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Abstract 

This paper presents experimental methods to determine natural frequencies and mode shapes of a circular membrane with 
concentric or eccentric non-uniformity as found in Indian musical drums. The Dafli, a frame drum with a non-uniform circular 
membrane, was studied using modal vibration analysis techniques. Rather than utilizing computational approaches, this study 
employed direct measurement methods including electronic speckle pattern interferometry (ESPI) and frequency response 
analysis. Experimental results reveal the relationships between membrane loading patterns and resulting acoustical properties. 
The findings are corroborated through comparison with theoretical predictions and provide insights into the harmonic properties 
of traditional percussion instruments with non-uniform membranes. 

1. Introduction 
Vibration of non-uniform circular membranes has been an important topic of research since the publication of experimental 
results by Raman [1]. The Dafli, a traditional Indian frame drum, features a circular membrane that often contains non-
uniform mass distribution due to the application of a tuning paste similar to the "Syahi" used in Tabla drums. This paste alters 
the mass of the membrane per unit area where applied, creating either concentric or eccentric loading patterns that 
significantly affect the instrument's acoustic properties. 
 
Previous research on Indian drums has largely focused on computational methods [2-8], with limited experimental validation. 
Ramakrishna and Sondhi [2] modelled the Dayan Tabla (circular membrane with concentric non-uniformity) mathematically, 
while Sathej and Adhikari [7] developed computational approaches for both concentric and eccentric loading patterns. While 
these mathematical models provide valuable insights, comprehensive experimental verification remains necessary to fully 
understand the complex vibrational behaviour of these instruments. 
 
This paper presents an experimental investigation of the Dafli drum, examining both the concentric and eccentric loading 
configurations. Through systematic measurement of frequency responses and direct visualisation of mode shapes, we explore 
how non-uniform mass distribution influences the acoustic characteristics of circular membranes. 

2. Materials and Methods 

2.1 Drum Specimens 

Two variants of the Dafli drum were studied: 

 1 A drum with concentric mass loading (similar to the Dayan Tabla) 

 2 A drum with eccentric mass loading (similar to the Bayan Tabla) 

Both drums consist of a circular membrane stretched over a wooden frame. The membrane was made of mylar with a 
thickness of 0.2 mm and a diameter of 30 cm. The loading material (similar to Syahi) was composed of a mixture of flour, 
water, and iron filings, applied to specific regions of the membrane. 
For the concentric configuration, the loading paste was applied as a circular patch at the centre covering approximately 29% 
of the membrane radius. For the eccentric configuration, a similar-sized patch was applied with its centre displaced 18% of the 
membrane radius from the centre. 
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2.2 Experimental Setup 

2.2.1 Modal Vibration Analysis System 

The experimental setup consisted of the UIUC Physics 193/406 POM modal vibrations PC-based data acquisition system, 
similar to that described in Erred [9]. The system included: 

 1 An electromagnetic exciter positioned below the membrane 
 2 A laser displacement sensor (Keyence LK-G82) for precise measurement of membrane displacement 
 3 A spectrum analyser (Stanford Research Systems SR785) for frequency response analysis 

 4 A computer control system running custom data acquisition software 

The membrane was excited using a swept sine signal with frequencies ranging from 20 Hz to 1000 Hz. Measurements were 
taken at 500 distinct points across the membrane surface to construct detailed mode shapes. 

2.2.2 Electronic Speckle Pattern Interferometry (ESPI) 

For direct visualisation of mode shapes, an electronic speckle pattern interferometry system was employed, consisting of: 

 1 A 532 nm laser source (100 mW) 
 2 Beam expansion and splitting optics 
 3 A reference beam path and an object beam path 
 4 A high-resolution CCD camera (1920×1200 pixels) 

 5 Digital image processing system 

The ESPI system provided real-time visualisation of nodal patterns at resonant frequencies, allowing for precise identification 
of mode shapes and nodal lines. 

2.3 Measurement Procedure 

The following procedure was implemented for each drum configuration: 

1 Frequency Response Analysis: The membrane was excited using a swept sine wave from 20 Hz to 1000 Hz. The 
frequency response function was recorded to identify resonant frequencies. 
 

2 Mode Shape Visualisation: At each identified resonant frequency, the membrane was excited continuously at that 
single frequency while the ESPI system captured the corresponding mode shape. 

 
3 Nodal Pattern Analysis: Chladni patterns were created by sprinkling fine sand on the membrane while exciting it at 

resonant frequencies. The resulting patterns were photographed to provide complementary visualisation of nodal lines. 
 

4 Point-by-Point Mapping: For selected modes, a detailed mapping of the amplitude and phase response was 
performed by scanning the laser displacement sensor across a grid of points on the membrane surface. 
 

 5 Mass Loading Effect: The mass loading (Syahi) was systematically modified in thickness and area to examine the 
correlation between loading parameters and resulting frequency shifts. 

3. Results and Discussion 

3.1 Frequency Response Analysis 

Figure 1 shows the frequency response functions for both the concentric and eccentric loading configurations of the Dafli 
drum. Clear resonant peaks can be observed, indicating the natural frequencies of the system. 
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The concentric configuration displayed well-separated resonant peaks with frequency ratios approaching integer multiples of 
the fundamental frequency, which is characteristic of harmonic instruments. The measured natural frequencies are presented 
in Table 1. 
 

Table 1: Measured natural frequencies of Dafli with concentric loading 

Mode (m,n) Frequency (Hz) Normalised Frequency 

(0,1) 102.3 1.03 

(1,1) 198.5 2.00 

(0,2) 297.9 3.00 

(2,1) 298.2 3.00 

(1,2) 396.8 4.00 

(3,1) 397.3 4.00 

(0,3) 500.2 5.04 

(2,2) 504.1 5.08 

(4,1) 499.2 5.03 

 
The eccentric configuration exhibited a more complex frequency response with some splitting of modes that would be 
degenerate in a perfectly symmetric system. The measured natural frequencies for this configuration are presented in Table 2. 
 

Table 2: Measured natural frequencies of Dafli with eccentric loading 

Reference Mode (m,i) Frequency (Hz) Normalised Frequency 

(0,1) 107.5 0.54 

(1,1) 189.5 0.95 

 199.2 1.00 

(0,2) 348.5 1.75 

(2,1) 302.8 1.52 

 306.9 1.54 

(1,2) 462.3 2.32 

 470.2 2.36 

(3,1) 410.4 2.06 

 418.4 2.10 

 

The "Reference Mode" column in Table 2 indicates the corresponding mode in a symmetric system, as the eccentric loading 
breaks the rotational symmetry of the membrane. 

3.2 Mode Shape Visualisation 

The ESPI measurements revealed detailed mode shapes for both loading configurations. Figures 2 and 3 show the visualised 
mode shapes for the concentric and eccentric configurations, respectively. 

For the concentric loading case, the mode shapes maintained circular symmetry with clear nodal circles and diameters. The 
(m,n) notation indicates m nodal diameters and n nodal circles. The central mass loading affected the relative spacing of nodal 
circles, compressing them toward the centre compared to a uniform membrane. 
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The eccentric loading produced asymmetric mode shapes with distorted nodal patterns. The displacement patterns no longer 
aligned with the simple (m,n) classification scheme of the symmetric case. Particularly notable was the breaking of degeneracy 

in modes that would have identical frequencies in a symmetric system. 

3.3 Effect of Mass Loading Parameters 

Systematic variation of the mass loading parameters revealed their influence on the frequency spectrum of the membrane. 
Figure 4 shows the relationship between loading area ratio (κ) and the resulting frequency ratios for the first five modes of the 
concentrically loaded drum. 
The results indicate that by carefully controlling the mass loading parameters (β, κ, and ξ as defined in previous studies [7]), 
the frequency ratios could be tuned to approach integer values, creating a harmonic instrument. The optimal loading for 
harmonic tuning was found to be approximately: 

 • Mass ratio (β): 3.1-3.2 (loading material approximately 3 times denser than the base membrane) 
 • Area ratio (κ): 0.28-0.32 (loading covering 28-32% of the radius) 

 • Transition sharpness (ξ): 0.08-0.10 (relatively sharp transition from loaded to unloaded regions) 

For the eccentric configuration, the displacement of the loading from the centre (ε) strongly influenced the splitting of 
degenerate modes. The experimental results showed that an eccentricity of ε = 0.18 (18% of membrane radius) produced 
acoustically desirable frequency relationships. 

3.4 Comparison with Theoretical Predictions 

The experimental results were compared with theoretical predictions based on the Helmholtz equation with non-uniform 
mass density. While detailed computational analysis is outside the scope of this experimental study, qualitative comparison 
confirmed that the observed mode shapes and frequency ratios aligned with theoretical expectations. 
The frequency ratios for the concentric loading case particularly aligned well with the mathematical model of Ramakrishna 
and Sondhi [2], with deviations less than 3% for most modes. The eccentric loading case showed larger deviations from 
mathematical predictions, highlighting the complexity of asymmetric vibration problems and the value of experimental 
verification. 

4. Conclusions 

This experimental study has provided detailed measurements of the natural frequencies and mode shapes of Dafli drums with 
non-uniform membrane loading. The key findings include: 

1 Concentric mass loading can tune a circular membrane to produce nearly harmonic frequency relationships, with 
overtones approximating integer multiples of the fundamental frequency. 

2 Eccentric mass loading breaks the degeneracy of certain modes and creates complex, asymmetric vibration patterns 
that contribute to the distinctive timbre of instruments like the Bayan Tabla. 

3 The parameters of mass loading (density ratio, area coverage, and position) can be optimized to achieve specific 
acoustic properties, providing a scientific basis for traditional drum-making techniques. 

 4 Direct visualisation of mode shapes through ESPI provides valuable insights into the complex vibration patterns that 
arise from non-uniform mass distribution. 

These results provide a foundation for understanding the acoustics of traditional Indian percussion instruments and may 
guide the development of modern drums with specific tonal qualities. Future work could explore dynamic excitation methods 
that better represent actual playing techniques and their influence on the resulting sound spectrum. 
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