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Introduction 

 As a percussionist, the motivation for this project was to more deeply understand why a snare 
drum sounds the way it does. What creates the rich sound that even a cheap snare drum generates? What 
resonant frequencies are present in a snare drum’s sound? And finally, what mode shapes are associated 
with these resonances? Understanding the shapes of the modes is interesting not only to compare to the 
theory, but also to begin to understand why playing the snare in different places creates drastically 
different sounds. To accomplish this, near-field acoustic holography was performed on a snare drum with 
just the top (batter) head, and with both heads. After beginning, the project took on a life of its own as the 
true complexity of the snare’s sound became more and more apparent. In the end, many modes were 
analyzed, and a sort of reverence for the snare drum was instilled.  

  

Theory 

 The theory describing the standing waves (vibrating modes) of an ideal (no stiffness) thin circular 
membrane supported along its edge is well understood and can be described by the following wave 
equation in two-dimensional cylindrical coordinates: 

 

where v is the speed of propagation of transverse waves on the membrane, given by v = /  with 
membrane tension T and area mass density σ. This wave equation can be solved using separation of 
variables, eventually resulting in solutions of the form: 

 

where A is some constant, Jm is the mth order ordinary Bessel function, k is the wave number (k = ω/v), R 
is the radius of the membrane, φm,n and δm,n are phases (can sometimes be removed), and m and n are 
indices; m is the order of the Bessel function, and n represents the zero of the Bessel function which 
corresponds to the mode. That is, the nth zero of the mth order ordinary Bessel function has modal 
frequency ωm,n and wavefunction ψm,n(r, φ, t). The zeroes of the Bessel function are used since the edge of 
the membrane is fixed. Some of the resulting mode shapes are shown in Figure 1, and 2-D versions with 
relative frequencies are given in Figure 2. The full derivation can be found in the Physics 406 
Mathematical Musical Physics of the Wave Equation lecture notes.  
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Figure 1. Some low order ideal vibrating membrane mode shapes.  

 

Figure 2. Two dimensional representations with indices given above, nodal lines drawn, and relative 
frequencies given below.  

 Even for just one head on the snare shell, this description can be quite poor in some cases for a 
multitude of reasons. First, the head is not ideal – it has both a bending stiffness and a shear stiffness. 
Second, the tension is not applied completely equally around the head. The head also (significantly) 
couples to the shell and the stand. Finally, and (usually) most importantly, the air mass loading on the 
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head can significantly lower the modal frequencies. All of these effects cause the resonant frequencies to 
move slightly from where expected, and also cause unexpected resonances with odd shapes to appear.  

 Once a second head is added, this complication is exacerbated even further. It is (very) difficult to 
mathematically describe a drum with two heads since the heads couple in a non-trivial frequency 
dependent manner. The effect of air loading becomes even more important since the air can actually push 
up on the top head in some cases due to the vibration of the lower head. Coupling with both the shell and 
stand become even more pronounced with both heads present. Figure 3 shows examples of modes which 
are dominated by shell vibrations. Modes appear in which both heads vibrate with a certain mode (i.e. 
J0,1) but the modal frequency changes depending on whether the heads are moving in the same direction 
or in opposite directions. This is shown in Figure 4.  

 

Figure 3. Holography of modes dominated by shell vibrations.  

 

Figure 4. An example of the frequency changes caused by head coupling. 

 If the two heads move in-phase in the J0,1 mode, the motion can be described by two mass spring 
systems connected with another spring. This is an (extremely) simple case, but the ‘spring constant’ 
associated with coupling of the heads can actually be found experimentally using this model (see Rossing 
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et. al for details). While the J0,1 mode may be dominant, more modes are always present, and the heads 
are rarely in phase, so this model has only limited application to the actual playing of a snare drum. In 
fact, the resonant (bottom) head is almost always tuned higher than the batter head in order to avoid the 
strange sounds associated with the heads being in phase with each other.  

 

Experimental Method 

 In order to investigate this complex behavior, near-field acoustic holography was used. The snare 
drum which was analyzed was a used Pulse drum with a metal body and Remo Ambassador batter and 
resonant heads. The drum was first set up with one head and two sets of microphones: stationary 
reference mics below the head, and mobile scanning mics above. The scanning mics were connected to an 
arm which used motors to raster across the surface of the object being scanned in a very controlled 
manner. Both sets of microphones contained a pressure and particle velocity (differential pressure) mic, 
allowing the complete description of any sound detected. Each mic was connected to its own lock-in 
amplifier which measured the magnitude and phase of the signal. This data from the scan mics can be 
converted to plots of pressure, particle velocity, specific acoustic impedance, etc. as a function of position 
on the surface. The head is excited using a magnetic coil driven by the internal function generator of the 
master LIA (the other three are slaves) and a magnet on the head. Pictures of this setup are shown below.  

               

The snare drum 

P and U scan mics 

P and U monitor mics 

Driving coil 

Head would be here 
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 When using one head, the monitor mics were placed inside of the shell just beneath the head. For 
the two head setup, one head was excited, and the other was scanned. That is, the monitor mics sat just 
below the head on bottom, and the scan mics were just above the head on top. “Upright” scans represent 
those which the resonant head is excited (monitored) and the batter head is scanned. “Inverted” scans 

Setup used to 
raster the scan 
mics 

The LIAs and 
DAQ input. 
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represent the opposite. For the one head setup, the head was excited in the middle (ρ = 0) and halfway 
between the center and the rim (ρ = 0.5). For the two head setup, exciting in the middle was impossible 
due to space restrictions of the mic stand and the drum stand, so excitation was only performed halfway 
between the center and rim.  

 For each iteration (one head, two head inverted, two head upright), a frequency scan was first 
completed in 1 Hz steps from 29.5 Hz to around 2000 Hz in order to locate the resonant frequencies. This 
scan took about 5 hours, and the scan mics are stationary. The resonances found by this scan were then 
investigated with a modal scan in which the resonant frequency is mode-locked. Basically, MatLab code 
is used to ensure that the frequency remains that of the resonance even though the resonant frequency 
may change slightly due to temperature fluctuations, air currents, noise, etc. This is the purpose of the 
monitor mics – to constantly measure the amplitude and phase at a set point in order to keep the 
amplitude at its maximum. The full code can be found on the computers in the Physics 406 lab.  

While mode-locked, the scan mics raster across the entire surface in a serpentine pattern with one 
centimeter steps. The P and U data gathered by the scan and monitor mics was then analyzed with another 
MatLab script which outputs 158 plots per scan. The plots are of various acoustic quantities (P, U, Z, 
energy densities, etc.) as a function of position for both the scan and monitor mics. Note that since the 
monitor mics don’t move, these graphs are expected to be flat. The mode shapes can be determined from 
the plots generated by the scan mics. Each modal scan took about 4 hours to complete, and 24 were 
performed.  

 

Results 

 A total of 3792 plots were generated just from the modal scans (not including frequency scans) so 
clearly it would be impossible to discuss or present all of the data. If interested, all of it can be found in 
the Physics 406 backup on the computers in the lab. For this section, various results will be discussed 
which were typical, important, interesting, or caused a change in approach.  

 The frequency scan for one head is shown below.  
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The resonances are the frequencies at which clear spikes are seen in the pressure amplitude. Mode-
locking can be seen clearly in the graph on the right – the frequency for the particular modal scan shown 
varies by about 0.3 Hz throughout the experiment. While this may seem insignificant, it could impact 
mode shapes in undesired ways. The 0.1 Hz steps seen in the mode-locking graph arise from the 
resolution of the internal function generator of the LIA; in this frequency range, it is only capable of about 
0.1 Hz steps. (Note: all of these graphs will be fairly small to save space, but are very high resolution so 
simply zoom in to see the details).  

 The mode shape for the one-head resonance at 186 Hz excited in the center is shown as a graph of 
the real part of pressure versus position below (real indicates in phase with the function generator).  

 

Keep in mind that the drum is circular while the scan area is rectangular. This mode shape is reminiscent 
of the J0,1 mode shown earlier. The J1,1 mode for one head at 333 Hz is shown below. This was excited 
off center since it has a node in the center. Perhaps more interesting than the simple mode shapes as 
represented by P or U are the other acoustic quantities such as complex specific acoustic impedance, Z. A 
graph of Z is seen below for the same mode at 333 Hz. The spike is an artifact. The flat section 
corresponds to ~ 415 acoustic Ohms, which is the impedance of free air. The nodal line is quite obvious.  



8 
 

 

Graphs of phase can also be obtained, as well as the real and imaginary parts of the intensity. For this 
mode, the real and imaginary intensity graphs look the same, but the real part is two orders of magnitude 
larger. That is, 100x more intensity is propagating than is locally stored.  
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 Transitioning to the two head measurements, everything becomes more complicated. The 
frequency scan of the scan mic head (batter head) in the upright configuration is shown below.  

 

Comparing this to the frequency scan for one head given above, it is significantly more complicated with 
many more peaks. Keep in mind that both frequency scans represent the same head with no tuning 
changes made; the only difference between the two is the addition of the bottom head. Once the second 
head is added, even the relatively simple J0,1 mode becomes complicated and difficult to explain, as seen 
below. The first interesting point is that this mode now occurs at 215 Hz instead of 186 Hz with the one 
head. Again, no tuning changes were made, so this increase is due only to the coupling between heads. 
Also note the strange fin present in the real part and diminished in the imaginary part, resulting in a 
straight line across the drum of increased pressure magnitude. This same fin is seen (inverted) in the 
phase plot. This is clearly only present in the two-head configuration and is quite puzzling, but represents 
the overall complexity associated with the two-head problem.  
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 A second complication which is present in the one head scans but much more prevalent in the two 
head scans is the presence of a phase offset which arises due to ‘fat’ resonant peaks. The width of the 
peaks is clearly seen in the two-head frequency scan, and it is obvious that various resonances occur while 
other resonances are still diminishing. This results in a phase offset of the resonance which can be rather 
large. For the resonance shown below at 625 Hz, the offset was -53.7 degrees.  

 

 Many more scans were completed on the two-head system, but essentially the higher frequency 
the mode, the more wiggles its shape has. An arbitrary number of wiggles can be achieved; the frequency 
just has to be high enough. An example of such a mode is shown below at 1095 Hz.  
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In many cases, the most interesting graphs are not those of the mode shape, but those associated with Z or 
other quantities. However, for the sake of keeping this file size reasonable, no other plots will be included 
here. All of the modal scans and all of the plots they contain were interesting and anyone interested is 
encouraged to peruse them all in the Physics 406 lab. 

 

Conclusions 

 Overall, this project was a resounding success. Tremendous insight was gained into the acoustic 
behavior of the snare drum through the use of near-field acoustic holography to examine the vibrational 
modes of the drum. Beyond that, the physics behind LIAs, mode-locking, phase corrections, etc. was a 
pleasure to learn. The final conclusion is that the snare drum is an incredibly complex system in which 
every little detail matters, but the knowledge gained and data taken were well worth the struggle and the 
time. Again, anyone interested is strongly encouraged to look through all the data, the MatLab code, or 
talk to Professor Errede about acoustic holography and its applications. As a final note, COMSOL was 
used to try to simulate the snare system, and this is discussed in the Appendix.  
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The boundary conditions are: the entire cylindrical support is fixed. The edges of the plate contacting the 
cylinder are fixed.  

An eigenfrequency study was used.  

The plots generated match (very) well with those seen experimentally by the other student in Spring 2014. 
An example is shown below from the eigenfrequency at 114 Hz. The geometry used is clear from the 3D 
image. 

 

If interested, this entire model as well as the plots which match the experimentally studied eigenmodes 
can be found in the Physics 406 backup on the lab computers. This model is relatively easy to walk 
through, so it is a good place to get started if interested in COMSOL.  

Side note: it is in fact unnecessary to model the cylindrical post, as long as the edges of the plate which 
would contact it are fixed. However, it is a nice visual aid to imagine the actual experiment.  

 

 


