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ABSTRACT

Ernst Chladni is called the father of acoustics for his work, which includes investigating patterns formed by
vibrating plates. Understanding these patterns helps research involving standing waves and other harmonic beha-
viors, including studies of single electron orbits in atoms. Our experiment vibrates circular plates which result in
well-known patterns. Alternatively to traditional experiments that used sand or salt, we use magnetic materials,
namely iron filings and nickel powder. We then manipulate the patterns by applying a localized external magnetic
field to one of the rings that moves a segment of the magnetic material in that ring to the next inner ring. The
results show a significant decrease in magnetic field necessary to move the magnetic material at higher frequencies
as well as a significant decrease in the magnetic field required to move the magnetic material as nickel powder is
substituted for iron filings while keeping the mass constant.
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1 Introduction

Insights into the quantum world can be experimentally studied by driving oscillations and
experimentally measuring the effects on resonant states [1,2]. An early study of these oscillations comes
from a German physicist, Chladni, who discovered that a vibrating metal plate would take randomly
distributed sand particles at a particular set resonant frequency and vibrate them away from the antinodes
and concentrate the sand at the nodes [3]. The particles move to the nodes but the way these particles
move is likely due to random motion [4,5] which may mean this motion cannot be controlled [6]. Various
vibrational modes in the plate can be excited using a variety of techniques, such as a speaker [7] or a
vibrating rod [8]. The size of a Chladni plate has also been investigated by Pitre [9]. Using a circular
plate, Chladni concluded that the number of nodal circles in a pattern has a relation to the frequency set
on the circular plate. This relationship is known as Chladni’s law as cited by Rayleigh [3] and later
verified experimentally by Rossing [10]. The nodes from the circular plates have been more precisely
determined by Kirchhoff based on boundary condition treatments that yield Bessel function solutions
[11,12]. Many other scientists have studied Chladni patterns including Savart [13], van Gerner et al.
[14,15], and Tuan et al. [16]. French scientist Savart was one of the first to use Chladni patterns in
research on violin acoustics [13]. van Gerner showed that the resonating plate’s acceleration needs to be
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lower than the gravitational acceleration and those particles may move to the antinodes [14]. Tuan precisely
determined the frequency where Chladni patterns occur through the effective impedance of the mechanical
oscillator [16]. Today, the Chladni plate is used as a demonstration or laboratory exercise [17]. In this
experiment, both a speaker and a violin bow were used to vibrate the plate. The plate was also struck by
a hammer, and the presence of various vibrational modes was dependent on the location, force, and
material of the hammer. Even Diana Cowern, “The Physics Girl,” has featured Chladni plates on PBS
and on her YouTube channel in 2014 [18].

The particles used by Chladni were sand. However, anything that has a diameter above 100 microns
easily form a Chladni pattern as determined by Waller [19]. We set out to create the same patterns as
Chladni using iron filings which have an average size around 400 microns. We then use a localized
external magnetic field to laterally move a roughly one cm segment of the iron filings from the third
visible ring to the next closest ring to the center. Guiding particles on vibrating surfaces have been
investigated before in air by Zhou et al. [20] and also in water by Latifi et al. [21]. After observing the
Chladni patterns using the iron filings, we created a new sample with an additional 4% by weight of
nickel and an average size of roughly 40 microns while keeping the total mass of the iron-nickel mixture
the same. Nickel was chosen as a ferromagnetic material that can magnetically couple to the iron filings.
We repeat the same experiment by applying the minimum necessary localized external magnetic field to
the mixed powder and record the magnetic field required to move the mixed powder. The mass is
increased further in new samples of 8% of nickel by weight in iron and 12% of nickel by weight in iron
and those same experiments were also performed.

2 Procedure

A PASCOModel SF-9324 Mechanical Vibrator is connected to a 24 cm diameter circular non-magnetic
coated steel plate. The plate is then covered with salt to clearly determine the frequencies at which Chladni
patterns would form. Each pattern consists of a unique number of rings, thereby identifying the nodes at this
frequency. The salt is then replaced with four grams of iron filings which is enough to lightly cover the plate.
As the plate vibrates, Chladni circular ring patterns form from the iron filings at the same frequencies as the
salt patterns that formed. A stack of ten neodymiummagnets (radius of 1 cm) is next held roughly 3 cm above
the iron filings of the third visible ring on the Chladni plate. The smallest necessary applied field strength is
determined as the stack is lowered slowly. A roughly one cm segment of filings is guided laterally from one
ring to the next inner ring by moving the magnets parallel to the plate. The same magnetic field was tested
while the plate was not vibrating and no motion of the filings occurred.

A gauss meter is used at plate level to determine the applied external magnetic field. Multiple trials are
taken to ensure the validity and consistency for this minimum applied external magnetic field. A constant
ambient magnetic field is applied by the mechanical vibrator and is thereby measured and accounted for
in the data. This field is between 9 Gauss for the lowest frequencies and 5 Gauss for the highest
frequency. This variation is due to the pattern shifting farther from the center of the plate as the frequency
increases. This process is repeated for 5 different frequencies. The iron filings are then replaced with a
four gram mixture of iron and nickel with different amounts of nickel in each sample and the same
experimental process is repeated. The uncertainty of the measurement ranges from ±0.02 g per mixture
which accounts for loss of grains during transfer or in the experiment. The mass was kept the same for
each trial to make sure the effects observed were not due to more magnetic materials, but from the
changing magnetic materials present in the experiment.

3 Data Analysis

We begin by covering the plate with salt and gradually increasing the frequency, recording the
frequencies at which Chladni resonance patterns are formed. Each new successive resonant frequency
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increases the number of rings by one, and the distance between each ring generally decreases. For visualization
purposes, the rings can be seen in Fig. 1. The frequency of which forms the Chladni pattern rings is plotted
versus the number of rings. Fig. 2 shows a parabolic relationship between the frequency and number of
rings which fits Chladni’s law where the Bessel function solutions are simplified to Eq. (1) [3]:

f � mþ 2nð Þ2 (1)

where f is the frequency, m is the diameter of the nodes, and n is the number of circles in the pattern.

Figure 1: Chladni ring patterns of salt are shown with the frequency at which they were measured with no
applied external magnetic field. Salt is used here to see the patterns clearer than with the magnetic materials
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Figure 2: The frequency at which Chladni ring patterns formed by using salt were plotted versus the number
of rings observed. This parabolic relationship fits as predicted
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Starting with iron filings on the Chladni plate, we vibrate the plate at the earlier determined frequencies
and similar patterns appear as seen for example in Fig. 3. Therefore our future results are not likely due to the
torque of the filings in aligning with any applied external magnetic field, but rather the amount of external
magnetic field required pulling the filings from the preferred location to a new nodal circle.

We then laterally move a one cm segment of the third ring from the center of a Chladni pattern to the
second ring at each of the resonant frequencies with the necessary applied external magnetic field. Fig. 4
shows the results of the applied external magnetic field required to move a segment of the third ring vs.
the resonant frequency. The decrease in the applied magnetic field required as the resonant frequency
increases is likely due to less magnetic material present in the third ring at higher frequencies due to the
increasing number of rings. Also, the iron filings require a substantially larger external magnetic field at
the lowest resonant frequency compared to higher frequencies. As we add nickel to a new mixture of iron
filings while keeping the total mass constant, we see the lowest resonant frequency takes considerably
less of a difference in external magnetic field to move the magnetic material across frequencies. We
attribute this likely due to the lower magnetization of the nickel compared to iron. Therefore, it is
possible that there is a weaker exchange coupling between the nickel and iron powders, which allows the
magnetic powder to move more readily than the pure iron powder. At the higher resonant frequencies the
powder is more weakly bound to the resonant mode, allowing a less significant impact of an external
magnetic field to different compositions of magnetic materials.

Figure 3: Chladni plate with iron filings vibrating at a frequency of 1620 Hz. The iron filings are spread out
due to the Chladni vibration and not from the magnetic field produced by the vibrational apparatus
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4 Conclusions

We observed the well-known Chladni patterns and added more to the work by using magnetic powders
to see how much of an effect the vibration of the Chladni plate has on the motion of the powder. These results
can yield further insights as to how resonant modes in waves can be manipulated externally, in our case by a
magnetic field. We note that at higher frequencies, it takes a considerably less magnetic field to move the
powders rather than at low frequencies. In future work, it would be interesting to see how other magnetic
powders are affected by the vibration. Also, it would be fascinating to further study the magnetic
interaction between individual powder grains to examine how the magnetic interaction between the
individual grains changes during the plate vibration.
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