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Guitar Signal Analysis
The 1-D wave equation will be solved for a stretched string. The mathematical model will be

compared with the spectral response of an electric guitar string. Predictions from three different
modifications of the 1-D wave equation, each of which includes a physical effect that is ignored in
deriving the wave equation, will be compared with the predictions from the wave equation and with
experimental data to determine which of these models is the most accurate.

I. Background

The wave equation, given by
∂2u

∂t2
= c2

∂2u

∂x2
(1)

can be used to model vibrations of a stretched string. Here, u is the transverse displacement, t is
time, x is the measurement along the stretched string, and c is the speed of a wave traveling along
the string. A guitar string is a good example of a stretched string, which can be modeled by the
wave equation (1) subject to Dirichlet boundary conditions and physical initial conditions. The
objective of the project is to test the accuracy of the model.

With idealized conditions this problem is not very difficult to solve. However, in real life there is
dampening of the wave. First, the model (1) with boundary and initial conditions is compared to
experimental results. Then, different damping conditions are added into the model and the result is
compared with experiment.

The first damping scheme is given by
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where β ≥ 0 is a constant subject to the same Dirichlet boundary conditions and physical initial
conditions as in (1). A different damping scheme given by
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for γ ≥ 0 constant is also explored. It is important to note that a damping model will alter the
frequencies. The two damping schemes are compared to the undamped model and to one another
for physical significance.

Another modified wave equation takes into account the stiffness of the string. This stiffness also
causes a shift in the frequencies. This equation is:

∂2u

∂t2
= c2

∂2u

∂x2
− α∂

4u

∂x4
(4)

Where α ≥ 0 is the stiffness of the string.

II. Materials/Equipment

• 1 Guitar tuner

• 1 Guitar

• 1 Condenser Microphone

• 1 Microphone Stand
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• 1 Microphone to USB cable

• ITLL Computer Lab Station

• 1 1/4“ to 1/4” male phone jack cable

• 1 Yard-stick

III. Procedure

This experiment can be conducted at any of the ITLL lab stations. Ask a lab assistant which station
to use.

1. Try to go into the ITLL at times when it is not crowded. Many groups in the past have found
that their data is prohibitively noisy due to background interference. Plan to go in early in
the morning or late in the day, if possible.

2. Make sure to set up a meeting with the class learning assistant (LA) for when you plan on
going in to the ITLL. Once at the ITLL, obtain all of the materials from the LA and go to a
lab station. You may need to seek out an ITLL lab assistant for the condenser microphone
and stand.

3. Measure the length of the guitar strings between the saddle and nut (the two places where the
string is restricted) using the yard-stick and record the length for analysis.

4. Tune the guitar using the tuner provided with the lab. Plug the guitar into the tuner input
using the 1/4” phone jack to 1/4“ phone jack cable.

(a) There are 6 strings on a guitar. String 1 is the thinnest, string 6 is the thickest. The
diameters of the strings are monotonically increasing.

Table 1: Notes on a basic six-string guitar.

String Note Frequency
6 (fattest) E 82 Hz

5 A 110 Hz
4 D 147 Hz
3 G 196 Hz
2 B 247 Hz

1 (thinnest) E 330 Hz

(b) Tune each string by plucking the free string with the pick or your finger. The desired note
for each string is found in table 1. Adjust the knobs on the guitar head for each string
until the green light registers on the tuner (figure 1). The red lights on the side indicate
whether the note is sharp (higher frequency than desired) or flat (lower frequency than
desired). Turn the tuner off after all six strings are tuned to the values in table 1.

5. Open the “Guitar Signal Analysis” folder at H:\ITLL Documentation\ITLL Modules\Guitar
Signal Analysis. Open the LabVIEW link ”Guitar Signal Analysis Microphone - Shortcut.“

6. Set up the microphone on the microphone stand and plug the USB cord from the microphone
into the computer.
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Figure 1: Guitar Tuner.

7. Hold the guitar so that it is close to but not touching the microphone.

8. In the VI program click run, . Click “Take Data” and pluck one of the strings on its own.
Make sure to hold the other strings still to the bridge of the guitar with a cloth or hand to
prevent them from experiencing sympathetic vibrations. When the amplitude has died off
after some time save the data in an appropriate location using the “Save Data” button. This
will produce two files, the first with the time vs. amplitude data and the second of the FFT
(frequency spectra) data. NOTE: The displacement should decay back down to zero.
If you do not see this in your data increase the time of data taken.

9. Do the above step (8) for all of the different strings individually, producing different notes.

10. Do step (8) while strumming all or some of the strings at once. Be sure to record which
strings you strummed when you save the data. This can be done multiple times for multiple
combinations until you are satisfied with your data collection. Also record a trial without
plucking a string to measure background noise.

11. Put all of the equipment away with the help of your LA.

IV. Analysis

For the following analysis, choose the data for two of the strings:

1. As shown in class and in Haberman’s book, equation (1) can be solved by separation of
variables, using proper boundary conditions. It turns out that equations (2), (3), (4) can also
be solved by separation of variables, along with the same boundary conditions as used for
equation (1), but with the added condition that the resulting function of x must be real for
real x. Solve equations (1), (2), (3), and (4) with arbitrary constants β, γ, and α. You should
derive relationships between frequency (ω) and wave number (k) for each equation. Hint: look
for solutions of the form eikxeiωt for equation (3). Note that in this case, ω would be measured
in radians per second.

2. Compare frequency peaks of the Fast Fourier Transform (FFT) data from the experiment with
frequencies found by the four mathematical models. To avoid redundancy, you may select one
or two strings that show clear harmonics, and only analyze these results.

Note: Some groups in the past have noticed false peaks at frequencies around 120 Hz. Make
sure that your first peak approximately correlates to the expected frequency of the note, and
if it is too close to the 120 Hz peak, feel free to retune the guitar to a more desirable note.
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(a) How should the different values for the peaks compare according to the different theories?
Would the frequencies be shifted up or down?

(b) In the wave equation (1) what is c? How can you estimate c from the experimental data?

(c) What are your boundary conditions? How sensitive is your solution to these (you can
estimate different boundary conditions by holding down the string at a fret)?

3. You took some data of multiple strings being strummed at once. Examine this data. What
can you conclude?

4. A chord is a combination of three or more notes played simultaneously. Look up some common
chords and examine their frequency spectra. What do you notice about the harmonics?

5. Your experimental data for time vs. amplitude shows decreasing amplitude over time. What
is the time scale for this damping? Is this time scale affected by which string you measure?

6. Consider either of the dampening models or the stiffness model in §I. Do you see a difference
between this model and the model described by the undamped, nonstiff wave equation?
Examine the relationship between ω and k in your data, and determine the value of c and
your constant (β, γ, or α). You may want to use the curve fitting toolbox in MATLAB.

7. The above analysis is the minimum required work in order to receive a perfect score on the
project. In order to achieve extra credit, come up with an extension to the project. For
example, you may try mixing the damped model and the stiff model. Students are highly
encouraged to put their own unique spin on the project.

8. Those who are musicians could discuss how this experiment relates to something you know
about music.

V. Consistency Checks

1. Check the units at each step. Are your calculated frequencies in Hz
(
1/s

)
?

2. Make sure your spatial and temporal functions satisfy the related ODEs from separation of
variables. Do your equations work for the initial and boundary conditions?

3. Plot a few modes of your spatial equation (t=0 in your final solution). Does the plot look how
you expect it to look?

4. Count the number of peaks over one second in your displacement vs. time plot from the
experimental data. Does this frequency compare with the frequency at which your data has
the largest FFT magnitude?

5. Is your solution better model your data when damping is taken into account? What about
using stiffness? Try applying different constants to make your data match your model better.
Consider why it is difficult to match up the theory with the data exactly.

VI. References

The following textbooks have information on the undamped 1D wave equation as well as the damped
1D wave equation.

1. Asmar N. Partial Differential Equations with Fourier Series and Boundary Value Problems.
2nd edition. Prentice Hall; 2004.
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2. Haberman, R. Applied Partial Differential Equations with Fourier Series and Boundary Value
Problems. 4th edition. Pearson Prentice Hall; 2004.

3. Pinsky, M. Partial Differential Equations and Boundary-Value Problems with Applications.
3rd edition. Waveland Press; 2003.
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