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Abstract 
An application of the Euler–Bernoulli beam theory (a classic in vibration and acoustics) to a curious sound phenomenon 

occurring in a daily life situation is presented. A smartphone is used as an experimental tool to measure and analyse the 

acoustic signal. The experimental data are compared to a prediction from the Euler-Bernoulli model, yielding satisfactory 

agreement. Limitations of the analysis are discussed. The low-cost nature and the investigation of a curious phenomenon 

make the example a good candidate e.g., for undergraduate lab-work courses or research projects, which can spark 

students interest in acoustics, and more generally develop their interest and skill in applying physics to phenomena of 

everyday life. 
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Resumen 
Se presenta una aplicación de la teoría del haz de Euler-Bernoulli (un clásico en vibración y acústica) a un curioso 

fenómeno sonoro que ocurre en una situación de la vida diaria. Se utiliza un teléfono inteligente como herramienta 

experimental para medir y analizar la señal acústica. Los datos experimentales se comparan con una predicción del 

modelo de Euler-Bernoulli, obteniendo un acuerdo satisfactorio. Se discuten las limitaciones del análisis. La naturaleza 

de bajo costo y la investigación de un fenómeno curioso hacen que el ejemplo sea un buen candidato, p. para cursos de 

trabajo de laboratorio de pregrado o proyectos de investigación, que pueden despertar el interés de los estudiantes en la 

acústica y, en general, desarrollar su interés y habilidad en la aplicación de la física a los fenómenos de la vida cotidiana. 
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I. THE PHENOMENON  
 

While doing homework one of the authors recently 

encountered a puzzling phenomenon: When rubbing – quite 

strongly – the ventilation grill of a fridge with a slightly 

humid cleaning sponge (a bit like a bow and violin, see Fig. 

1) a strange, high frequency and well audible sound was 

emitted (see link for a video file in the web material). Where 

does it come from? In the following, we present 

measurements of this acoustic phenomenon by a smartphone 

and a simplified, but satisfactorily accurate model. The 

contribution shows another example of the potential of 

mobile communication devices (smartphones, tablets) as 

experimental tools for physics education 1, 2, 3, 4, 5, 6. 

 

 

II. ACUSTICAL MEASUREMENT  
 

The sound produced as described above was recorded using 

the built-in microphone of an iPhone 7 plus. The acoustic 

measurements from the microphone are directly transformed 

to a spectrum (Fig. 2) by the application SpectrumView 7 

using a sample rate of 48 kHz with a 13th order Fast Fourier 

Transform and Hamming windows function. The frequency 

spectrum data can be analysed directly in the smartphone 

application and/or transfer as a csv file to a computer for 

further analysis. 

 

 

 
 

FIGURE 1. The experiment showing how the sound from the 

fridge grill when rubbing the transverse elements (“bridges”) with 

a slightly humid sponge. 
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The recorded spectrum for two excitation conditions with the 

sponge is shown in Fig. 2. A pronounced maximum at a 

frequency of 

 

fe = 6385 Hz, (1) 

 

occurred (red curve), compatible also with the frequencies of 

the first and second harmonics (see Tab. 1). In order to check 

for consistency, another measurement was carried out (Fig. 

2, case b, yellow curve) with the sponge rubbed against only 

one “bridge” element. The audible the sound and measured 

fundamental frequency are close to those of the main 

experiment. The measurement in Fig. 2 yields a frequency of 

6217 Hz, which is about 2.6% below the value of the first 

measurement. Regarding the two methods of measurement 

shown in the Fig. 2, it is clear that the first alternative of 

rubbing the sponge on the ventilation grill as a whole (the 

way the phenomenon was found) is best to obtain a clear 

signal and data in a home environment. For the second 

method rubbing an individual bridge element is manually 

more difficult due to its smallness, and a less loud and 

sustained sound is obtained. 

 
TABLE I. Measured frequencies from the “fridge violin”. 

 
mode number n frequency f (Hz) f/n (Hz) 

1 (fundamental) 6385 6385 

2 (1st harmonic) 12790 6395 

3 (2nd harmonic) 19163 6387 

 

 
FIGURE 2. Frequency spectra of the sponge experiment for 

different excitation conditions: a) when rubbing the sponge against 

the ventilation grill (red), b) against one beam/bridge element 

(yellow). 
 

 
 

FIGURE 3. Frequency spectrum of the fingertip experiment. 

Additionally, we carried out the experiment rubbing a 

fingertip instead of the sponge against a bridge element. The 

sound is still produced, but less loud, and when rubbing 

much more gently than in the sponge experiment. The 

frequency measurement (Fig. 3) reveals the following main 

resonance frequencies: fe1
* = 2540 Hz, fe2

* = 4340 Hz, f e3
* = 

6491 Hz, f e4
* = 8800 Hz, f e5

* = 13670Hz. Note that fe3
* is 

quite close to fe (deviation < 2%), and that f e4
*/2 and f e5

*/3 

are very close to f e2
*, (deviation < 4%) analogously to the 

occurrence of harmonics in the excitation with the sponge 

(see above). 

 

 

III. THEORY  
 

A. Vibration theory in beams (Euler-Bernoulli Model) 

 

From a physical point of view the sound produced in this 

experiment is caused by structural vibrations of the grill 8 

9. In this case, the rubbing motion of the sponge works as 

an external exciting force, a bit like a bow on a violin string, 

and such an external force can excite some specific modes of 

structural vibration with its corresponding resonance 

frequency. Specifically, we propose that each bridge 

(transverse element) of the grill has vibration modes in the 

audible spectrum (20Hz to 20kHz) which are the source of 

the “fridge violin” sound. Euler-Bernoulli beam theory 10 

is used to calculate the vibration frequencies of the bridges 

in order to compare the theoretical results with those 

obtained experimentally with the smartphone. 

In the following, a derivation of the resonance 

frequencies of a beam according to the Euler-Bernoulli 

theory 10 in seven steps is provided. 

 

1. The differential equation for a beam is given by 

 
𝜕4Ψ

𝜕𝑥4
+

𝜌𝐴

𝑌𝐼
∙
𝜕2Ψ

𝜕𝑥2
= 0, (2) 

 

where Ψ is the transverse displacement of a point x of the 

beam at time t, where ρ (density) and Y (Young’s modulus) 

the material constants of the beam, A (cross section) and I 

(area moment of inertia of cross section) are its geometrical 

parameters; L is the length, to be used below. 

 

2. With a factorisation ansatz: 

 

Ψ(𝑥, 𝑡) = 𝑦(𝑥) ∙ sin(𝜔𝑡),  

 

the in the differential equation becomes  

 

⇒ 
𝑑4𝑦

𝑑𝑥4
+

𝜌𝐴

𝑌𝐼
∙ 𝜔2𝑦 = 0,  

 

3. It has the characteristic equation 

 

𝑟4 − 𝑞4 = 0,  

 

with  
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𝑞 = (
𝜌𝐴

𝑌𝐼
∙ 𝜔2)

1
4⁄

. (3) 

 

There are two real roots and two imaginary roots, leading to 

a solution of the form: 

 

𝑦(𝑥) = 𝐶1𝑒
𝑞𝑥 + 𝐶2𝑒

−𝑞𝑥 + 𝐶3𝑒
𝑖𝑞𝑥 + 𝐶4𝑒

−𝑖𝑞𝑥, 

 

or equivalently 

 

𝑦(𝑥) = 𝐴1 sinh(𝑞𝑥) + 𝐴2 cosh(𝑞𝑥)
+ 𝐴3 𝑠𝑖𝑛(𝑞𝑥) + 𝐴4 𝑐𝑜𝑠(𝑞𝑥) 

 

 

The slope is: 

 
𝑑𝑦

𝑑𝑥
= 𝑞(𝐴1 cosh(𝑞𝑥) + 𝐴2 sinh(𝑞𝑥) +

𝐴3 cos(𝑞𝑥) − 𝐴4 sin(𝑞𝑥)). 

 

 

4. Now, the boundary conditions for the clamped-clamped 

situation are applied 

 

𝑥 = 0,
𝑑𝑦(0)

𝑑𝑥
= 0 ⟹ {

0 = 𝐴2 + 𝐴4
0 = 𝐴1 + 𝐴3

, 
 

 

𝑥 = 𝐿,
𝑑𝑦(𝐿)

𝑑𝑥
= 0 ,

⟹  

{
 

 
0 = 𝐴1(sinh(𝑞𝐿) − sin(𝑞𝐿)) +

𝐴2(cosh(𝑞𝐿) − cos(𝑞𝐿)),

0 = 𝐴1(cosh(𝑞𝐿) − cos(𝑞𝐿)) +

𝐴2(sinh(𝑞𝐿) + sin(𝑞𝐿)).

 

 

 

5. Elimination of A1 and A2 allows to obtain an equation 

for qL: 

 

{
 
 

 
 𝐴1 = −𝐴2

cosh(𝑞𝐿) − cos(𝑞𝐿)

sinh(𝑞𝐿) − sin(𝑞𝐿)
,

𝐴1 = −𝐴2
sinh(𝑞𝐿) + sin(𝑞𝐿)

cosh(𝑞𝐿) − cos(𝑞𝐿)
,

 

 

 

⇒ 
cosh(𝑞𝐿) − cos(𝑞𝐿)

sinh(𝑞𝐿) − sin(𝑞𝐿)
=
sinh(𝑞𝐿) + sin(𝑞𝐿)

cosh(𝑞𝐿) − cos(𝑞𝐿)
 , 

 

  

⇒ (sinh(𝑞𝐿) − sin(𝑞𝐿)) ∙ (sinh(𝑞𝐿) +
sin(𝑞𝐿)) − (cosh(𝑞𝐿) − cos(𝑞𝐿))2 = 0. 

 

 

6. Then we set qnL = rn and arrive the following “roots” of 

the above equation: 

 

𝑞𝑛𝐿 = 𝑟𝑛 with rn = 4.73, 7.85, 11.00, 14.14, 17.27 

… obtained numerically. 

 

 

7. Inserting the values of the “roots” qn in eq. (3), the 

vibration frequencies n=2fn are obtained as  

 

𝑓𝑛 =
𝑟𝑛
2

2𝜋
√

𝑌 ∙ 𝐼

𝜌 ∙ 𝐴 ∙ 𝐿4
= 𝐶𝑛√

𝑌 ∙ 𝐼

𝜌 ∙ 𝐴 ∙ 𝐿4
 , (4) 

 

with Cn = 𝑟𝑛
2/2𝜋 = 3.56, 9.82, 19.2, 31.8, 47.5 …. for short. 

 

B. Frequency calculation for the case of the fridge grill 

 

Each bridge element is considered as a U-shaped beam 

clamped at both ends (Fig. 4). The parameters necessary for 

eq. (1) are as follows:  

The geometric parameters are given in eq. (4). The linear 

dimensions are obtained by measurement with a caliper. The 

cross-section A⊓ of the U-shaped beam profile (see Fig. 4) is 

calculated as A⊓ = Ae –Ai, where Ae and Av are the areas of 

the exterior (4x8 mm2) and the void (2x6 mm2) rectangular 

sections of Fig. 4. The area moments if inertia of the U-

shaped beam profile are I⊓l and I⊓s with respect to the long 

(b) and short side (a) of the cross-section, respectively. 

 

geometric 

parameters 

L = 39.5 mm, 

(5) A⊓ = 20 mm2, 

I⊓l = 1.15510-10, I⊓s= 3.8710-11 m4. 

 

 

 
 

FIGURE 4. U-shaped beam profile of the bridge elements of the 

fridge grill. 
 

The material constants are considered for Polypropylene (PP, 

a typical material for elements like ventilation grills). For its 

density and elastic modulus, a range of values is found in the 

literature, see Shackelford & Doremus (2008) 11 and eq. 

(6). 

 

material 

constants 

Y = 1325 MPa, ρ = 900 kg⁄m3, 

(data set 1, 12) 

 (6) 

Y =1500 MPa, ρ = 941 kg⁄m3 

(data set 2, 13). 

 

Inserting these values in eq. 4 yields the fundamental 

frequencies (n = 1) for the two vibration directions and the 

1st and 2nd data set, respectively,  

 

a) f1l = 6652 Hz (1st data set 12),           

 f1l = 6921 Hz (2nd data set 13), 

b) f1s = 3851 (1st data set 12);              

(7) 
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f1s = 4007 Hz (2nd data set 13). 

 

 

IV. DISCUSSION 

 

For the original experiment with the sponge a frequency of 

6385 Hz is found which agrees quite well with the calculated 

frequencies f1l of the Euler-Bernoulli model according to eq. 

(7) a) (relative differences of 4% for the first and 8% for the 

second data set, respectively). For the fingertip experiment, 

frequency fe3
* = 6491 Hz also agrees well with this prediction 

(relative differences 2.5% and 7% for the two datasets). 

Moreover, the fingertip experiment yields another resonance 

at fe2
* = 4340 Hz, which agrees reasonably well with the 

calculated frequencies f1s for the other mode according to eq. 

(7) b) (relative differences for the first/second data are 

11%/8%. Thus, the frequencies of both lowest vibration 

modes of the bridge elements according to the Euler-

Bernoulli-theory are indeed present in the experimental 

spectra (depending on the excitation procedure); the 

accuracy of the predictions (some %) appears as acceptable 

for the simplified approach proposed here. The presence of 

different modes and harmonics is also quite common in 

structural analysis, however requires a more detailed 

understanding of the excitation mechanism (see below) and 

how it influences the vibratory behaviour of the structure 

14. 

The answer to the main question – where does the sound 

effect when cleaning the fridge grill come from, see sect. 

¡Error! Marcador no definido. – thus can be answered: 

from an oscillation of the bridge elements, as described by 

the Euler-Bernoulli-theory of beam oscillations. 

It is a limitation of the present treatment that it does not 

allow to analyse the excitation process, i.e., which mode is 

excited with which intensity by a given excitation 

mechanism, and whether harmonics of a mode are excited.  

For instance, it is not implausible that the vibration 

perpendicular to the grill is excited more strongly in the 

sponge experiment, when pressure on the elements is much 

larger than the rather gentle soft touch in the fingertip 

experiment, and also that it is less damped by the friction 

with the sponge than the vibration parallel to the grill: 

however, more advanced methods are necessary to provide 

evidence about the precise influence of the excitation 

mechanism 15. 

Still, while acknowledging this limitation, one can say 

that the treatment presented here fulfils its educational 

purpose, i.e. to explain a curious acoustical phenomenon met 

in everyday life with experimental and theoretical means on 

the undergraduate level. Some further perspectives are 

discussed in the next section 

 

 

V. CONCLUSIONS AND PERSPECTIVES 

 

In this experiment we have shown a classic example of 

acoustics 8, viz. vibrations of beams lit to a sound signal 

occurring in a daily life situation. Data are obtained with the 

help of a common smartphone and an application capable of 

frequency analysis showing a clear resonance frequency at 

6385 Hz. The Euler-Bernoulli model provides a specific 

prediction for the beam resonance frequencies. For typical 

values of the material constants, the calculated values are 

quite close to the empirical value (relative deviation a few 

%). 

In a more general perspective, we present an exploratory 

experiment trying to broaden the scope from the laboratory 

to physics in everyday life, and thus to provide an enrichment 

to the traditional role of experiments in physics education. 

The contribution is intended for undergraduate students 

(perhaps also student projects at supper secondary level), and 

lecturers with an interest in connections of physics to 

everyday life. Within that scope, the contribution shows 

another example of the potential of mobile communication 

devices (smartphones, tablets) as experimental tools, here for 

analysis of oscillations and sound phenomena (for related 

topics, see cracking knuckles 16, tunnel pressure waves 

17, elevator oscillations 18, or use as hydrophones 19. 

For further exploration by the interested reader, similar 

work in this and other journals for many areas of physics 

education has appeared in the last years, from other work on 

oscillations and waves 3, 20, 21, through electromagnetism 

22, 23, 24 and optics 25 to explorations of radioactivity 

26. Moreover, Darmendrail et al. (2019) 27 discuss links 

and integrated approaches between science and technology 

education based on smartphones as experimental devices, 

and several journals run series about the topic since several 

years 1, 28. 
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