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RESUMEN 

 
Los cascabeles son instrumentos que se destacan en culturas prehispánicas en América Central 
y del Sur. Los materiales con los cuales éstos eran fabricados varían según la época y la región. 
Fueron fabricados principalmente de bronce y cobre-arsénico. Estudios previos han tenido 
lugar con respecto a las aleaciones que se utilizaron para fabricarlos. Este proyecto busca 
encontrar los modos de vibración y las frecuencias resonantes de los cascabeles a través de 
simulaciones computacionales utilizando el software ANSYS y la verificación de ABAQUS. 
 
Palabras clave: Acústica, cascabeles, instrumentos prehispánicos, ingeniería de vibraciones 
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ABSTRACT 

Bells are prominent examples of musical instruments in prehispanic cultures in Central and 
South America. The manufacturing materials vary greatly depending on geographical location 
and time period. However, Copper-Arsenic (arsenic bronze) alloys were widely used to 
manufacture bells and many other tools. The material properties of arsenic bronze have been 
determined in previous studies. The bells elemental composition will be analyzed with SEM-
EDS for elemental composition and microstructure. This project aims to obtain the modes of 
vibration of the bells, along with the bells’ fundamental resonant frequencies through 
simulations using ANSYS. 
 
Key words: Acoustics, bells, prehispanic instruments, vibration engineering 
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1. Introduction 

1.1. Background 

Metallurgy was used in many pre-Hispanic cultures in Central and South America. This 

resulted in the creation of multiple tools and traditional artifacts. Among these, bells stand out 

for their capability of producing sound. Many studies have taken place regarding the alloys that 

were used to manufacture them. Bronze as an alloy has a rich history throughout the world, 

with copper being its matrix, arsenic was used since early times to change the metal’s 

properties.  Researchers have proved that copper-arsenic (Cu-As) alloys have more desirable 

properties than pure copper. However, this hypothesis does not have any vibrational or acoustic 

engineering background. This project seeks to fill the gap regarding the acoustic properties of 

these specific type of bells through simulation with ANSYS in order to obtain the modes of 

vibration and the resonant frequency of the bells. 

Archaeological and ethno-historical research has been conducted to evaluate the 

historical importance, manufacturing methods, and the composition of several artifacts, 

including bells. However, there is not much information about the mechanical properties and 

its effects on their functionality. The lack of this type of approach misses vital information for 

a better understanding of the function and properties of the bells. Moreover, it acknowledges 

the lack of fruitful multidisciplinary collaboration and exchange, which this study is trying to 

overcome by working with the National Institute for Cultural Heritage (Instituto Nacional de 

Patrimonio Cultural, INPC) and raising awareness on the importance of analyzing 

archaeological artifacts with the lens that vibrational or acoustic engineering provides. 

Moreover, this can be used in order to determine how desirable the bells’ acoustic properties 

would be as seen from a musical standpoint. 
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Aside from enriching the knowledge we have of prehispanic societies, this type of study 

allows institutions to make better and well-informed decisions regarding the conservation of 

these valuable artifacts that belong in the Ecuadorian cultural heritage.  

According to Meyer (2009), the field of Acoustics of Musical Instruments is of great 

importance for Acousticians, Audio Engineers, Musicians, Architects and Musical Instrument 

Makers and has diverse applications in musical performance and the study of musical 

instruments, from a vibration studies perspective. In this context, Damaske (2008) states that 

the study of physical sound waves, and out of these waves the subjective sound impressions 

that are created in the listener’s head is key to develop a theory of how music is appreciated. 

Hartmann (2013), in his text on Principles of Musical Acoustics focuses on the basic 

principles in the science and technology of music and how musical examples and specific 

musical instruments demonstrate the principles. The science of musical acoustics is possible 

thanks to the study of vibrations and waves, the basic physical properties of sound, and the 

human element, the physiological and psychological aspects of acoustical science. The 

perceptual (and often referred to as “subjective”) aspects of sound include loudness, pitch, tone 

color, and localization of sound.  

In relation to archaeo-acoustic studies and acoustics informed by ethnomusicology, 

Zalaquett and Espino (2018) suggest that the sounds produced by human beings, as well as 

those of the instruments they produce and the environment that surrounds them, are perceived 

and codified depending on their experiences as part of a cultural group. In this sense, when 

developing an acoustic study of a musical instrument it is very important to incorporate a 

perspective on how the instrument plays a role as part of communication inside a social group 

and among different groups. Particularly, Zalaquett and Espino present their study of two triple 

Mayan flutes that come from excavations at the archaeological sites. The authors make clear 

that archeoacoustic analysis are very new and they are important because they provide 
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information about the variety of sounds produced, the process of manufacturing and the 

sonorous preferences for the case of pre-Hispanic societies.  

Following McLachlan and Nigjeh (2003), musical bells have had limited application 

due to the presence of inharmonic partials in the lower part of their acoustic spectra. The use 

of methods such as finite-element analysis models to produce acoustic profiles and fine tuning 

using gradient projection method. In their work, a range of bell geometries and timbres are 

susceptible of being analyzed using psycho-acoustic models and is discussed in relation to 

European carillon bells. In this regard, Rossing (1984) underlines the necessity of the 

development of a field of study that refers to the acoustics of bells. According to this author, 

studying the vibrations of large and small bells is helpful to understand the sounds of one of 

the world's oldest musical instruments. 

Palmer et al (2007) presents a chemical analysis of pre-Hispanic bells but lacks an 

archeoacoustic perspective. Sixteen of the analyzed bells contained minor and trace amounts 

of silver, antimony, arsenic, lead, and in some cases tin, strontium, and selenium, and nine bells 

contained little or no detectable amounts of these elements, with no further information on how 

the presence of this elements affects the sound produced by these instruments.  

Throughout the world, there is a crescent need for archeoacoustic profile analysis. An 

example of this is the study developed by Jing (2003) around the acoustics of an ancient 

Chinese bell that was made 3000 years B. C. According to the author, an ancient Chinese bell 

is sometimes called a two-tone bell or a music bell because unlike a western church bell and 

an ancient Indian bell, the Chinese bell has interesting acoustics: two tones can be heard 

separately as the bell is struck at two special points as the interval between the two pitches is 

always a minor or major third, and the tones of the bell attenuate fast. Jing’s study uses a three-

dimensional model to simulate the acoustics of the bell, so that the two tones of the ancient 

Chinese bell can be simulated by the vibration of a double-circular arch and the quick 



13 
 

attenuation of tones can be simulated by acoustics of a cylinder with the lens-shaped cross 

section like a double-circular arch.  

In a different context but with similar aims, Aldoshina et al (2003) speak of an analysis 

of peculiarities of Russian Bells acoustic parameters. According to these authors, the 

particularities of the tuning and acoustical characteristics of Russian bells were investigated by 

various scientists for a long time but they highlight the necessity renewing those conclusions 

through new research. Their methods include the digital recording of sounding of 16 to 20th 

century bells made in various monasteries and temples of Russia; the computer processing and 

restoration of obtained recordings; the spectral and statistical analysis of soundings and 

comparison of bells tuning with that of a conventional Dutch system; development of 

mathematical models of bells vibration; creation of the software for the analysis spectral 

frequencies and modes of vibration; and finally the synthesis of their geometric form to 

optimize the spectrum structure.  

 

Figure 1: Different types of bells found in South and Central America 
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According to Roebben, et al (1997), solid objects have a characteristic set of mechanical 

resonant frequencies (𝑓𝑓𝑟𝑟) which are related to the object’s mass, dimensions, and elastic 

properties. 

1.2. Phase diagrams 

The interaction of the Copper-Arsenic alloy has been thoroughly studied by Lechtman 

(1996), who created the phase diagram shown in Figure 2. 

 

Figure 2: Cu-As phase diagram 

The phase diagram shows a steep decrease in the melting temperature of the alloy as the 

weight percent of As until the eutectic point at 20.8% As. 
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Figure 3: Cu-Sn phase diagram 

Dr Lechtman (1996) confirmed in her study that Arsenic was added to copper intentionally. 

Her study found the effects of Arsenic on Copper similar to the ones of Tin.  

As it can be seen in the Copper-Arsenic phase diagram (Figure 2), to maintain a 

temperature where the alloy is in a liquid state, it requires a more thorough control of the 

temperature due to the peak at 827 ºC; 29.56% w/w, which limits the alloy to a smaller 

percentage of the arsenic content and therefore, higher melting temperatures. Whereas, as 

shown in the copper-tin phase diagram (Figure 3), as the percentage of tin increases, the 

melting temperature decreases almost constantly. Therefore, for the technology of the time, 

replacing the arsenic with tin generated results with less variability because it did not need so 

much temperature control to maintain a liquid phase in the alloy.  
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1.3. Scanning electron microscopy 

 
Figure 4: SEM for the bell sample 250X indicating various spectra that correspond to the EDS 

 
 

 
Figure 5: SEM for the bell sample 500X 
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Figure 6: SEM for the bell sample 100X 

 
In Figure 5 octagonal cooper crystals can be seen with a segregation of Cu-As: 

Cu (65-67)%, As (32-33) %, and impurities of silicon, aluminum, and sulfur. Figure 7 

shows the EDS result that confirms the two most common elements to be Cu and As. 

 

 

Figure 7: EDS Results for the bell sample. 
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Table 1: Normalized elements in % 

 

 

As seen on Table 3 some results show that the alloy has up to 33% of arsenic, which 

can be explained considering the types of corrosion that affected the bells. Selective and 

intragranular corrosion could affect this kind of alloys when exposed to humid 

environments as it acts like a galvanic cell. In this case, it could be said that the alloy lost 

part of its copper mass because of selective corrosion at the grain boundaries. As a result 

of this, the proportional concentration of arsenic increases. Also, considering that the 

people who made these bells had limitations around temperature, heat control and 

insulation, and that the result is a non-homogeneous material as it can be seen on Figure 6. 

 

2. Theoretical framework 

2.1. Mathematical model 

In order to understand the method used by ANSYS to obtain the modes of vibrations 

and frequency response of a 3D part, a mathematical model that yields the mode shapes of 
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a rectangular vibrating plate is presented. The equation that represents the free vibration of 

a rectangular plate is presented below. 

 

𝐷𝐷∇2∇2𝑤𝑤(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) + ρℎ
∂2𝑤𝑤
∂𝑡𝑡2

(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 0 

 

Given that the plates response is known, the following solution can be assumed: 

𝑤𝑤(𝑥𝑥,𝑦𝑦, 𝑡𝑡) = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ω𝑡𝑡 + 𝐵𝐵𝐴𝐴𝐵𝐵𝐵𝐵ω𝑡𝑡)𝑊𝑊(𝑥𝑥, 𝑦𝑦) which is a separable equation that contains a 

two-dimension shape function 𝑊𝑊(𝑥𝑥,𝑦𝑦) that represents the plate’s modes of vibration, and 

a harmonic function of time. ω is the natural frequency of the plate, which is related to the 

vibration period 𝑇𝑇 in ω = 2π
𝑇𝑇

. The displacement vector 𝑤𝑤(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) can be expressed as a 

function of the unknown joint displacements in the form 

 

𝑤𝑤(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = �𝑁𝑁𝑖𝑖(𝑥𝑥, 𝑦𝑦)𝑤𝑤𝑖𝑖(𝑡𝑡)
𝑛𝑛

𝑖𝑖=1

 

 

 Where 𝑤𝑤𝑖𝑖(𝑡𝑡) represents each joint’s displacement, 𝐵𝐵 represents the number of unknown 

joint displacements, and 𝑁𝑁𝑖𝑖(𝑥𝑥,𝑦𝑦) represents the shape function for the 𝐵𝐵𝑡𝑡ℎ mode. The meshing 

process creates a similar model with 25341 nodes and 13575 to perform the above calculations 

in order to obtain the deformed shapes of the vibrating bell. 

2.1.1. Plate approximation 

The walls of the bell can be modeled as plate sections with different boundary 

conditions to resemble the way plates are joined together. First, a rectangular plate is 

modeled. Then, a second plate with the top corners rounded is proposed as a more accurate 

approximation to the bell’s wall shape. Both plates are shown in Figure 8. A mesh is 
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generated under the “fine” setting in ANSYS to apply the modal analysis along with the 

boundary conditions explained below. 

 

Figure 8: Rectangular and rounded plates with the displacement of the 1st mode of vibration 

2.1.2. Plates’ boundary conditions 

The boundary conditions on the plate are set in a way that resembles how individual 

segments are linked on the real bell. For this, a fixed condition is set on the bottom of the plate 

to resemble the bell portion connected to the handle. Additionally, an axis specific boundary 

condition is set to both lateral edges of the plate. Boundary conditions are shown on Figure 9.  

 

Figure 9: Boundary conditions for both plates 
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2.1.3. Damping 

According to Pouladkhan (2011), damping effects are created by internal friction or 

by interaction with the surrounding medium. The effect that damping can have on the 

modes of vibrations and frequencies is negligible unless the system is overdamped, where 

the bell would not resonate enough to create an appreciable sound. This is the reason for 

this study to consider no damping as to obtain the undamped frequency. 

 

The vibrational amplitude 𝐴𝐴0 for each mode decays exponentially as follows: 

𝑦𝑦(𝑡𝑡) = 𝐴𝐴0𝑒𝑒−ϵω(𝑡𝑡)𝐴𝐴𝐵𝐵𝐵𝐵(ω(𝑡𝑡) + ϕ) 

Where ϵ is the modal damping, represented as a fraction of the critical damping. (ϵ =  1 means 

critically damped), and is dimensionless. Experimental and analytical data was found by van 

Houten, Schoofs and van Campen (1997) for damping values of a handbell. Their study 

determined damping values for different frequencies on a handbell and found an average value 

for the audible frequency spectrum of 0.2 × 10−3, their results are shown on Figure 10. This 

diagram shows values on the 10−4 order of magnitude and no value exceeds 3 × 10−4.  

 

Figure 10: Experimental damping values for bronze handbells 
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3. Materials and methodology 

3.1. Materials and equipment 

The core materials for this project were the Arsenic bronze bells. Analysis of the 

elements and phases involved in the bells were obtained by using a Scanning electron 

microscope Jeol Model IT300 provided by the INPC. 

 

3.1.1. Scanning electron microscope (SEM) Jeol IT300 

Scanning electron microscopes utilize a tungsten filament which is charged to 

release a beam of electrons onto a sample surface. Sensors record the electrons that 

diffract from the surface, thus piecing together an image of the surface of the sample. 

This permits imaging analysis at a nanometric scale with very high resolution. 

Additional to this system, Energy Dispersive Spectroscopy (EDS) was also utilized. 

This tool emits an X-Ray when the electron beam shot by the SEM displaces an inner 

shell electron. Since elements have distinct energy differences between shells, this can 

be used to effectively determine the elemental composition of the substance that is being 

analyzed.  

3.2. Methodology  

3.2.1. Bell geometry measurement 

The bells are thoroughly described by Hosler, (2005) and some characteristic 

shapes are found in Figure 1. There are many different designs that have been used 

throughout South and Central America. The samples that this study focuses on come 

from the northern highlands of Ecuador, in the province of Carchi. 
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Figure 11: Bell showing its corrosion layer. Arsenic bronze is visible near the arrow. 

Figure 11 shows the bell that has been conserved best. Measurements were 

performed with calipers and proved using Solidworks image scaling with the calipers 

shown in Figure 12. If a rectangular prism box were to be drawn around the bell, the 

dimensions would be 28.8 mm wide, 32.7 mm tall, and 28.64 mm deep. 

 

Figure 12: Bell with calipers to acquire dimensions. 
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The bells are mostly elliptical spheres, they have an irregular surface and a shell 

thickness of 1.3 mm. Given that the bells are thought to be from around the 11th century 

(Periodo de Integración), corrosion has made it pointless to perform acoustic studies on 

the bells themselves. Moreover, the bells have been classified as cultural heritage, 

which means the studies are limited and must be non-destructive. A small piece from 

an incomplete bell was used to create the sample for the SEM analysis. 

 

3.2.2. CAD modeling 

A CAD model was created based on the geometry described on the previous 

section with a handle based on the most commonly available bells from Figure 1. A 

few views of the model are depicted on Figure 13. 

 

 

Figure 13: CAD model with handle 

3.2.3. ANSYS simulation parameters 

ANSYS geometry, modal, and harmonic response modules were used in order 

to create the vibro-acoustic profile of the bells. First, the geometry was imported as a 

Parasolid file, which was then assigned the copper alloy material. A mesh was generated 

after this with the “Fine” setting. This setting yields 25341 nodes and 13575 elements. 

The modal simulation was conducted with the parameters shown in Tables 1 and 

harmonic response simulation parameters shown in Table 2. 
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The impact force required for the harmonic simulations was found based on a 

1g clapper that strikes an inner wall of the bell. This force is an impulse function and 

was found to have a magnitude of 0.01N using 𝐹𝐹 = 𝑚𝑚𝑚𝑚.  

As seen in the SEM images discussed in section 1.3, the material is not 

homogeneous, meaning that the density is not constant throughout the material. 

Therefore, an average value for the density found in Dr Lechtman’s study (1996) allows 

us to have an accurate representation of the real material used, and feed this value into 

ANSYS. 

As discussed in section 2.1.3, the damping value to be used is the average value 

found experimentally in the study mentioned above.  

The following parameters were introduced in the software: 

Table 2: Modal simulation Parameters. 

Cu Alloy density 8300 kg/m^3 (Lechtman, 1996) 
Modes of vibration 9 
Lower limit 0 Hz 
Upper limit 12000 Hz 

 
 

Table 3: Harmonic response simulation parameters 

Impact force 0.01 N 
Constant damping ratio 0.2 × 10−3  
Solution intervals 250 
Lower limit 0 Hz 
Upper limit 12000 Hz 
Young’s module 1.1E+11 
Poissons’s ratio 0.34 
Bulk module 1.146E+11 
Shear module 4.104E+10 

 

3.2.4. Boundary conditions and impact location 

The boundary condition for both the modal and harmonic simulation consists 

on a fixed support located on the handle as shown on Figure 14. 
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Figure 14: Location of fixed support 

  The impact force location is shown in Figure 15. 
 

 

Figure 15: Location of clapper impact force (on the red internal surface, outwards direction) 

The finite element method allows us to see the repeating shapes in which the bell 

deforms while creating sound by agitating the air molecules around it. The plate approximation 

shows a similar behavior with its given boundary conditions. The nodes and elements created 

by the meshing process are analyzed with a matrix system like the one shown in section 2.1. 

On the other hand, the harmonic response simulation yields the frequency response, which 

represents the actual sound produced by the bell. The audible frequency spectrum was divided 

in 250 segments to determine the resonant frequencies that follow the fundamental frequency. 
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The program solves the transient response for all the spectrum, where the 0.01N force imposed 

by the striker creates the excitation that makes the bell vibrate and produce sound according to 

its mechanical properties. 

3.2.5. SEM-EDS 

The metallic piece was prepared by making a transversal cut with a precision 

diamond saw. Afterwards, a chemical attack was done on the surface with a HNO3 and 

H2O solution in a 1:10 ratio. The sample was then analyzed in the SEM with the EDS 

probe in different locations labeled as Spectra in section 1.3. 

4. Results and discussion 

4.1. Modal simulation 

The first thing to highlight regarding the modal simulations is that the modes that 

involve a total movement of the bell are not counted given that these modes do not create 

any sound. This study was conducted this way because these modes involve translational 

vibrations or rotations of the entire bell as opposed to the vibration that results in the 

deformation of different sections of the bell relative to the undeformed state. In 

consequence, the frequencies that result from the total movement of the bell described 

before are not considered in this study.  
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Figure 16: Modal simulation of the bell. Type: Total deformation. Frequency: 1931.3 Hz 

 

 

Figure 17: Modal simulation of the bell. Type: Total deformation. Frequency: 2345.1 Hz 
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Figure 18: Modal simulation of the bell. Type: Total deformation. Frequency: 5720.6 Hz 

 

 

Figure 19: Modal simulation of the bell. Type: Total deformation. Frequency: 7331.1 Hz 
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Figure 20: Modal simulation of the bell. Type: Total deformation. Frequency: 10958 Hz 

 
The modal and harmonic simulations show how the shells of the bell vibrate in 

resonance. In real-life applications, several of these modes of vibration will intersect and 

emit a sound that results from this combination.  

4.2. Harmonic simulation 

Multiple damping values were used in order to test its effect on the resonant 

frequencies. A shift in frequencies was not observed with higher damping values. 

However, the peaks in the frequency domain started diminishing their amplitude. 

Moreover, when the damping value was set to zero, the frequency peaks are the same 

as with the value of 0.2 × 10−3. 

It is important to mention that, while all modes coexist simultaneously while the 

bell vibrates, higher frequency modes have significantly smaller amplitudes. The 

fundamental frequency represents the dominating sound produced by the bell’s 

resonance. 
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Figure 21: Frequency-domain response 

The frequency-domain response shows the peaks along the audible spectrum at 

which the bells resonate when subjected to the 0.01 N impact force. 

4.3. Fundamental frequency 

Taking the behavior of the modal simulations into account, the harmonic 

response simulation’s first peak is considered to represent the movement of the whole 

bell related to the handle, therefore, the fundamental resonant frequency of the bell is 

represented by the second peak of Figure 21 (~1900 Hz). In order to obtain this graph 

from a real sound (time-domain) measurement (amplitude vs. time) an FFT (Fast 

Fourier Transform) is required in order to identify resonant frequencies in the sound 

being studied. It is possible to apply the inverse of the FFT (IFFT) to this plot to 

obtain a time-domain response. 

In mathematics, however, it is known that an FFT is irreversible with so little 

knowledge of the original (time-domain) function. In this case, the frequency-domain 

response given by ANSYS does not contain enough information to obtain a sound wave 

function from it. However, the fundamental frequency represents the overall audible 

frequency produced by the bell.  
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5. Conclusions and recommendations 

5.1. Conclusions 

The historic importance of this relies on humankind’s ability and constant pursue 

of innovation. Dr. Lechtman (1996) proved in her study that such high concentrations of 

arsenic cannot be accidental or be a product of impurities. Humans, out of their own 

intellect, were altering the material in order to obtain more desirable mechanical properties 

and manufacturability. 

Arsenic bronze is a very frequently used material throughout the world. It was 

superior than copper in many aspects, mostly because it was easier to work with, and was 

more ductile to perform cold work. The acoustic properties of such material have rarely 

been studied before. This study shows the modes at which the bells resonate and the 

frequencies that interact with each other to create the bells’ sound. The IFFT shows an 

amplitude in the time-domain, therefore it can be used to recreate the sound produced by 

the bells. 

Currently, tin bronze is used as opposed to Arsenic Bronze, mainly because arsenic 

being a known carcinogen, but also because of the remarkable stability of the copper-tin 

alloy. Pure copper is now available and used because its thermal and electric conductivity. 

Moreover, the extraction of copper from minerals no longer requires calcinating them 

because of the existing more modern processes such as electrolysis. 

It is crucial to consider that the simulations performed in this study assume that all 

properties throughout the material stay constant, which was impossible to achieve with the 

technologies developed by the populations who worked with the metals mentioned in this 

study. This means that the bells did not all have the same sound, and this study’s aim is not 

to determine one specific bell’s sound, but to show a sound that encompasses a wide variety 

of bells with similar characteristics. 
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The simulation gives an insight to how the bell behaves while vibrating; thus, it 

shows information about the sound it produced. Small bells like the ones in this study have 

been used in groups, usually tied together, to amplify the sound they make. As seen in the 

simulations, the amplitude of the vibrations is small, which means that the bells displace a 

very small volume of air while vibrating, creating a quiet sound. 

The plate approximation gives a clear explanation to why the first three modes are 

to be ignored from the simulation, given that it is in the fourth mode of the bell where each 

flap bends in a similar way to the plate first mode.  

 

5.2. Recommendations and future work  

As future work, it is recommended to recreate the traditional manufacturing process, 

creating replicas of both cast and cold worked bells and experimentally measure their 

acoustic properties. Use standardized beams to test acoustic properties qualities parameters. 

The author also recommends a comprehensive archaeological study of the soil where the 

bells were found in order to have a better understanding of the current state of the bells and 

better preservation techniques for the specific material. 
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