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Abstract

:

Cretan lyra is a stringed instrument very popular on the island of Crete, Greece, and an important part of its musical tradition. For stringed musical instruments, the air mode resonance plays a vital part in their sound, especially in the low frequency range. For this study, the air mode resonance of a Cretan lyra is investigated with the use of finite element method (FEM). Two different FEM acoustic models were utilized: First, a pressure acoustics model with the Cretan lyra body treated as rigid was used to provide an approximate result. Secondly, an acoustic–structure interaction model was applied for a more accurate representation. In addition, acoustic measurements were performed to identify the air mode resonance frequency. The results of this study reveal that the acoustic–structure interaction model has a 3.7% difference regarding the actual measurements of the resonance frequency. In contrast, the pressure acoustics solution is approximately 13.8% too high compared with the actual measurements. Taken together, the findings of this study support the idea that utilizing the FEM acoustic–structure interaction models could possibly predict the vibroacoustic behavior of musical instruments more accurately, which in turn can enable the determination of key aspects that can be used to control the instrument’s tone and sound quality.
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1. Introduction


Cretan lyra is considered the most representative musical instrument of the island of Crete, Greece. It is a symbol of the island’s music tradition [1] and is acknowledged among the emblems of Cretan identity [2]. The instrument was chosen as the origin and symbol of uncontaminated music folklore and reconnects present reality to a remote past [3]. The lyra occupies a central place in the Cretan music landscape and also in that other Aegean and Dodecanese islands [4]. Cretan music is generally performed by a duo that consists of the lyra player (lyrist, lyraris) accompanied by the lute player (lutis, la(g)oytieris). Commonly, the lyra player also acts as the vocalist, singing the traditional 15-syllable rhyming couplets of mantinades, a wide-spread musical and poetical dialogical practice in Crete [5]. More on the subject of ethnomusicology and the Cretan lyra can be found in [6].



The Cretan lyra is a pear-shapped, bowed chordophone (typically with three strings) which is played on the knee, held upright, and with a violin-like bow. The cover of the lyra’s soundboard contains the sound holes, which affect the particular timbre of the instrument. Due to the high tension exerted by the strings, a semi-circular bar is usually carved along the soundboard, on the inside of the body of the Cretan lyra. The soundboard and the bar are carved from a single piece of wood. Another essential part of the lyra is the ‘soul’; this is the soundpost, a small dowel that functions mainly to introduce asymmetry to the vibration in order to increase the monopole radiation from the vibration modes of the body, and to allow them to be excited efficiently by bowing [7]. The soundpost critically affects the instrument’s quality of sound [5]. One of the interesting aspects of the lyra involves the fingering technique of the left hand. In contrast to the violin and other instruments, the strings are not pressed by the fingertips of the left hand; rather, they are merely touched from the side by the back of the lyrist’s nails [1]. The strings of a lyra are tuned in fifths (G3-D4-A4). The instrument’s fingerboard has no frets at all.



In the field of musical acoustics, physical modeling techniques are increasingly important and essential for understanding the complex behavior of musical instruments. Physical modeling has become one of the major fields in research concentrating on properties that are important for instrument building and musical performance [8]. Some of the most prominent methods are the boundary element method (BEM) [9], Finite Difference Method (FDM) [10] and finite element method (FEM), with the latter two being the most used. Collectively, more information about physical modeling of musical instruments can be found in [11].



The FEM is probably the most widespread method in numerous fields of acoustics [12,13]. For musical acoustics, the FEM is commonly used for eigenproblems, in fluid dynamics, and with contact and moving mesh applications, while the FDM is more used in time-dependent problems [11]. The finite element formulation has the advantage of the definition of elements being very sophisticated; elements can be defined as being very small or cover small sections for the geometry, which is more difficult in the finite difference formulation [11]. The strength of finite element models lies in their ability to treat inhomogeneous media and difficult boundary conditions that may arise in real life problems. In the FDM, instead of describing the surface with a mesh (as with the FEM and BEM), a grid is used, and the algebraic equations [14] are solved at the points of the grid. In addition, the general purpose applicability, robustness, mathematical structure, and overall flexibility of the FEM highlight its attractiveness and justify its applicability. Of all the methods mentioned above, the FEM has become sufficiently inexpensive and simplified in commercial software for practical applications. The FEM has also been used to model the acoustic behavior of the soundboard of the Cretan lyra [15].



An important aspect of modeling musical instruments is the modeling of the air cavity resonance. The resonance is commonly called A0 resonance, and the mode, A0 mode. It is sometimes called the “Helmholtz air resonance”; however, this is debated since the A0 resonance has been found to not follow the typical formula of Helmholtz resonators [7]. The reader can find more in [16,17]. In the majority of stringed instruments from the violin and the guitar family, air resonance is a vital part of the instruments sound. Air cavity resonance is also very important in many other instruments, such as the harp [18,19,20], the ocarina, and instruments such as jaw harp, which exploit the air cavity of the human mouth. The body of these instruments usually includes an opening or openings in connection with the air cavity. The air inside the enclosed volume of the shell vibrates in and out through these openings. This resonance of the instruments is used to boost the sound of their lowest notes, which are often well below the frequencies of the lowest strongly excited, acoustically efficient, structural resonances.



The shape of the opening of the air cavity varies by instrument. For instruments of the guitar family, usually, a relatively large circular hole is cut into the front plate, while for instruments of the violin family, two symmetrically facing f-holes are cut into the front plate. However, the sound holes in violins evolved from a circular shape to an elongated f-shape, and it is suggested that this has the effect of increasing airflow, making the bass notes louder [21]. There is extensive research on the air resonance of violins [22]. Some of the most important findings are that modes of the enclosed air interact with plate modes that have the same shape [23], that the excitation of the air resonance significantly boosts the radiated sound at frequencies over most of the first two octaves of the violin and other instruments of the violin family [24], and also that high A0 cavity mode radiativity is a characteristic of excellent violins [25]. In the case of the Cretan lyra, the cover of the soundboard has two similar semicircular sound holes that define the particular timbre of the instrument.



Our study will focus on the fundamental air-mode resonance of the Cretan lyra. For this reason, the air resonance will be modeled with the use of the FEM. An acoustic–structure interaction model and a model with rigid walls will be utilized. Results will be verified with acoustic measurements.



This paper has been structured as follows: The methodology used in this study is described in Section 2. The results of this study are presented in Section 3. In Section 4, the data are analyzed and areas for future research are noted. The conclusion provides a concise overview and places the work in context.




2. Materials and Methods


2.1. Materials


The Cretan lyra modeled and used for measurements in this study is constructively intact, and it is being used in musical activities by its owners. Therefore, the techniques of analyzing the constructive parts were chosen such that they did not harm or alter the instrument in any manner. The soundboard of the Cretan lyra is made out of cedarwood. Since the bar is carved along the soundboard, it is from the same material (cedarwood). The sound post is made of walnut. Also, the body, neck and headstock are all one solid piece of mulberry. The above choices of woods are typical for the construction of the Cretan lyra [5]. For cedarwood, the physical properties used for modeling in this study have been found in [26], and for mulberry, in [27]. All the physical properties have been included in Appendix B. In Figure 1a, a picture of the Cretan lyra used in this study is included. In Figure 1b it can be seen that the main body of the lyra is not in contact with the fingerboard, just like a violin, allowing it to vibrate freely. This element is very important for the modeling of the lyra, which will be presented in Section 2.2.2.




2.2. Methods


2.2.1. Acoustic Measurements


For the measurements of the air resonance frequency of the Cretan lyra, a methodology similar with [28] was followed. In this study, a way to explore the effect of the sound holes was applied by comparing the frequency response differences with the holes closed and the holes open. The rationale of this approach is that the closed holes will reduce the amplitude of the air resonance in the frequency response of the instrument. Therefore, by comparing the frequency response of the instrument with the sound holes open and closed, the air resonance frequency will be revealed. Results showed a good agreement for the prediction of the air resonance. A similar approach is followed in other studies involved a removable plug that is tightly fitted in the sound hole [29], or holes were plugged with corks and foam for the same reason [30]. For this study, similar to the aforementioned research [28], corrugated cardboard was used to seal the sound holes due to its light weight and stiffness. The edges were sealed with heavy paper tape. Acoustic measurements were performed with the sound holes open and the sound holes closed. Acoustic measurements were performed with the lyra not including the bridge, soundpost, nor strings. The reason for this was for the simplification of the FEM model, as will be discussed in Section 2.2.2. Collectively, different methods for acoustic measurement in the similar case of violin cavity modes can be found in [16].



For the acoustic measurements, Exponential Sound Sweep (ESS) was used as an excitation signal, again similar to [28]. ESS was used for the initial measurement of the impulse response and consequently the frequency response of the Cretan lyra by applying Fourier analysis. Also, a Maximum Length Sequence (MLS) signal was used [31,32], or white noise [21] for the same reason. A comparison of ESS and MLS signals can be found in [33]. The ESS method [34] uses an exponential time-growing frequency sweep as an excitation signal. This approach enables a selective separation of impulse responses corresponding to the harmonic distortion orders that are taken into account. In other words, the method is measuring the impulse response for each frequency (at different points in time) and then combines them into a single impulse response (for the whole frequency range), changing the onset times of the individual impulse responses appropriately. Consequently, the actual calculations are performed in the time domain. After this process, the frequency response can be obtained by applying fast Fourier transform (FFT). All measurements were made at a controlled constant ambient of 50% relative humidity and a temperature of 21 °C. During the measurements the instrument was suspended vertically with the use of elastic bands at a distance of 1 m from the speaker. The measurements of the impulse response had a sampling frequency of 44.1 kHz. Three iterations were performed for each of the measurement points. Measurements were performed at various positions on the body of the lyra. Measurement positions that are used in this study are presented in Figure 2. It can be seen in Figure A1 that the differences in the frequency responses between the measurements are negligible, so it can be assumed that the method has a very good repeatability. In Appendix C, the results for different measurements for the same source and receiver location are presented. A high-performance, ultra-light, miniature condenser vibration pickup, C411 PP (AKG Acoustics, Vienna, Austria), was used for the measurements. As an excitation source, a TB2S AII (PMC, Biggleswade, United Kingdom) speaker was used. The audio interface that was used was ONYX 400F (Mackie, Washington, DC, USA). Alternative sources are also available [35] and applied for a variety of reasons [36,37,38]. Matlab R2021a (Mathworks, Massachusetts, USA) software was used for the measurements and also for the analysis of the results (the extraction of impulse responses via fast Fourier transforms). The setup of the acoustic measurements is presented in Figure 2.




2.2.2. FEM Acoustic Modeling


For the FEM modeling, a 3D model was created, which will be also used in future studies and modeling of the Cretan lyra. For this stage, the geometry and the model have been simplified while still including the relevant parts for the modeling of the acoustic behavior of the body of the Cretan lyra (Figure 3). As also mentioned in Section 2.2.1 (acoustic measurements), the bridge, soundpost, and acoustic strings were not modeled. The soundpost, bridge, and acoustic strings were also removed from the actual Cretan lyra for the acoustic measurements. However, it has to be mentioned that in the similar case of a violin, measurements are usually performed with the soundpost in place since the soundpost is part of the body system, and it will have an influence on the air resonance (and on all the other resonances) by stiffening the top plate and reducing the additional compliance that the top plate provides. The reason the measurements and modeling were performed without the soundpost is due to the different construction of the lyra compared to the violin. In violins, the soundpost is attached to the top and the back plate. However, in the lyra the soundpost is attached to the bridge and the back of the instrument. Therefore, if the measurements are performed without the strings, the bridge is not held in place, and therefore, neither is the soundpost. However, as this research is the first in a series of studies, it is our intention in the immediate future to proceed with measuring and modeling the instrument including the strings, the bridge, and the soundpost. Figure 2 presents the modeling of the body of the lyre, the dimensions, as well as the points where the acoustic measurements were taken. For the application of the FEM, Comsol v.6 (Comsol, Burlington, VT, USA) software was used. The domain was discretized with an unstructured mesh of 84,648 quadratic Lagrange triangular elements.



FEM Acoustic Modeling: Acoustic–Structure Interaction


The acoustic–structure interaction approach connects the acoustics pressure variations in the fluid domain with the structural deformation in the solid domain. It can be used to solve the coupled vibroacoustic phenomena present in musical instruments, such as the structure–cavity interaction [39]. In general, acoustic–structure interaction approach can provide accurate results, as it has been found in a study about the estimation of the air resonance in a violin [21].



A brief mathematical formulation of the acoustic–structure interaction, based on [40], is presented. For a more complete approach to the subject, one can refer to [41]. For an elastic solid, the dynamic behavior can be expressed as follows:


    σ   i j , j   +   f   i   =   ρ   s       u  ¨    i    



(1)




where     σ   i j     is the stress tensor,     f   i     is the body forces vector,     ρ   s     is the solid density,     u   i     is the displacement, and i and j = x, y, z. The effect of the acoustic pressure over the solid in the intersection of the domains can be expressed as follows:


    σ   i j     n   i   =   n   i   p  



(2)




where     n   i     is the intersection normal vector, and   p   is the acoustic pressure. The acoustic wave equation is expressed as follows:


    ∇   2   p +   1     c   O   2       p  ¨  = − g  



(3)




where     c   O     is the sound speed, and   g   is the source field. The influence of the solid over the acoustic domain is also taken into account in the domain σ intersections. The kinematic compatibility of the solid in contact with the acoustic domain can be expressed as follows:


    ∂ p   ∂ n   =   ρ   O       u  ¨    n    



(4)




where     ρ   O     is the fluid density, and     u   n     is the displacement component normal to the interface. Using the above equations, the weighted residual method [42] can be applied. The mass matrix, stiffness matrix, volumetric stiffness matrix, compressibility matrix, and interface matrix can be obtained as follows:


       M   e   =   ∫  Ω       ρ   s     N   s   T     N   s   d Ω   ,       K   e   =   ∫  Ω       B   s   T   D   B   s   d Ω   ,       E   e   =   1     c   O   2       ∫  Ψ       ρ   O     N   f   T     N   f   d Ψ            H   e   =   ∫  Ψ       B   f   T     B   f   d Ψ ,         L     e   T     =   ∫    Γ   i         N   f   T     N   s   d   Γ   i         



(5)







In the above,   N   is the element shape function matrix,   B   is the nodal strain–displacement matrix, and   D   is the constitutive law matrix. The indexes S and f refer to solid and fluid domains, respectively. The Greek letters   Ω  ,   Ψ  , and   Γ   refer to the geometry of the structural, fluid, and interface domain, respectively. Combining the above into a global matrix, we obtain the following:


         K   − L     0   H      −   Λ   α        M   0       ρ   O     L   T     E            d   p     =     0   0      



(6)




where     Λ   α     is a diagonal matrix of the square of the natural frequency of a coupled domain, and       d   p     T     is the displacement–acoustic pressure nodal vectors of the corresponding vibration mode shapes.




FEM Acoustic Modeling: Rigid Body


In addition to the more complex acoustic–structure interaction model, a simple rigid body model was also utilized. Unlike the previous model, all boundary conditions in the body of the Cretan lyra were defined as a hard surface. This model was used for comparison reasons of the results for the air mode resonance with that of the acoustic–structure interaction model. The simulation is based on the resolution of Helmholtz equations in air, which is considered a linear elastic fluid. The corresponding speed of sound and density are supposed to be constant, taking the values of c = 340 m/s and ρ = 1.225 kg/m3, respectively. A perfectly matched layer (PML) is applied spherically all around the model to mimic an open infinite medium.







3. Results


3.1. Acoustic Measurements


Figure 4 and Figure 5 show the frequency responses for measurement locations A and B, respectively, with sound holes open and sound holes closed. It is apparent that the largest difference in frequency response magnitude is for the A0 air frequency. The air resonance frequency measured in both locations is the same, at 336.2 Hz.




3.2. Acoustic Modeling


3.2.1. Acoustic–Structure Interaction


In the initial FEM modeling, an acoustic–structure interaction was utilized as presented in the methodology section. Results of the first eigenmode and the first eigenfrequency of 348.8 Hz are presented in the following figures. In Figure 6, the acoustic pressure distribution (a) and the sound pressure level distribution (b) found at 348.8 Hz are presented. The scale ranges from blue (low) to red (high). The acoustic pressure level and sound pressure level is computed everywhere but not shown in the outside air. Figure 7 presents three-quarter and side views of the Cretan lyra body displacements at the phase of maximum pressure in the cavity. It can be seen that the top and bottom of the Cretan lyra join in and act as springs, increasing the compliance of the system. They both bend outwards to accommodate for the pressure inside the cavity.




3.2.2. Rigid Body


In addition to the more complex acoustic–structure interaction model, a simple FEM rigid body model was also utilized. Unlike the previous model, all boundary conditions in the body of the Cretan lyra were defined as a hard surface. Therefore, no structural deformation of the lyra body was modeled. This model was used for comparison reasons of the results for the air mode resonance with that of the acoustic–structure interaction model. Results of the first eigenmode and the first eigenfrequency of 382.6 Hz are presented in Figure 8. More specifically, the acoustic pressure distribution and the sound pressure level distribution in the acoustic modeling (rigid walls) solution of the air mode resonance found at 382.6 Hz are presented. The scale ranges from blue (low) to red (high). The acoustic pressure level and the sound pressure level are computed everywhere but not shown in the outside air. While the basic shape of the acoustic pressure level and sound pressure level distribution remains almost identical with the acoustic–structure interaction model (Figure 6), the top and bottom plates now do not join in nor act as springs. This is going to affect the acoustic pressure levels and sound pressure levels outside the body of the Cretan lyra that is going to be presented in the next section (Section 3.2.3).




3.2.3. Comparison of SPL Distribution around the Cretan Lyra (Acoustic–Structure Interaction and Rigid Body)


As presented in Section 3.2.1 and also in Figure 7, the top and bottom of the body of the Cretan lyra act as springs, increasing the compliance of the system. They both bend outwards (and inwards in phase) to accommodate for the pressure inside the cavity. For the rigid model, the top and bottom plates do not join in nor act as springs. This is going to affect the acoustic pressure levels and sound pressure levels outside the body of the Cretan lyra. In Figure 9, the outlined air half-sphere outside of the Cretan lyra is included in order to let the mode freely decay rather than be artificially cut off just above the holes. A comparison of sound pressure level distribution for acoustic–structure interaction (a) and rigid body (b) for the FEM modeling around the Cretan lyra is presented in a slice from a top-view, side-view, and z-x view.






4. Discussion


The measurement results of the Cretan lyra with and without covered sound holes, as presented in Figure 4 and Figure 5, show that the air resonance frequency is 336.2 Hz. It can be seen that the effect of covered sound holes is more profound on the air resonance frequency than any other frequency in the whole frequency range. By changing the position of the vibration pickup, the frequency response changes, as expected, since different position of the vibration pickup may correspond to positions with different nodes and antinodes on the body of the Cretan lyra. However, the resonance frequency remains constant regardless of the position of the vibration pickup, as shown in Figure 4 and Figure 5.



The results for FEM modeling, in the cases of acoustic–structure interaction and rigid body, are presented in Section 3.2 and in Figure 6, Figure 7, Figure 8 and Figure 9. The air resonance frequency for the acoustic–structure interaction FEM model was found to be 348.8 Hz, and for the FEM model with rigid walls, 382.6 Hz. Collectively, the results of the air frequency for measurements and modeling are presented in Table 1. The distribution of the acoustic pressure and the sound pressure levels for the air resonances (Figure 6 and Figure 8) is typical in the case of the ‘air resonances’ of musical instruments [43,44] or the Helmholtz resonance for typical resonators [45,46]. For example, the acoustic pressure and the sound pressure levels have the lowest values in the sound holes of the lyra (similar to the values in the neck of the resonators). The differences in the distributions along the body of the instrument, however, have been observed in other publications for guitars [43,44]. This distribution is to be expected since the position of the neck and the body of the instrument is not of a typical Helmholtz resonator. Another point of the eigenmode analysis was that the air resonance frequency was the lowest resonance frequency, which is typical for these cases.



A comparison of the results between the measurements of the air resonance frequency and the FEM modeling in the case of acoustic–structure interaction shows a difference of 3.7%, while a comparison between the measurements and the FEM model with rigid walls has a larger difference of 13.8%. These results are similar to a study regarding the air frequency resonance in the case of the violin [21]. In this research, differences between the measurements and modeling of the air resonance frequency applying acoustic–structure interaction were in the order of 1%, while differences between measurements and rigid wall modeling were 6%. Similar results have been observed in a study [23] (violins) where, in the case of measurements with the walls fixed (rigid), the air frequency is higher than the air frequency when the walls are free to vibrate. An earlier study for acoustic guitars has also shown the necessity of acoustic–structure interaction analysis for the prediction of air resonance frequency [47]. The accuracy of results (e.g., compared to the aforementioned study [21]) is likely to be caused by several reasons. The precise knowledge of the characteristics of wood, essential for acoustic modeling, is not always possible, as these are likely to be affected by various factors (e.g., moisture content [48]). However, improving the quality of the acoustic modeling, and by extension its results, is very important, and research into solving this problem is already underway. Conclusively, the acoustic–structure interaction approach seems to provide more accurate results for the representation of the air resonance frequency, modes, and the acoustic behavior of musical instruments in general, while modeling with a rigid structure appears to be inadequate for complex problems.



Regarding some of the modeling results, it can be seen in Figure 6 (acoustic–structure interaction modeling) that the acoustic pressure distribution inside the Cretan lyra is not uniform. This is an indication that the resonance for this frequency is not a pure Helmholtz resonance, as these usually have a constant distribution. The same has been observed in similar studies that investigated the A0 resonance of the acoustic guitar [43,44]. In these studies it can be seen that the acoustic pressure distribution of the A0 resonance in the body of the acoustic guitar is non-uniform and very similar to the one found in this study regarding the A0 air resonance of the Cretan lyra (Figure 6).



In Figure 8, the outlined air half-sphere outside of the Cretan lyra has been included in order to let the mode freely decay rather than be artificially cut off just above the holes. With this approach, i.e., with the structure included, flexibility was added to the model in order to accurately represent the acoustic behavior of the instrument. While the basic shape of the acoustic mode remains almost identical in comparison to the rigid model (Figure 6 and Figure 8, respectively), the top and bottom of the Cretan lyra now join in and act as springs, increasing the compliance of the system. As can be seen in Figure 7, they both bend to accommodate the pressure inside the cavity. The form of the displacement of the Cretan lyra body for the A0 frequency is similar to the one observed for a violin [49] and a guitar body [16]. From this kind of analysis, sound propagation can be observed in different layouts of the Cretan lyra (and any instrument). Therefore, using this approach, possible changes can be predicted that will result from variations in the shape and dimensions of the sound holes.



Additionally, this research may have a musical impact on the evolution of the instrument. As mentioned before, the air resonance critically affects the instrument’s quality of sound. In a relevant study on 17 “bad-to-excellent” quality-rated violins [25], it was found that the only “robust” quality differentiator was the A0 cavity mode radiativity, in which excellent violins were rated significantly higher. This research could serve as a solid foundation for studying and improving the air resonance radiativity for the Cretan lyra. For example, initially, a possible direction for research could be to subjectively assess whether the same conclusion for violins (increased air resonance radiativity corresponds to increased quality rating) applies to Cretan lyras. If this is the case, the present research could evolve by seeking to increase the radiativity of lyras using different approaches. These approaches could involve different materials, different thicknesses, different shapes of the sound holes, as well as combinations thereof.



Finally, while perception of the sound of a musical instrument can be affected by various factors [50,51,52], the results of this study show that the FEM and the acoustic–structure interaction modeling approach can be useful for the accurate prediction of the acoustic behavior of the Cretan lyra. This approach can be used for other directions for the modeling and improvement of the instrument that could also have a musical impact. Some of these directions may be the improvement of the shape of the bridge; the study of the effect and the function of the soundbar, both structurally and acoustically; as well as the overall modeling of the instrument, which will include the interactions of the soundpost, strings, and body of the instrument. We hope that this study will serve as a starting point for future research on the Cretan lyra.




5. Conclusions


For this study, the air resonance in a Cretan lyra is investigated with the use of the finite element method (FEM) and acoustic measurements. Two different FEM acoustic models were applied in this investigation. First, a pressure acoustics model with the Cretan lyra body treated as rigid was used to provide an approximate result. Secondly, an acoustic–structure interaction model with the Cretan lyra was applied for a more accurate representation. In addition, measurements using an Exponential Sine Sweep (ESS) signal were performed to identify the air resonance frequency of the Cretan lyra. Results of this study showed that the acoustic–structure interaction model had a 3.7% difference compared to the actual measurements of the resonance frequency. In contrast, the pressure acoustics solution with rigid walls is approximately 13.8% too high compared to the actual measurements.



The evidence from this study supports the idea that the acoustic–structure interaction modeling provides superior results, verified by acoustic measurements. Rigid analysis is inadequate for an accurate modeling in the case of a Cretan lyra. In addition, our study presented the sound level pressure distribution outside the Cretan lyra, which is useful for the representation of the radiativity of the instrument. Therefore, this research could serve as a solid foundation for studying and improving the air resonance radiativity of the Cretan lyra, with approaches including different materials, different thicknesses, different shapes of the sound holes, as well as combinations of the above. Finally, the acoustic–structure interaction approach that was applied in this study can be used for other directions for the modeling and improvement of the instrument, such as the improvement of the shape of the bridge, the study of the effect of the soundbar as well as the overall modeling of the instrument, which will include the interactions of the soundpost, strings, and body of the instrument.
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Appendix A




 





Table A1. Dimensions of the modeled Cretan lyra body (Figure 2).






Table A1. Dimensions of the modeled Cretan lyra body (Figure 2).





	Dimensions
	a
	b
	c
	d
	e
	f
	h
	j





	mm
	279
	208
	46
	23
	19
	46
	19
	56










 





Table A2. Acoustic measurement positions (Figure 2).






Table A2. Acoustic measurement positions (Figure 2).





	Measurement Positions
	A
	B





	(x, y, z) (mm, mm, mm)
	(50, 57, 6)
	(41, 51, −46)









Appendix B




 





Table A3. Physical material properties for cedarwood (L: longitudinal, R: radical, T: tangential. Three principal axes of wood with respect to grain direction and growth rings. L: parallel to fiber direction).






Table A3. Physical material properties for cedarwood (L: longitudinal, R: radical, T: tangential. Three principal axes of wood with respect to grain direction and growth rings. L: parallel to fiber direction).





	
Speed of Sound (m/s)

	
Density

(kg/m3)

	
Direction

	
Young’s Modulus

(N/mm2)

	
Plane

	
Shear Modulus (N/mm2)

	
Poisson’s Ratio






	
4458

	
550

	
L

	
7920

	
LR

	
1036

	
0.55




	
T

	
677

	
LT

	
888

	
0.59




	
R

	
1069

	
RT

	
286

	
0.59











 





Table A4. Physical material properties for mulberry.






Table A4. Physical material properties for mulberry.





	Speed of Sound (m/s)
	Density

(kg/m3)
	Young’s Modulus

(N/mm2)
	Shear Modulus (N/mm2)
	Poisson’s Ratio





	3130
	647
	6300
	1785
	0.37









Appendix C


In Figure A1, three consecutive measurements made at position A using an Exponential Sine Sweep are presented. It appears that the repeatability of the measurements in terms of frequency response is high, as there are very small differences between the measurements.
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Figure A1. Measured frequency response of a Cretan lyra with and without sound hole covering for frequency range 100 Hz–10,000 Hz (microphone position: A) The line thickness of the frequency responses of the measurements was chosen to be small so that the differences could be distinguished. 
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Figure 1. (a) Top view of a Cretan lyra (b) Side view of a Cretan lyra. It can be seen that the fingerboard is not in contact with the main body of the lyra, allowing it to vibrate freely. 
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Figure 2. Diagram of the setup of the acoustic measurements, including the Cretan lyra, the speaker, the vibration pickup, and the audio interface. 
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Figure 3. Top (a) and side (b) view of the modeled Cretan lyra body. Dimensions and measurement positions (M:A, M:B) are presented. Full dimensions and measurement positions are included in Appendix A (Table A1 and Table A2). 
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Figure 4. Measured frequency response of a Cretan lyra with and without sound hole covering for frequency range 100 Hz–10,000 Hz (microphone position: A). Differences in magnitude with and without sound hole covering were found to be 26.1 dB. 
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Figure 5. Measured frequency response of a Cretan lyra with and without sound hole covering for frequency range 100 Hz–10,000 Hz (microphone position: B). Differences in magnitude with and without sound hole covering were found to be 20.3 dB. 
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Figure 6. The acoustic pressure distribution (a) and the sound pressure level distribution (b) in the acoustic–structure interaction solution of the air mode resonance found at 348.8 Hz. The scale ranges from blue (low) to red (high). The acoustic pressure level and the sound pressure level is computed everywhere but not shown in the outside air. 
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Figure 7. Three-quarter (a) and side views (b) of the Cretan lyra body displacements at the phase of maximum pressure in the cavity. The eigenfrequency is now lowered to 348.8 Hz. 
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Figure 8. The acoustic pressure distribution (a) and the sound pressure level distribution (b) in the acoustic modeling (rigid walls) solution of the air mode resonance found at 382.6 Hz. The scale ranges from blue (low) to red (high). The acoustic pressure level and the sound pressure level is computed everywhere but not shown in the outside air. 
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Figure 9. Comparison of sound pressure level distribution results of FEM modeling in the cases of acoustic–structure interaction (a) and rigid body (b). Results are presented in a slice around the Cretan Lyra from a top-view, side-view, and z-x view. 
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Table 1. Measured and modeled air resonance frequency of the Cretan lyra.
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