different sounds. Furthermore, the location in which the bow is placed 

between the bridge and fingerboard of the instrument and the location of the pluck along 

the string length affects the tone quality. Using a DSO1014A Oscilloscope, the 

frequencies and magnitudes of a sound signal captured by a microphone can be analyzed. 

By comparing the frequency spectrums of notes plucked or bowed at different locations 

along the A string, difference in tone quality can be justified qualitatively. The 

differences in sound due to bowing vs. pizzicato, bow placement, type of pizzicato, 4
th

 

finger harmonics, and mutes were able to be justified using the frequency spectra 

generated through testing. By observing the frequency spectrums of various viola playing 

techniques, musicians can further understand how to get the best sound out of their 

instrument. 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGEMENTS 

 Firstly, I would like to thank my supervising professor, Dr. Patrick Walter, for all 

of his support in this project. Before this project, I knew nothing about frequency 

analysis, so I really appreciate all of your guidance and help in collecting the knowledge 

and equipment that I needed to complete this project. 

 I would also like to thank the other two members of my Honors Thesis 

Committee: Dr. Misha Galaganov and Dr. Tristan Tayag. Dr. Galaganov has taught me 

so much about what it means to play viola over these past four years studying in the TCU 

School of Music. Thanks to him, I have been able to grow as a musician as I pursue a 

major in engineering. Dr. Tayag has also played a key role in helping me to discover the 

wonders of research and is always willing to provide me with advice when it comes to 

engineering. 

 Without the help of my music and engineering peers, I would not have been able 

to collect data for my project. Thank you to Elitsa Atanasova, Kevin Case, Hannah 

Galloway, Juilan Tello, and Laurielle Warren for spending hours with me in the lab, 

trying to get consistent notes to come out of my viola.  

 Special thanks go to Mark Valentino and PCB Piezotronics who kindly helped me 

to pick out a microphone for testing and donated the 378B02 microphone to help me with 

my research. 

 Finally, I would like to thank the John V. Roach Honors College and the TCU 

College of Science and Engineering for giving me the opportunity to combine and further 

explore my passions of viola and engineering through this project. 

 



v 
 

TABLE OF CONTENTS 

INTRODUCTION .............................................................................................................. 1 

BACKGROUND INFORMATION ................................................................................... 4 

Frequency Analysis ................................................................................................. 4 

Viola Playing .......................................................................................................... 5 

EQUIPMENT ..................................................................................................................... 8 

PROCEDURE ................................................................................................................... 10 

System Setup ......................................................................................................... 10 

Viola Preparation .................................................................................................. 12 

Testing................................................................................................................... 13 

ANALYSIS ....................................................................................................................... 24 

RESULTS ......................................................................................................................... 25 

DISCUSSION ................................................................................................................... 33 

Bowing vs. Pizzicato ............................................................................................. 33 

Bow Placement Between the Bridge and the Fingerboard ................................... 34 

Normal Pizzicato vs. Left Hand Pizzicato ............................................................ 36 

4
th

 Finger Harmonics ............................................................................................ 37 

Unmuted vs. Muted ............................................................................................... 39 

CONCLUSIONS............................................................................................................... 42 



vi 
 

APPENDIX A: LABORATORY PERFORMANCE ASSESSMENT OF TWO 

SPECIFIC FREQUENCY ANALYZERS ........................................................................ 44 

APPENDIX B: VIOLA PLAYING TECHNIQUES TEST RESULTS ........................... 63 

REFERENCES ................................................................................................................. 73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

LIST OF TABLES 

Table 1- Viola Playing Technique Tests ........................................................................... 17 

Table 2- Bowed Over Fingerboard Edge Measurements .................................................. 24 

Table 3- Bowed at the Bridge Frequency Measurements ................................................. 25 

Table 4- Bowed, Muted at the Bridge Frequency Measurements .................................... 25 

Table 5- Bowed at the Middle between the Bridge and the Fingerboard Measurements . 26 

Table 6- Bowed at the Middle between the Bridge and the Fingerboard with Mute........ 26 

Table 7- Bowed Over the Fingerboard Edge Measurements ............................................ 27 

Table 8- Bowed Over the Fingerboard Edge with Mute Measurements .......................... 27 

Table 9- 4th Finger Harmonic, Bowed a the Middle Measurements ................................ 28 

Table 10- 4th Finger Harmonic, Bowed at the Middle with Mute Measurements ........... 28 

Table 11- Pizzicato 1 inch over the Fingerboard Measurements ...................................... 29 

Table 12- Pizzicato Muted 1 inch Over the Fingerboard Measurements ......................... 29 

Table 13- Left Hand Pizzicato with the Third Finger Measurements .............................. 29 

Table 14- Left Hand Muted Pizzicato with the Third Finger Measurements ................... 30 

Table 15- 4th Finger Harmonic Pizzicato Measurements................................................. 30 

Table 16- 440 Hz Range Peaks for 4th Finger Harmonic Pizzicato ................................. 31 

Table 17- 4th Finger Harmonic Muted Pizzicato Measurements ..................................... 32 

Table 18- 440 Hz Range Peaks for 4th Finger Harmonic Muted Pizzicato...................... 32 

Table 19- Theoretical Values for the Fourier Series of a 5V Peak to Peak,                  

1kHz Square Wave ........................................................................................................... 46 

Table 20- Sine Wave at 100 Hz, 1 Vpk-pk ....................................................................... 50 

Table 21-Sine Wave at 100Hz, 5Vpk-pk .......................................................................... 50 



viii 
 

Table 22- Sine Wave at 1kHz, 1Vpk-pk ........................................................................... 50 

Table 23- Sine Wave at 1kHz, 5Vpk-pk ........................................................................... 50 

Table 24- Sine Wave at 10kHz, 1Vpk-pk ......................................................................... 51 

Table 25- Sine Wave at 10kHz, 5Vpk-pk ......................................................................... 51 

Table 26- Measured Values of a 1kHz, 5V Peak to Peak Square Wave                       

Using the SR785 ............................................................................................................... 57 

Table 27- 54810A Infinium Measured Values of a 1kHz,                                                 

5V Peak to Peak Square Wave.......................................................................................... 58 

Table 28- Measured Fourier Integral Values Using the SR785 ........................................ 59 

Table 29- Measured Response of a Beam Using an 54810A Infinium ............................ 60 

Table 30- Theoretical vs. Measured Values for a Square Wave Using the SR785 .......... 60 

Table 31- Theoretical vs. Measured Values of a Square Wave                                    

Using the 54810A Infinium .............................................................................................. 61 

Table 32- Theoretical vs. Measured Values of a Beam .................................................... 61 

Table 33- Percent Difference of Measured Values for the Beam ..................................... 61 

  

 

 

 

 

 

 

 



ix 
 

LIST OF FIGURES 

Figure 1- Time Domain of Recorded Signal....................................................................... 4 

Figure 2- Fourier Sum of Sine Waves [1] ........................................................................... 4 

Figure 3- Frequency Domain of Recorded Signal .............................................................. 5 

Figure 4- Viola Anatomy .................................................................................................... 6 

Figure 5- Finger Placement for 4th Finger Harmonic ........................................................ 6 

Figure 6- Mute Placement on a Viola ................................................................................. 7 

Figure 7- Model 480CO6 Power Unit .............................................................................. 10 

Figure 8- 3362 Band Pass Filter........................................................................................ 11 

Figure 9- Band Pass Frequencies ...................................................................................... 11 

Figure 10- Soundcorset Metronome and Tuner App ........................................................ 12 

Figure 11- Violist Position ................................................................................................ 13 

Figure 12- Bowing at the Bridge ...................................................................................... 13 

Figure 13- DSO1014A Screen .......................................................................................... 14 

Figure 14- Capturing Harmonic Peak Measurements ....................................................... 15 

Figure 15- Tourte Viola Mute ........................................................................................... 16 

Figure 16- Bowing at the Bridge with Mute ..................................................................... 16 

Figure 17- Bowing in the Middle Between the Bridge and the Fingerboard.................... 17 

Figure 18- Bowing in the Middle between the Bridge and the Fingerboard, With Mute . 18 

Figure 19- Bowing Over the Fingerboard Edge ............................................................... 18 

Figure 20- Bowing Over the Fingerboard Edge, With Mute ............................................ 19 

Figure 21- 4th Finger Harmonic, Bowed .......................................................................... 19 

Figure 22- 4th Finger Harmonic, Bowed With Mute ....................................................... 20 



x 
 

Figure 23- Pizzicato 1 inch Over Fingerboard .................................................................. 20 

Figure 24- Pizzicato 1 inch Over Fingerboard, With Mute .............................................. 21 

Figure 25- 4th Finger Harmonic Pizzicato........................................................................ 21 

Figure 26- 4th Finger Harmonic Pizzicato, With Mute .................................................... 22 

Figure 27- Left Hand Pizzicato ......................................................................................... 22 

Figure 28- Left Hand Pizzicato, With Mute ..................................................................... 23 

Figure 29- Bowed Over Fingerboard Edge Measurements .............................................. 24 

Figure 30- 440 Hz Range of Frequencies ......................................................................... 31 

Figure 31- Bowed at Middle between Bridge and Fingerboard ....................................... 33 

Figure 32- Pizzicato at 1 inch Over the Fingerboard ........................................................ 33 

Figure 33- Bowed at the Bridge ........................................................................................ 34 

Figure 34- Bowed in the Middle between the Bridge and the Fingerboard...................... 35 

Figure 35- Bowed at the Fingerboard Edge ...................................................................... 35 

Figure 36- Pizzicato 1 inch Over Fingerboard .................................................................. 36 

Figure 37- Left Hand Pizzicato ......................................................................................... 36 

Figure 38- Bowed 4th Finger Harmonic ........................................................................... 38 

Figure 39- 4th Finger Harmonic Pizzicato........................................................................ 38 

Figure 40- Left Hand Pizzicato, No Mute ........................................................................ 39 

Figure 41- Left Hand Pizzicato, With Mute ..................................................................... 39 

Figure 42- Bowed 4th Finger Harmonic, No Mute........................................................... 40 

Figure 43- Bowed 4th Finger Harmonic, With Mute ....................................................... 41 

Figure 44- Fourier Integral of a 2.5V Square Pulse .......................................................... 47 

Figure 45- SR785 .............................................................................................................. 52 



xi 
 

Figure 46- 54810A Infinium ............................................................................................. 52 

Figure 47- Waveform Generator ....................................................................................... 53 

Figure 48- 3800 Strain Indicator ....................................................................................... 53 

Figure 49- Strain Gaged Cantilever Beam Setup .............................................................. 53 

Figure 50- Voltage vs. Time for a Transient Signal Using the SR785 ............................. 55 

Figure 51- Voltage vs. Time for a Transient Signal Using the 54810A Infinium ............ 55 

Figure 52- Voltage vs. Time of a 1kHz, 5V Peak to Peak Square Wave                        

Using the SR785 ............................................................................................................... 56 

Figure 53- Voltage vs. Frequency of a 1kHz, 5V Peak to Peak Square Wave                

Using the SR785 ............................................................................................................... 56 

Figure 54- Voltage vs. Time of a 1kHz, 5V Peak to Peak Square Wave                                 

Using the 54810A Infinium .............................................................................................. 57 

Figure 55- Voltage vs. Frequency of a 1kHz, 5V Peak to Peak Square Wave                       

Using the 54810A Infinium .............................................................................................. 57 

Figure 56- Voltage vs. Time of a Beam Using the SR785 ............................................... 58 

Figure 57- Voltage vs. Frequency of a Beam Using the SR785 ....................................... 59 

Figure 58- Voltage vs. Time of a Beam Using the 54810A Infinium .............................. 59 

Figure 59- Voltage vs. Frequency of a Beam Using the 54810A Infinium ...................... 60 

  

 

 



1 
 

INTRODUCTION 

When working with acoustics, there are many variables that can affect the 

outcome of data. In order to collect accurate and meaningful data, it is important to 

identify and minimize the effects of these variables. The recording environment, the 

direction and placement of recording equipment, methods of playing the viola, and the 

instrument used are some of the main variables that are encountered during this study. 

As sound travels, it reflects off of surfaces, creating an echo. The amount of echo 

depends upon the room acoustics, the material of the walls and the floors, and the 

surfaces and objects in the room off of which the sound can reflect. For this reason, the 

room in which recording takes place needs to provide an environment that takes into 

account these variables. For this project, Room 232 in the Texas Christian University 

Tucker Technology Center is used for recording. In order to minimize reflections off of 

the floor, a rug was placed in the center of the lab. 

The equipment used to capture signals and its placement in the room can also 

affect the results. The Agilent DSO1014A Oscilloscope with signal analyzing capabilities 

was chosen to be the frequency measurement tool for this project. The microphone used 

to capture sound can also affect the quality of the captured signal. For this study, a PCB 

Piezotronics Model 378B02 random incidence microphone was used. A microphone 

stand is needed in order to hold the microphone at an angle where it can receive the 

sound coming from the viola. The placement of the microphone in the room and its 

distance from the viola will also have an effect on the captured signal. In this experiment, 

the microphone was placed at a distance of 51 inches from the floor and 57.75 inches 

from the viola. In order to ensure consistency of the microphone to viola distance, the 
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location of the microphone stand was marked with tape and the microphone stand was 

kept at the same height and angle throughout all tests. 

Two methods of playing the viola are tested in this experiment: drawing a bow 

and plucking the string. Furthermore, the effect of the location of the finger on the string 

when plucking a note and the location of the bow on the string will be studied. However, 

there are many other variables to consider when it comes to playing the viola. When 

bowing a note, the direction in which the bow is drawn, how straight the bow is when 

drawn, the bow tension, the weight applied to the bow on the string, the amount of rosin 

on the bow hair, the speed at which the bow is drawn, the angle of the bow hair compared 

to the string, and the amount of bow used in a single stroke can affect the note produced. 

When it comes to plucking a note, the part of the finger used to pluck the string, the 

finger used to pluck the string, the amount of force the finger applies to the string, the 

direction of the pizzicato, and the way in which the hand is anchored on the viola can 

alter test results. The posture of the violist can also affect the sound produced. In order to 

minimize the effects of these variables, several trials were conducted where the violist 

used consistent motions that could be repeated. Tests were conducted with the same 

violist to account for differences in performance posture as well as with other violists to 

look for commonalities between the differences in sound that are not necessarily specific 

to a certain violist. 

The instrument itself contains several variables. Because violas are often hand 

crafted, no two violas will produce the same sound. The shape, material, and size of the 

viola have an effect on the sound produced. The bow, strings, tuners, shoulder rest, and 

other parts attached to the viola can also affect the sound produced. Because the same 
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viola and bow is used for all tests, these variables are minimized. However, the string 

tension may change throughout testing due to elongation or contraction of the string with 

changes in temperature, humidity, or force applied to the strings. The string’s tension 

directly affects the frequency of the note produced. In order to minimize the effect of 

string tension, the strings are tuned to the same frequency between tests. For the A string, 

this is 440 Hz. Also, tests were conducted in the relatively controlled environment of a 

lab, and, for each violist, were conducted one after the other to account for changes in 

weather. 

Through the performance of several trials focusing on minimizing the variables in 

playing and recording notes, the results of the tests performed have higher accuracy. With 

accurate results, conclusions can be made about the effect of bowing and pizzicato 

location on a viola A string. 
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BACKGROUND INFORMATION 

Frequency Analysis 

 Frequency Analysis is a method in which the differences in sound can be justified 

between viola playing techniques. First, the sound signal must be obtained using a 

microphone. The result is the signal in the time domain, as shown in the figure below: 

 

Figure 1- Time Domain of Recorded Signal 

 The time domain signal can be transformed into the frequency domain using a 

Fourier Transform. Fourier discovered that any signal, no matter how complex, can be 

decomposed into a series of sine waves, as shown in Figure 2. The frequencies of these 

individual sine waves make up the frequency spectrum of the signal: 

 

Figure 2- Fourier Sum of Sine Waves [1] 
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The frequency spectrum can be plotted using a Fast Fourier Transform, also known as an 

FFT. The following plot shows the FFT of the recorded signal from Figure 1: 

 

Figure 3- Frequency Domain of Recorded Signal 

For a viola A string, the fundamental frequency is 440 Hz. Therefore, the first peak on 

the FFT is at 440 Hz. After the fundamental frequency, there are harmonic frequencies 

that occur at multiples of the fundamental frequency. Therefore, the second harmonic 

peak for a viola A string will occur at two times 440 Hz, which is 880 Hz. The third 

harmonic peak for a viola A string will occur at three times 440 Hz, which is 1320 Hz. 

By looking at the magnitude of these harmonic peaks, the frequency content and intensity 

of various playing techniques can be compared. For more explanation of frequency 

analysis of signals, see Appendix A. 

Viola Playing 

 In order to understand viola playing techniques, it is important to understand the 

parts of a viola. A viola is a stringed instrument that can be played in two main ways: 

bowing and pizzicato. Bowing involves drawing a bow across the string in order to make 

a sound. Pizzicato is performed by plucking the string. Depending on where the viola is 
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played, a different sound can be produced. This is particularly true for the placement of 

the bow between the bridge and the fingerboard, which are labeled in Figure 4: 

 

Figure 4- Viola Anatomy 

 Musical harmonics can be produced on the viola by lightly touching the string at 

its midpoint, as shown in the Figure 5. This essentially cuts the string in half, making it 

produce the same note, but one octave higher. In this experiment, a 4
th

 finger harmonic 

on the A string also produces an A, but one octave higher. 

 

Figure 5- Finger Placement for 4th Finger Harmonic 
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 The timbre, or sound, of a viola can be changed by placing a device called a mute 

on the bridge, as shown in the figure below: 

 

Figure 6- Mute Placement on a Viola 

 Using these different methods of playing creates different sounds on the viola. 
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EQUIPMENT 

 PCB Piezotronics 378B02 Microphone 

 Model Number: 378B02 

 Serial Number: 117958 

 PCB Piezotronics Model 480CO6 Power Unit 

 Model Number: 480CO6 

 Serial Number: 1743 

 Krohn-Hite Corporation Model 3362 Filter, 4 Pole LP/HP, Butterworth/Bessel 

 Model Number: 3362 

 Serial Number: 1006 

 Agilent Technologies DSO1014A 4 Channel 100MHz Oscilloscope 

 Model Number: DSO1014A 

 Serial Number: CN54152198 

 Musician’s Gear Tripod Microphone Stand with Fixed Boom 

 Model Number: MGTBS-BK-MG 

 Serial Number: 8940608246 

 On-Stage Stands® Clothespin Style Microphone Clip 

 Model Number: MY200 

 Serial Number: 5981406152 

 Mainstays
TM

 5 ft x 7 ft Multi-Purpose Area Rug 

 Model Number: MS11-011-004-11 

 Serial Number: 8609330081 

 Korg TM-40 Digital Tuner Metronome 
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 Model Number: TM-40 

 Serial Number: N222 

 16” Glaesel Shop Adjusted Viola 

 Model Number: VA10E3 

 Serial Number: F18106 

 Tourte Viola Mute 

 Glasser Viola Bow 

 Kun Viola Shoulder Rest 

 Dominant Viola 141 Medium Synthetic Core Strings 

 Soundcorset Metronome and Tuner App 

 Smart Phone 

 Sony Headphones 

 Coaxial Cables 

 USB Storage Device 

 Laptop Computer 
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PROCEDURE 

System Setup 

1. Make sure that the microphone, rug, and testing equipment are set in the same place 

for every test. For this test, the microphone was placed at a distance of 51 inches from 

the floor and 57.75 inches from the viola. 

2. Place the 378B02 microphone into the clip on the end of the microphone stand so that 

there is 1.125 inches between the microphone head and the clip. Attach one end of a 

coaxial cable to the end of the microphone and attach the other end to the XDCR 

input on the 480CO6 Power Unit. Turn the 480CO6 Power Unit on and set the gain to 

10. 

 

Figure 7- Model 480CO6 Power Unit 

3. Use another coaxial cable to attach the SCOPE input on the 480CO6 Power Unit to 

the Channel 1 input on the 3362 Filter. In order to create a band-pass filter, connect 

the Channel 1 output of the 3362 Filter to the Channel 2 input of the 3362 Filter. 
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Connect the Channel 2 output of the 3362 Filter to the Channel 1 input on the 

DSO1014A Oscilloscope. 

 

Figure 8- 3362 Band Pass Filter 

Turn on the 3362 Filter. Set Channel 1 to be a Butterworth High Pass Filter with a 

cutoff frequency of 270 Hz. Set Channel 2 to be a Butterworth Low Pass Filter with a 

cutoff frequency of 2.5 kHz. The band of frequencies that this filter allows through is 

shown in the figure below: 

 

Figure 9- Band Pass Frequencies 

4. Turn on the DSO1014A Oscilloscope. Set the screen to show Channel 1 at 

200mV/div on the y-axis and 200.0 ms/div on the x-axis. Turn on the FFT under the 

MATH settings. Adjust the screen to show 20.0 mV/div, 213.3 Hz/div, and a sample 

size of Sa=4.267kSa. 
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Viola Preparation 

1. Attach the Kun Viola Shoulder Rest to the viola. Tighten the Glasser bow so that 

there is approximately half an inch of space between the hair and the stick at the 

middle of the bow. Make sure that the Tourte Viola Mute is not attached to the viola. 

2. Tune the viola A string to 440 Hz using the Korg TM-40 Digital Tuner Metronome. 

3. Open the Soundcorset Metronome and Tuner App on any smart phone. Set the 

metronome to 124 beats per minute, as shown in the figure below: 

 

Figure 10- Soundcorset Metronome and Tuner App 

4. Plug the Sony Headphones into the phone. Have the violist stand in the center of the 

rug, facing the test equipment, as shown in Figure 11 below. The violist should then 

put the Sony Headphones over their ears and put the smart phone into their pocket, 

adjusting the volume as necessary. 
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Figure 11- Violist Position 

Testing 

1. Set the Run Control on the DSO1014A Oscilloscope so that the Run/Stop Button is 

green. Have the violist play strokes across the A-string continuously at 124 beats per 

minute, with the bow close to the bridge. Make sure that each stroke is down bow and 

starts at the top of the grip on the bow, as shown in the figure below: 

 

Figure 12- Bowing at the Bridge 
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2. As the violist plays, each stroke should appear on the DSO1014A Oscilloscope screen 

in yellow. If the violist is playing consistently, each stroke should have a similar 

shape and amplitude. If the violist is playing on beat, the location of the stroke on the 

screen should not change in the x-direction as the screen relapses to show the next 

sequence of strokes in time. Besides capturing consistent strokes that are on beat, the 

beginning and end of each stroke should be visible on the screen, beginning on the 

left side. If the left hand side of the screen shows the middle of a stroke instead of the 

beginning, press the Run/Stop button twice to adjust when the screen relapses. 

Continue adjusting the Run Control until the beginning and end of 5 strokes can be 

seen on screen after each time relapse. The DSO1014A Oscilloscope screen should 

look like Figure 13 below: 

 

Figure 13- DSO1014A Screen 

3. Once the strokes are correctly positioned on the screen of the DSO1014A 

Oscilloscope and the violist feels comfortable with their playing consistency, have the 

violist stop playing. Wait for the DSO1014A Oscilloscope screen to clear from any 

leftover noise and allow both the time and frequency signals go to zero. 
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4. Have the violist play eight strokes. Immediately after the eighth stroke, press the 

Run/Stop button on the Run Control to capture the signal. Make sure that five full 

strokes were captured (where the beginning and end of each stroke is visible on 

screen) and that each stroke was consistent in shape and amplitude. If not, repeat 

steps 1 through 4 until five full and consistent strokes can be captured. 

5. If necessary, use the MATH menu to change the amplitude of the harmonic peaks so 

that the top of each peak can be seen clearly. Use the cursor menu on the DSO1014A 

Oscilloscope to measure the harmonic peaks on the FFT. Set both cursors to 

“TRACK” the MATH channel. Move cursor A to the top of the first peak and cursor 

B to the top of the second peak. The screen should reveal that the first peak is about 

440 Hz and the second peak is close to 880 Hz, as shown in Figure 14 below: 

 

Figure 14- Capturing Harmonic Peak Measurements 

6. Insert a USB Storage Device into the front of the DSO1014A Oscilloscope. Press the 

“Print” button on the DSO1014A Oscilloscope to open the “Print” menu. Press the 

“Print” button on the “Print” menu to store the screen image with measurements as a 

picture.  
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7. Repeat steps 5 and 6 to measure the other harmonic peaks of the FFT and store them 

to the USB Storage Device. Additionally, clear the cursors from the screen by 

pressing the “Cursors” button and use the print feature to capture an image of the 

signals without cursors. 

8. Remove the USB storage device from the DSO1014A Oscilloscope and store the 

pictures onto a laptop. These pictures should be labeled, “Bowed at the bridge.” 

9. Repeat Testing Steps 1 through 8 with the Tourte Viola Mute attached to the bridge, 

as shown in Figures 15 and 16 below: 

 

Figure 15- Tourte Viola Mute 

 

Figure 16- Bowing at the Bridge with Mute 
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10. Then, repeat Testing Steps 1 through 9 for other playing techniques, listed in the table 

below: 

Table 1- Viola Playing Technique Tests 

 Bow Pizzicato 

Unmuted 

 At the Bridge 

 Middle Between Bridge and 

Fingerboard 

 Over the Fingerboard Edge 

 4
th

 Finger Harmonic 

 1 inch Over the Fingerboard 

 4
th

 Finger Harmonic 

 Left Hand Pizzicato with 3
rd

 Finger 

Muted 

 At the Bridge 

 Middle Between Bridge and 

Fingerboard 

 Over the Fingerboard Edge 

 4
th

 Finger Harmonic 

 1 inch Over the Fingerboard 

 4
th

 Finger Harmonic 

 Left Hand Pizzicato with 3
rd

 Finger 

 

Refer to the figures below for guidance on what each viola playing technique should look 

like: 

 

Figure 17- Bowing in the Middle Between the Bridge and the Fingerboard 
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Figure 18- Bowing in the Middle between the Bridge and the Fingerboard, With 

Mute 

 

 

Figure 19- Bowing Over the Fingerboard Edge 
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Figure 20- Bowing Over the Fingerboard Edge, With Mute 

 

 

Figure 21- 4th Finger Harmonic, Bowed 
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Figure 22- 4th Finger Harmonic, Bowed With Mute 

 

 

Figure 23- Pizzicato 1 inch Over Fingerboard 
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Figure 24- Pizzicato 1 inch Over Fingerboard, With Mute 

 

 

Figure 25- 4th Finger Harmonic Pizzicato 
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Figure 26- 4th Finger Harmonic Pizzicato, With Mute 

 

Figure 27- Left Hand Pizzicato 
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Figure 28- Left Hand Pizzicato, With Mute 
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ANALYSIS 

Using the procedures outlined above, sets of data were collected from five 

violists. Each violist performed the 14 tests mentioned in Table 1 above. From each set of 

data, the measurements of the harmonic peaks were translated into data tables such as 

Table 2 below, which is based off of Figure 29: 

Table 2- Bowed Over Fingerboard Edge Measurements 

Peak Frequency (Hz) Amplitude (mV) 

1 435.2 10.8 

2 878.9 9.60 

3 1314 1.60 

4 1758 1.60 

 

 

Figure 29- Bowed Over Fingerboard Edge Measurements 

Each test was compared to the other tests performed by the same violist. Then, 

those tests were compared to the tests of other violists in order to look for trends in the 

measured data. For more information on how frequencies are calculated and measured in 

an FFT, see Appendix A. 
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RESULTS 

The frequency and amplitude measurements gathered from the DSO1014A Oscilloscope 

were used to create the following data tables. The individual test data can be found in 

Appendix B.  

Bowed at the Bridge 

The following measurements were recorded when the viola was bowed at the bridge: 

Table 3- Bowed at the Bridge Frequency Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 10.4 36.0 101 62.4 75.2 

880 43.2 16.8 64.0 58.4 32.0 

1320 4.00 4.00 25.6 21.6 12.8 

1760 5.60 7.20 8.00 3.20 4.80 

2200 1.60 0.80 3.20   

 

Bowed, Muted at the Bridge 

The following measurements were recorded when the viola was muted and bowed at the 

bridge: 

Table 4- Bowed, Muted at the Bridge Frequency Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 6.40 68.8 115 12.0 18.4 

880 59.2 22.4 38.4 44.8 15.2 

1320 3.20 8.00 17.6  8.80 

1760 3.20 4.80 1.60  0.40 

2200 3.20  3.20   

 

 

 



26 
 

Bowed at the Middle, Between the Bridge and the Fingerboard 

The following measurements were recorded when the viola was bowed at the middle 

between the bridge and the fingerboard: 

Table 5- Bowed at the Middle between the Bridge and the Fingerboard 

Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 27.2 35.2 120 16.8 24.8 

880 34.4 16.8 18.4 12.8 8.00 

1320 6.40 3.20 9.60 14.0 6.40 

1760 8.80 12.8 12.0 7.20 0.80 

2200 1.60 0.80 8.00   

 

Bowed at the Middle, Between the Bridge and the Fingerboard with Mute 

The following measurements were recorded when the viola was muted and bowed at the 

middle between the bridge and the fingerboard: 

Table 6- Bowed at the Middle between the Bridge and the Fingerboard with Mute 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 46.4 44.8 131 99.2 24.8 

880 27.2 19.2 24.0 24.0 8.00 

1320 1.60 6.40 6.40 17.6 6.40 

1760  3.20 3.20 1.60 0.80 
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Bowed Over the Fingerboard Edge 

The following measurements were recorded when the viola was bowed over the 

fingerboard edge: 

Table 7- Bowed Over the Fingerboard Edge Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 18.4 18.0 65.6 10.8 5.12 

880 12.0 10.8 17.6 9.60 3.52 

1320 6.40 2.80 4.80 1.60 3.04 

1760 4.00 2.40 4.80 1.60 0.64 

2200 2.40  1.60  1.44 

 

Bowed Over the Fingerboard Edge with Mute 

The following measurements were recorded when the viola was muted and bowed over 

the fingerboard edge: 

Table 8- Bowed Over the Fingerboard Edge with Mute Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 10.2 31.2 90.0 13.2 15.2 

880 11.0 10.4 16.0 8.00 4.00 

1320 0.16 4.80 8.00 6.80 2.40 

1760 0.48 2.40 1.60 0.40 0.40 

2200 0.32  3.20   
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4
th

 Finger Harmonic, Bowed at the Middle,  

Between the Bridge and the Fingerboard 

The following measurements were recorded when the viola was bowed at the middle 

between the bridge and the fingerboard and the 4
th

 finger was placed at the harmonic: 

Table 9- 4th Finger Harmonic, Bowed a the Middle Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

880 23.6 56.0 44.8 34.4 10.0 

1760 5.20 20.8 4.80 4.80 0.40 

 

4
th

 Finger Harmonic, Bowed at the Middle,  

Between the Bridge and the Fingerboard with Mute 

The following measurements were recorded when the viola was muted, bowed at the 

middle between the bridge and the fingerboard, and the 4
th

 finger was placed at the 

harmonic: 

Table 10- 4th Finger Harmonic, Bowed at the Middle with Mute Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 0.4  1.60 8.80  

880 19.2 48.0 29.6 17.6 12.3 

1320 0.8  2.40 0.80  

1760 0.4 8.00 1.60 1.20 0.48 
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Pizzicato 1 inch Over the Fingerboard 

The following measurements were recorded when the viola was plucked one inch over 

the fingerboard: 

Table 11- Pizzicato 1 inch over the Fingerboard Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 24.8 28.0 26.4 5.6 19.2 

880 13.6 12.8 30.4 6.72 8.40 

1320 0.80 0.80 0.80 0.32 3.60 

Pizzicato Muted 1 inch Over the Fingerboard 

The following measurements were recorded when the viola was muted and plucked one 

inch over the fingerboard: 

Table 12- Pizzicato Muted 1 inch Over the Fingerboard Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 28.8 24.8 28.8 21.2 19.6 

880 20.8 4.00 40.8 5.60 1.60 

1320 0.80  16.0 0.80  

 

Left Hand Pizzicato With The Third Finger 

The following measurements were recorded when the viola was plucked with the left 

hand third finger: 

Table 13- Left Hand Pizzicato with the Third Finger Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 6.08 13.6 29.6 8.00 3.04 

880 5.76 6.40 31.2 8.16 0.80 

1320 0.64 1.60 6.40 1.60 0.48 

1760 0.32  0.80  0.16 
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Left Hand Muted Pizzicato With the Third Finger 

The following measurements were recorded when the viola was muted and plucked with 

the left hand third finger: 

Table 14- Left Hand Muted Pizzicato with the Third Finger Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 4.80 10.6 23.6 3.36 2.48 

880 2.24 4.16 3.60 0.80 0.40 

1320 0.48 0.32 3.60  0.32 

1760 0.80  0.80   

 

4
th

 Finger Harmonic Pizzicato 

The following measurements were recorded when the viola was plucked one inch over 

the fingerboard with the 4
th

 finger harmonic in place. Note that the recorded amplitude at 

440 Hz is the highest amplitude of the many peaks found surrounding the 440 Hz 

frequency range: 

Table 15- 4th Finger Harmonic Pizzicato Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 2.80 1.76 2.80 5.20 1.44 

880 18.8 6.24 29.6 28.4 4.16 

1320 0.4     

1760   1.20   
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Instead of a single peak at 440 Hz, there were several peaks around 440 Hz, as shown in 

the figure below: 

 

Figure 30- 440 Hz Range of Frequencies 

 The following table shows the peak frequencies for each test that were close to 440 Hz: 

Table 16- 440 Hz Range Peaks for 4th Finger Harmonic Pizzicato 

Peak 
Frequency (Hz) 

Violist A Violist B Violist C Violist D Violist E 

1 256 290.1 247.5 426.7 384.0 

2 384 366.9 307.2  426.7 

3 426.7 426.7 366.9  469.3 

4 469.3 452.3 426.7  580.3 

5 512 486.4 486.4   

6 674.1 665.6 631.5   

 

Note that the highlighted values are the frequencies at which the peaks in the 440 Hz 

range were at a maximum amplitude. For most of the violists, this maximum peak 

occurred at 426.7 Hz. Also note that 426.7 Hz is the only frequency at which all of the 

violists’ results showed a peak in the range surrounding 440 Hz. 

 

4
th

 Finger Harmonic Muted Pizzicato 

The following measurements were recorded when the viola was muted and plucked one 

inch over the fingerboard with the 4
th

 finger harmonic in place. Note that the amplitude of 
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the 440 Hz peak recorded is the highest amplitude of the many peaks found in the 440 Hz 

frequency range: 

Table 17- 4th Finger Harmonic Muted Pizzicato Measurements 

Harmonic 

Frequency 

(Hz) 

Amplitude (mV) 

Violist A Violist B Violist C Violist D Violist E 

440 4.80 2.24 6.00 4.48 1.52 

880 28.8 5.28 9.40 9.12 1.68 

1320 0.40  0.40 0.64 0.24 

 

Instead of a single peak at 440 Hz, there were several peaks around 440 Hz. The 

following table shows the peak frequencies for each test that were close to 440 Hz: 

Table 18- 440 Hz Range Peaks for 4th Finger Harmonic Muted Pizzicato 

Peak 
Frequency (Hz) 

Violist A Violist B Violist C Violist D Violist E 

1 315.7 256.0 247.5 290.1 256.0 

2 384.0 298.7 332.8 375.5 384.0 

3 418.1 332.8 366.9 418.1 409.6 

4 469.3 366.9 418.1 486.4 469.3 

5 674.1 409.6 477.9 605.9 622.9 

6  469.3  665.6 776.5 

7  665.6  733.9  

8  785.1  785.1  

 

Note that the highlighted values are the frequencies at which the peaks in the 440 Hz 

range were at a maximum amplitude.  
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DISCUSSION 

Bowing vs. Pizzicato 

 When comparing bowing to pizzicato, it is easy for the listener to hear that 

bowing produces a louder sound than pizzicato. This can be seen in both the time and 

frequency domains. In the time domain, the individual strokes have larger amplitudes 

when bowed than when plucked. In the frequency domain, the first peak at 440 Hz has a 

higher amplitude when bowed than when plucked. The same can be said for all of the 

peaks after. This can be seen in Figures 31 and 32 below: 

 

Figure 31- Bowed at Middle between Bridge and Fingerboard 

 

Figure 32- Pizzicato at 1 inch Over the Fingerboard 

 Furthermore, the shapes of the strokes differ between bowing and pizzicato. 

When a violist bows the string, there is a point at which the bow enters the string and a 

point at which the bow leaves the string. As the bow is drawn across the string, the force 
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it exerts on the string tends to last longer than the force a finger exerts on the string when 

plucking. Because there is a longer time for the bow to be on the string, the front of each 

pulse has a somewhat round shape. For pizzicato, the step input of a finger happens much 

more quickly, resulting in a faster initialization to the pulse in the time domain. 

 

Bow Placement Between the Bridge and the Fingerboard 

 When a violist wants to play louder, they generally bow near the bridge. On the 

other hand, when a violist wants to play softer, they bow near the edge of the fingerboard. 

This is consistent with the results gathered when comparing bowing at the bridge, in the 

middle between the bridge and the fingerboard, and over the edge of the fingerboard. As 

the bow gets closer to the fingerboard, the pulses decrease in amplitude, shown in the 

Figures 33, 34, and 35 below: 

 

Figure 33- Bowed at the Bridge 
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Figure 34- Bowed in the Middle between the Bridge and the Fingerboard 

 

Figure 35- Bowed at the Fingerboard Edge 

The amplitudes of the frequency domain also decrease as the stroke gets closer to the 

fingerboard. Note when interpreting the data that the frequency response in Figure 35 is 

on a scale of 2.00 mV/div instead of 20.0 mV/div as were the others. 

Despite the change in position of the bow between the bridge and the fingerboard, 

the stroke remains consistent. This can be seen by the similar pulse shapes in the time 

domain. As the bow placement changes, the shape of the pulse remains the same, with the 

only difference being the amplitude of the signal produced. These similar shapes indicate 

that the violist was able to keep their bow stroke consistent, despite changing the distance 

between the bow and the bridge. 
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Normal Pizzicato vs. Left Hand Pizzicato 

 When violists use pizzicato in a performance setting, they usually perform 

pizzicato with the right hand at a spot about one inch over the edge of the fingerboard. In 

some cases, they might use left hand pizzicato if there is a quick bow change or if they 

are plucking and bowing at the same time. However, left hand pizzicato is much harder to 

get a good sound from than right hand pizzicato. This is shown by the larger amplitude of 

the normal, right hand pizzicato when compared to the amplitude of the left hand 

pizzicato (see Figures 36 and 37): 

 

Figure 36- Pizzicato 1 inch Over Fingerboard 

 

Figure 37- Left Hand Pizzicato 
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The differences in amplitude also carry over to the frequency domain where the first and 

second harmonic peaks of the pizzicato 1 inch over the fingerboard are clearly larger than 

the first and second harmonic peaks of the left hand pizzicato. 

 The shapes of each pizzicato also differ between normal pizzicato and left hand 

pizzicato. The pulses produced by normal pizzicato have a quicker initialization at the 

beginning and form a triangular shape as they decay, while the pulses produced by left 

hand pizzicato have a rounder overall shape. This can be attributed to the differences in 

plucking with the index finger for normal pizzicato and the third finger for left hand 

pizzicato. With the index finger, it is easier to get a more controlled and consistent 

motion for each pluck. However, the side motion of the third finger when performing left 

hand pizzicato is harder to control. Because of the difficulty in developing consistency 

with this motion, left hand pizzicato proved to be one of the most difficult of the 14 tests 

that each violist performed. 

 

4
th

 Finger Harmonics 

When a 4
th

 finger harmonic is played on the viola A string, a note that is one 

octave higher is produced. When talking about frequencies, an octave is a doubling in 

frequency. Instead of the fundamental frequency occurring at 440 Hz, the fundamental 

frequency of the 4
th

 finger harmonic will be at 880 Hz, which is 440 Hz doubled. The 

second harmonic peak will then be at double the fundamental frequency. In other words, 

the second harmonic peak will occur at two times 880 Hz, which is 1760 Hz. The results 

gathered through testing reflect this: 
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Figure 38- Bowed 4th Finger Harmonic 

When a 4
th

 finger pizzicato is played on the viola, there is a noticeable change in timbre. 

Although the fundamental frequency of the 4
th

 finger harmonic is at 880 Hz, the 440 Hz 

peak does not completely diminish for the pizzicato signal. When the frequency spectrum 

is zoomed in, it is apparent that instead of a single peak occurring at 440 Hz, there is 

instead a range of peaks near 440 Hz, as seen in Figure 39 below. Note that the FFT in 

Figure 39 is again at a scale of 2.00 mV/div: 

 

Figure 39- 4th Finger Harmonic Pizzicato 
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The range of frequency content occurring around 440 Hz may contribute to the difference 

in sound when a 4
th

 finger harmonic pizzicato is played. 

 

Unmuted vs. Muted 

 When a mute is added to the bridge of a viola, the timbre of the viola changes. 

This change can be seen in the first and second harmonics of the frequency spectrum. 

Without a mute, the second harmonic peak can be similar in size to the first harmonic 

peak, as shown in Figure 40: 

 

Figure 40- Left Hand Pizzicato, No Mute 

Adding a mute greatly attenuates the second harmonic peak in comparison to the first: 

 

Figure 41- Left Hand Pizzicato, With Mute 
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The attenuation of the second harmonic in comparison to the first can be measured by 

calculating the following ratio: 

𝑅𝑎𝑡𝑖𝑜 =
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 2𝑛𝑑 𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 1𝑠𝑡 𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐
 

This ratio expresses the amplitude of the second harmonic as a percentage of the 

amplitude of the first. For the Figures 40 and 41,  

𝑈𝑛𝑚𝑢𝑡𝑒𝑑:  
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 880 𝐻𝑧

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 440 𝐻𝑧
=

31.2 𝑚𝑉

29.6 𝑚𝑉
= 1.054 

𝑀𝑢𝑡𝑒𝑑:  
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 880 𝐻𝑧

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 440 𝐻𝑧
=

3.60 𝑚𝑉

23.6 𝑚𝑉
= 0.153 

In this case, the unmuted ratio is greater than the muted ratio. This means that adding a 

mute reduces the amplitude of the second harmonic to a smaller percentage of the first 

harmonic than if the viola were to be unmuted. Therefore, the difference in sound due to 

the mute is caused by the damping of the second harmonic, which is also true in the case 

of 4
th

 finger harmonics: 

 

Figure 42- Bowed 4th Finger Harmonic, No Mute 
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Figure 43- Bowed 4th Finger Harmonic, With Mute 

Instead of the first two peaks being at 440 Hz and 880 Hz, the peaks are at 880 Hz and 

1760 Hz. When a mute is added, the second harmonic peak, which is at 1760 Hz for 4
th

 

finger harmonics, is still attenuated with the unmuted ratio being larger than the muted 

ratio: 

𝑈𝑛𝑚𝑢𝑡𝑒𝑑:  
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 1760 𝐻𝑧

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 880 𝐻𝑧
=

20.8 𝑚𝑉

56.0 𝑚𝑉
= 0.371 

𝑀𝑢𝑡𝑒𝑑:  
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 1760 𝐻𝑧

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑡 880 𝐻𝑧
=

8.0 𝑚𝑉

48.0 𝑚𝑉
= 0.167 

The muted and unmuted ratios were calculated for each test except the 4
th

 finger 

harmonic pizzicatos. In these tests, the second peak at 1760 Hz was too small to measure. 

The unmuted ratio was larger than the muted ratio for 76% of the tests. Therefore, it can 

be concluded that adding a mute greatly attenuates the second harmonic peak in 

comparison to the first harmonic peak. 
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CONCLUSIONS 

The differences in sounds produced through various viola playing techniques can 

be explained by looking at the frequency spectrum of different types of strokes. Through 

capturing the sound of these playing techniques using a PCB 378B02 microphone, the 

FFT of the signal was calculated by an Agilent DSO1014A Oscilloscope. By comparing 

the frequency spectrums of various viola playing techniques, differences in bowing vs. 

pizzicato, bow placement, types of pizzicato, harmonics, and playing with a mute were 

able to be explained. Bowing was found to have larger amplitudes (i.e. larger sound 

intensity) in the time and frequency domains and rounder pulse shapes than pizzicato. 

Bowing closer to the bridge resulted in a larger amplitude in the time and frequency 

domains than when bowing closer to the fingerboard. Despite moving the position of the 

bow between the bridge and the fingerboard, the pulse shape in the time domain 

remained consistent. Normal pizzicato proved to be larger in amplitude than the harder to 

perform left hand pizzicato. Adding a mute to the bridge attenuated the second harmonic 

peak in comparison to the first harmonic peak. Also, 4
th

 finger harmonics resulted in a 

peak at 880 Hz, which is one octave above or double the frequency of the original 440 Hz 

A. Differences in the sound of pizzicato 4
th

 finger harmonics were accompanied by the 

presence of a range of smaller peaks around 440 Hz. Overall, the tests performed in this 

experiment were able to justify the differences in sound that are produced when 

performing different playing techniques on the viola. 

Furthermore, several useful practice techniques came to light through the testing 

procedures of this experiment. Capturing five consistent pulses on the DSO1014A 

Oscilloscope proved to be a challenge when it came to keeping the rhythm consistent at 
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124 beats per minute and creating five strokes with the same shape in the time domain. 

With the DSO1014A Oscilloscope screen in front of the violists, it was easy to see how 

consistent each stroke was. The challenge in creating consistency helped to make each 

violist focus on their technique and gave them a way to explore building these skills. Not 

only did the test setup serve as a good practice tool, but it helped the musicians to see 

sound in a new way. Oftentimes as musicians, it can be easy to pick out two notes 

sounding different. However, these differences have a new meaning when they are visible 

on a screen. 

Although consistency was a challenge to the validity of these results, the 

qualitative observations that were made about the presence of certain frequencies and the 

shapes of the signals in the time domain can help to justify the different sounds produced 

by different viola playing techniques. The conclusions made from these tests could be 

further validated using a more precise frequency analyzer or by collecting data from more 

violists. However, the test setup used in this experiment has the potential to explain more 

differences in sound created by different bow weights, different violas, and different 

types of musical instruments. 
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APPENDIX A: LABORATORY PERFORMANCE ASSESSMENT OF TWO 

SPECIFIC FREQUENCY ANALYZERS 

Abstract 

The following paper: (1) performs numeric frequency analysis of signals, and (2) 

compares these results obtained from two specific analyzers. A Fourier series of a 5V 

peak to peak, 1kHz square wave and a Fourier integral of the transient response of an 

oscillating cantilever beam were used as assessment tools. These signals were analyzed 

with hand calculations as well as measured results using the SR785 Signal Analyzer and 

a Model 54810A Infinium Oscilloscope with analyzer capabilities. Through the 

comparison of theoretical and measured values for periodic and transient signals, it was 

determined that both measurement tools can provide reasonable frequency analysis data. 

However, the SR785 can provide more accurate measurements for signal analysis than 

the 54810A Infinium. 

Introduction 

When it comes to the analysis of sound, it can be helpful to transform the sound to an 

electrical signal. By calculating as appropriate, the Fourier series or the Fourier integral 

of the signal, the frequencies contained in the signal can be analyzed by converting it 

from a voltage versus time to a voltage versus frequency signature. Measurement tools 

such as the SR785 Signal Analyzer and the Model 54810A Infinium Oscilloscope are 

capable of this conversion, through computation of a Fast Fourier Transform, or FFT. 

The purpose of this report is to determine the most accurate of these two frequency 

analyzers by comparing theoretical values of frequency and voltage to measured values. 

Furthermore, these experiments helped in gaining hardware familiarization for analyzing 

the spectral content of recorded sound signals. 

Analysis Background 

I. Fourier Series for Periodic Signals 

When analyzing frequencies and amplitudes of periodic signals, it is often helpful to 

calculate the Fourier Series. The Fourier Series of a signal is a mathematical 

representation of a signal using the sum of sine and cosine waves. By summing sines 
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and cosines of various frequencies and magnitudes, a continuous periodic signal can 

be closely replicated. In order to solve for the amplitude of each component of the 

Fourier Series of a signal, the following equations can be used [2]: 

𝐹(𝑡) =
𝑎0

2
+ ∑(𝑎𝑛 cos(𝑛𝜔𝑇𝑡) + 𝑏𝑛 sin(𝑛𝜔𝑇𝑡))

∞

𝑛=1

 

𝜔𝑇 = 2𝜋𝑓𝑇 =
2𝜋

𝑇
 

𝑎0 =
2

𝑇
∫ 𝐹(𝑡)𝑑𝑡

𝑇

0

 

𝑎𝑛 =
2

𝑇
∫ 𝐹(𝑡) cos(𝑛𝜔𝑇𝑡) 𝑑𝑡

𝑇

0

 

𝑏𝑛 =
2

𝑇
∫ 𝐹(𝑡) sin(𝑛𝜔𝑇𝑡) 𝑑𝑡

𝑇

0

 

For a 5V peak to peak, 1kHz square wave, the Fourier series can be calculated as 

follows: 

𝑎0 =
2

𝑇
∫ 5𝑑𝑡

𝑇/2

0

=
2

𝑇
∗ [5𝑡]0

𝑇/2
=

2

𝑇
∗ 5 ∗

𝑇

2
= 5𝑉 

 

𝑎𝑛 =
2

𝑇
∫ 5 cos(𝑛𝜔𝑇𝑡) 𝑑𝑡

𝑇
2

0

=
2

𝑇𝑛𝜔𝑇

[5 sin(𝑛𝜔𝑇𝑡)]
0

𝑇
2 =

10

𝑇𝑛𝜔𝑇
(sin (𝑛

2𝜋

𝑇

𝑇

2
− 0)) 

𝑎𝑛 = 0 

 

𝑏𝑛 =
2

𝑇
∫ 5 sin(𝑛𝜔𝑇𝑡) 𝑑𝑡

𝑇
2

0

=
−2

𝑇𝑛𝜔𝑇

[5 cos(𝑛𝜔𝑇𝑡)]
0

𝑇
2 =

−10

𝑇𝑛
2𝜋
𝑇

(cos(nπ) − 1) 

𝑏𝑛 =
10

𝜋𝑛
 𝑓𝑜𝑟 𝑛 = 1,3,5 … 

𝑏𝑛 = 0 𝑓𝑜𝑟 𝑛 = 2,4,6 … 

Therefore, values for voltage as a function of frequency can be calculated using the 

following equation: 

𝐹(𝑡) =
5

2
+ ∑(

10

𝜋𝑛
sin (𝑛

2𝜋

𝑇
𝑡))

∞

𝑛=1

𝑓𝑜𝑟 𝑛 = 1,3,5 … 
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Table 19- Theoretical Values for the Fourier Series of a 5V Peak to Peak, 1kHz 

Square Wave 

Harmonic, n Theoretical Value (V) 

1
st
 3.183 

3
rd

 1.061 

5
th

 0.6366 

7
th

 0.4547 

9
th

 0.3537 

11
th

 0.2894 

 

The theoretical values shown in Table 19 above can be compared to the amplitudes 

measured by the SR785 and the 54810A Infinium. 

II. Fourier Integral for Transient Signals 

When signals are not periodic, a Fourier series cannot be used to mathematically 

model the signal. Transient signals are signals that are not periodic and are often 

triggered by a step input. These signals can be simple, like a single square pulse, or 

more complex, like ten seconds of recorded music. 

Using a Fourier integral instead of a Fourier Series, theoretical values can be 

calculated to predict the behavior of transient signals. These calculations become 

more complex as the signal becomes more complex. To keep calculations simple, the 

Fourier integral of a 2.5 V (0 to peak) square pulse that lasts for 0.0005s was chosen 

to model a transient signal [3]: 

𝐹(𝑗𝜔) = ∫ 2.5𝑒−𝑗𝜔𝑡𝑑𝑡
0.0005

0

 

= 2.5 ∫ cos(𝜔𝑡) − 𝑗𝑠𝑖𝑛(𝜔𝑡)𝑑𝑡
0.0005

0

 

= 2.5[
1

𝜔
sin(𝜔𝑡) +

𝑗

𝜔
cos(𝜔𝑡)]0

0.0005 

=
2.5

𝜔
sin(0.0005𝜔) +

2.5𝑗

𝜔
cos(0.0005𝜔) − [

2.5

𝜔
sin(0) +

2.5𝑗

𝜔
cos(0)] 

=
2.5

𝜔
sin(0.0005𝜔) +

2.5𝑗

𝜔
cos(0.0005𝜔) −

2.5𝑗

𝜔
  [

𝑉

𝐻𝑧
] 𝑜𝑟 [𝑉 ∙ 𝑠] 
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The magnitude of 𝐹(𝑗𝜔) can be calculated using the following equation: 

|𝐹(𝑗𝜔)| = √𝑅𝑒2 + 𝐼𝑚2 

= √(
2.5

𝜔
sin(0.0005𝜔))2 + (

2.5

𝜔
cos(0.0005𝜔) −

2.5

𝜔
)2 

=
2.5

𝜔
√sin2(0.0005𝜔) + cos2(0.0005𝜔) − 2 cos(0.0005𝜔) + 1 

=
2.5

𝜔
√2 − 2 cos(0.0005𝜔) [

𝑉

𝐻𝑧
] 𝑜𝑟 [𝑉 ∙ 𝑠] 

The following plot of |𝐹(𝑗𝜔)| vs. 𝜔 was generated from -6000 Hz to 6000 Hz in 50 

Hz increments using the transformation, 𝜔 = 2𝜋𝑓: 

 

Figure 44- Fourier Integral of a 2.5V Square Pulse 

From the plot above, frequencies and magnitudes can be used for comparison of 

measured values. Due to the limits of the SR785 and the 54810A Infinium, measured 

values for a 2.5V square pulse were not obtained for this project. However, transient 

signals can be modeled by other applications. 

Another example of a transient signal is the response formed by the rapid application 

of a step force on a cantilever beam, causing the beam to oscillate. The beam used in 

the experiment had the following properties: 

Density of aluminum: 0.09754 
𝑙𝑏𝑚

𝑖𝑛3
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Volume of the beam calculated from measured dimensions as follows: 

𝑏 =
63

64
𝑖𝑛 

ℎ =
8.5

64
𝑖𝑛 

𝐿 = 11.5𝑖𝑛 

𝑉𝐴𝑙 = 𝑏ℎ𝐿 =
63

64
𝑖𝑛 ×

8.5

64
𝑖𝑛 × 11.5𝑖𝑛 = 1.5035𝑖𝑛3 

Mass of the beam: 

𝑚 = 𝜌𝐴𝑙𝑉𝐴𝑙 = 1.5035𝑖𝑛3 ×
0.09754𝑙𝑏𝑚

𝑖𝑛3
= 0.1467𝑙𝑏𝑚 

Young’s Modulus for Aluminum: 

𝐸𝐴𝑙 = 10 × 106
𝑙𝑏𝑓

𝑖𝑛2
 

Moment of Inertia: 

𝐼 =
𝑏ℎ3

12
=

63
64

𝑖𝑛 × (
8.5
64

𝑖𝑛)
3

12
= 1.9217 × 10−4𝑖𝑛4 

Therefore, the following parameter can be calculated: 

√
𝐸𝐼

𝑚
𝐿⁄ × 𝐿4

= √
10 × 106𝑙𝑏𝑓

𝑖𝑛2
×

1.9217 × 10−4𝑖𝑛4

1
×

11.5𝑖𝑛

0.1467𝑙𝑏𝑚
×

1

11.54𝑖𝑛4
×

32.2𝑓𝑡 − 𝑙𝑏𝑚

𝑙𝑏𝑓 − 𝑠2
×

12 𝑖𝑛

𝑓𝑡
 

√
𝐸𝐼

𝑚
𝐿⁄ × 𝐿4

= 57.6899
𝑟𝑎𝑑

𝑠
 

Using the above value, natural frequencies were calculated for a cantilever beam 

as follows [4] [5]: 
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𝜔1 = 1.8752√
𝐸𝐼

𝑚
𝐿⁄ × 𝐿4

= 202.8161𝑟𝑎𝑑/𝑠 

𝜔2 = 4.6942√
𝐸𝐼

𝑚
𝐿⁄ × 𝐿4

= 1271.1183𝑟𝑎𝑑/𝑠 

𝜔3 = 7.8552√
𝐸𝐼

𝑚
𝐿⁄ × 𝐿4

= 3559.5260𝑟𝑎𝑑/𝑠 

𝜔4 = 10.9962√
𝐸𝐼

𝑚
𝐿⁄ × 𝐿4

= 6975.40211𝑟𝑎𝑑/𝑠 

Using the transformation 𝜔 = 2𝜋𝑓, the frequencies can be expressed in units of 

Hz: 

𝑓1 = 32.2792𝐻𝑧 

𝑓2 = 202.3048𝐻𝑧 

𝑓3 = 566.5162𝐻𝑧 

𝑓4 = 1110.1697𝐻𝑧 

These theoretical values can be compared to the frequencies measured by the SR785 

and the 54810A Infinium in the outlined procedures. 

III. SR785 Signal Analyzer 

The SR785 is a measurement tool that is used in frequency analysis of signals. This 

can act as an oscilloscope and form FFT calculations from an input signal. Transient 

signals as well as periodic waveforms of various types can be analyzed. In the early 

stages of this project, sine waves of various frequencies and amplitudes were 

analyzed for the purpose of familiarizing oneself with the SR785. Fundamental 

frequencies were chosen to be within the human range of hearing. These experiments 

produced the following measurements: 
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Table 20- Sine Wave at 100 Hz, 1 Vpk-pk 

Harmonic Frequency (Hz) 
Measured Voltage 

(Vpk) 

1
st
 100 500.6m 

3
rd

 300 5.284µ 

5
th

 500 1.797µ 

7
th

 700 1.252µ 

 

Table 21-Sine Wave at 100Hz, 5Vpk-pk 

Harmonic Frequency (Hz) 
Measured Voltage 

(Vpk) 

1
st
 100 2.506 

3
rd

 300 45.43µ 

5
th

 500 5.018µ 

7
th

 700 15.31µ 

 

Table 22- Sine Wave at 1kHz, 1Vpk-pk 

Harmonic Frequency (kHz) 
Measured Voltage 

(Vpk) 

1
st
 1.024 498.8m 

3
rd

 3.072 4.686µ 

5
th

 5.120 23.51µ 

7
th

  7.168 10.45µ 

 

Table 23- Sine Wave at 1kHz, 5Vpk-pk 

Harmonic Frequency (kHz) 
Measured Voltage 

(Vpk) 

1
st
 1.024 2.496 

3
rd

 3.072 63.31µ 

5
th

 5.120 30.05µ 

7
th

 7.168 3.244µ 
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Table 24- Sine Wave at 10kHz, 1Vpk-pk 

Harmonic Frequency (kHz) 
Measured Voltage 

(Vpk) 

1
st
 9.984 499.6m 

3
rd

 29.952 24.0 µ 

5
th

 49.920 12.97 µ 

7
th

 69.888 10.69 µ 

 

Table 25- Sine Wave at 10kHz, 5Vpk-pk 

Harmonic Frequency (kHz) 
Measured Voltage 

(Vpk) 

1
st
 9.984 2.5 

3
rd

 29.952 109.3 µ 

5
th

 49.920 62.43 µ 

7
th

 69.888 64.32 µ 

 

The measured frequency of the input signals should be equal to the product of the 

fundamental frequency and the harmonic. Also, the measured voltage of the first 

harmonic should be equal to half of the input voltage amplitude for a sine wave. The 

frequency and voltage measurements of the above signals show this and therefore 

helped in determining the accuracy of the SR785. 

IV. 54810A Infinium Oscilloscope 

The 54810A Infinium Oscilloscope can be used to analyze a signal in the time 

domain as well as the frequency domain. When analyzing a signal, the 54810A 

Infinium gives voltage measurements in units of decibels. For the purposes of 

comparing measurements from the 54810A Infinium and the SR785 as well as 

theoretical values, it is helpful to convert all of the units to a peak to peak voltage. 

Using information from the 54810A Infinium’s help menus, dB measurements from 

the beam can be converted to Vpk using the following equations [7]: 

𝑑𝐵𝑚 = 20 log (
𝑉𝑝𝑘

0.316228𝑉
) 

𝑉𝑝𝑘 = 10
𝑑𝐵𝑚

20 × 0.316228𝑉 
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Equipment List 

 SR785 Signal Analyzer [6] 

Stanford Research Systems 

Serial Number: 46228 

Model Number: SR785 

 

Figure 45- SR785 

 Model 54810A Infinium Oscilloscope [7] 

Hewlett-Packard 

Serial Number: US38450359 

Model Number: 54810A 

 

Figure 46- 54810A Infinium 
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 33521A 30MHz Function/Arbitrary Waveform Generator 

Agilent Technologies 

Part Number: X13-12056 

 

Figure 47- Waveform Generator 

 3800 Wide Range Strain Indicator [8] 

Vishay Micro-Measurements Group 

Model: 3800 

Serial Number:155052 

 

Figure 48- 3800 Strain Indicator 

 B-101 Pre-Gaged Beam [9] 

Micro-Measurements Group 

Part Number: P920-000221 

 

Figure 49- Strain Gaged Cantilever Beam Setup 

 Co-axial Cable 
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Experimental Procedures 

I. Fourier Series for Periodic Signals 

1. Using the waveform generator, input a 5V peak to peak 1kHz square wave 

into the SR785. The period of this square wave and its harmonics 

encompass many of the frequencies found in speech. 

2. Confirm the validity of the 5V peak to peak 1kHz square wave using the 

voltage vs. time display on the SR785. 

3. Measure and record the frequency and amplitude of each harmonic in the 

square wave using the voltage vs. frequency display on the SR785. This is 

the fast Fourier transform, or FFT. 

4. Disconnect the waveform generator from the SR785, and connect the 

waveform generator to the 54810A Infinium.  

5. Repeat steps 1 through 4 using the 54810A Infinium for measurements 

instead of the SR785. Note that voltage amplitudes are measured in 

decibels (dB). 

 

II. Fourier Integral for Transient Signals 

1. Connect an instrumented cantilever beam to the 3800 strain indicator. 

Zero the strain gage circuit on the 3800 strain indicator. 

2. Connect the 3800 strain indicator to the input of the SR785. Confirm the 

input signal by applying force to the end of the beam. As force is applied, 

the amplitude of the signal should increase on the voltage vs. time display. 

3. Apply force to the end of the beam using a thumb and let go, allowing the 

beam to oscillate up and down. Repeat several times in order to establish 

consistency. This activity simulates a step input to the beam. 

4. Capture the initial oscillations on the voltage vs. time display by pressing 

the “pause” button on the SR785. The image captured should look similar 

to the one in Figure 50 below: 
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Figure 50- Voltage vs. Time for a Transient Signal Using the SR785 

5. Measure and record the frequency and amplitude of each contained beam 

frequency using the voltage vs. frequency, or FFT, display on the SR785. 

6. Connect the 3800 strain indicator to the 54810A Infinium. Being as 

consistent as possible with the method in which the beam is oscillated, 

repeat steps 3 through 5 using the 54810A Infinium as a measurement 

tool. The captured input signal should look similar to the image in Figure 

51 below. Note again that amplitude measurements are in decibels (dB). 

 

 

Figure 51- Voltage vs. Time for a Transient Signal Using the 54810A Infinium 
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Results 

I. Fourier Series for Periodic Signals 

 

Using the SR785, the following data was collected for a 1kHz, 5V peak to 

peak square wave: 

 

Figure 52- Voltage vs. Time of a 1kHz, 5V Peak to Peak Square Wave Using the 

SR785 

 

 

Figure 53- Voltage vs. Frequency of a 1kHz, 5V Peak to Peak Square Wave Using 

the SR785 
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Table 26- Measured Values of a 1kHz, 5V Peak to Peak Square Wave Using the 

SR785 

Harmonic Frequency (kHz) Measured Value (V) 

1
st
 1 3.189 

3
rd

 3 1.063 

5
th

 5 0.6376 

7
th

 7 0.4554 

9
th

 9 0.3542 

11
th

 11 0.2898 

 

Using the 54810A Infinium, the following measurements were collected for a 

1kHz, 5V peak to peak square wave: 

 

Figure 54- Voltage vs. Time of a 1kHz, 5V Peak to Peak Square Wave Using the 

54810A Infinium 

 

 

Figure 55- Voltage vs. Frequency of a 1kHz, 5V Peak to Peak Square Wave Using 

the 54810A Infinium 
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Table 27- 54810A Infinium Measured Values of a 1kHz, 5V Peak to Peak Square 

Wave 

Peak Frequency (kHz) Magnitude (dBm) 
Magnitude 

(Vpk) 

1 1.0 19.06 2.8379 

2 3.0 9.40 0.9333 

3 5.0 5.22 0.5768 

4 7.0 2.05 0.4004 

5 9.0 0.33 0.3284 

6 11.0 -1.89 0.2544 

 

 

II. Fourier Integral for Transient Signals 

 

Using the SR785, the following measurements were collected from the 

transient response of the step input to a cantilever beam: 

 

 

Figure 56- Voltage vs. Time of a Beam Using the SR785 
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Figure 57- Voltage vs. Frequency of a Beam Using the SR785 

 

Table 28- Measured Fourier Integral Values Using the SR785 

Peak Frequency Magnitude 

1 31.25Hz 346.4mVpk 

2 179.6875Hz 51.34mVpk 

3 507.8125Hz 1.886mVpk 

4 992.1875Hz 1.923mVpk 

5 1.6484375kHz 8.247mVpk 

 

Using the 54810A Infinium, the following measurements were collected from 

the transient response of providing a step input to the cantilever beam: 

 

 

Figure 58- Voltage vs. Time of a Beam Using the 54810A Infinium 
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Figure 59- Voltage vs. Frequency of a Beam Using the 54810A Infinium 

 

Table 29- Measured Response of a Beam Using an 54810A Infinium 

Peak Frequency 
Magnitude 

dB mV 

1 29.5 Hz -0.08 Db 31.333 

2 181.9 Hz -16.71 dB 4.618 

3 506.9 Hz -42.26 dB 0.244 

4 756.9 Hz -55.27 dB 0.055 

5 859.1 Hz -44.41 dB 0.190 

6 991 Hz -50.73 dB 0.092 

 

Discussion 

I. Fourier Series for Periodic Signals 

When compared to the theoretical values of the 5V peak to peak square wave, the 

SR785’s measurements were less than 0.2% different, as seen in Table 30 below. 

Because of this, it can be concluded that the SR785 is giving an accurate FFT 

measurement. 

Table 30- Theoretical vs. Measured Values for a Square Wave Using the SR785 

Harmonic Theoretical Value 

(V) 

Measured Value (V) Percent Difference 

(%) 

1
st
 3.183 3.189 0.1883 

3
rd

 1.061 1.063 0.1883 

5
th

 0.6366 0.6376 0.1570 

7
th

 0.4547 0.4554 0.1538 

9
th

 0.3537 0.3542 0.1413 

11
th

 0.2894 0.2898 0.1381 
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When comparing the 54810A Infinium’s measurements to the theoretical values, the 

percent difference is quite large, as shown in Table 31 below. For the 54810A 

Infinium, the percent difference between the theoretical and measured values is about 

11%.  

Table 31- Theoretical vs. Measured Values of a Square Wave Using the 54810A 

Infinium 

Frequency (kHz) 
Theoretical Value 

(V) 

Measured 

Value (Vpk) 

Percent 

Difference (%) 

1 3.183 2.8379 11.46 

3 1.061 0.9333 12.81 

5 0.6366 0.5768 9.86 

7 0.4547 0.4004 12.70 

9 0.3537 0.3284 7.40 

11 0.2894 0.2544 12.88 

 

II. Fourier Integral for Transient Signals 

For the signal produced by the oscillating beam, theoretical frequencies were 

compared to the measured frequencies as follows: 

Table 32- Theoretical vs. Measured Values of a Beam 

Peak 
Theoretical 

Frequency (Hz) 
SR785 Frequency (Hz) 

54810A Infinium 

Frequency (Hz) 

1 32.2792 31.25 29.5 

2 202.3048 179.6875 181.9 

3 566.5162 507.8125 506.9 

4 1110.169 992.1875 991.0 

 

Table 33- Percent Difference of Measured Values for the Beam 

Peak 

Percent Difference 

SR785 vs. Theoretical 

Frequency (%) 

Percent Difference 

54810A Infinium vs. 

Theoretical Frequency (%) 

1 3.2401 8.9972 

2 11.8418 10.62184 

3 10.9284 11.1078 

4 11.2237 11.3431 
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For the first peak frequency, the SR785 had a lower percent difference than the 

54810A Infinium when compared to the theoretical frequency of the beam. 

However, for the second through fourth peaks, the percent difference for both 

measurement tools was approximately 11 percent. This approximate 11% 

difference is likely attributable to limitations in the theoretical model. Therefore, 

it can be concluded that the measured frequencies from both the SR785 and the 

54810A Infinium are reasonable and either analyzing tool could be used to 

produce accurate frequency measurements. 

Conclusions and Recommendations 

When analyzing the frequencies of signals, it is important to understand the basics 

of a Fourier series for continuous periodic signals and a Fourier integral for 

transient signals. Calculating a Fourier series or a Fourier integral for a signal 

provides values that can be used to determine the accuracy of signal analysis tools 

such as the SR785 and the 54810A Infinium. According to the data collected, the 

frequencies and amplitudes of a 5V peak to peak, 1kHz square wave are more 

accurately measured by the SR785 than the 54810A Infinium. Given a transient 

beam response, both analyzers produced similar measurements compared to 

theoretical values. Because of this, it is likely that either analyzer could be used to 

produce reasonable frequency analysis results. However, the SR785 proved to be 

slightly more accurate with measurements and would also be recommended over 

the 54801 Infinium for signal analysis due to its increased versatility.  
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APPENDIX B: VIOLA PLAYING TECHNIQUES TEST RESULTS 

Violist A Results 
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Violist B Results 
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67 
 

Violist C Results 
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Violist D Results 



70 
 

 

 



71 
 

Violist E Results 
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