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Identifying acoustical and mechanical loadings on structures is a common problem in acoustics and vibration analysis and stationary loadings are mostly considered on plate-like structures. This work describes a proof of concept for reconstructing the trajectory of an acoustic source moving in front of a membrane. Compared with works focusing on precisely identifying a loading’s amplitude at a given location, the objective is to reconstruct the loading’s trajectory–Qualitative loading identification is sought rather than quantitative. The force analysis technique is used to recover a space-time varying loading on a structure, starting from time-resolved full-field non-contact vibration measurements conducted on a circular membrane. At the same time, a compact and tonal sound source is used to draw freehand shapes in front of the membrane. The loading trajectory, therefore, contains information that was “acoustically written”. Simple hand gestures that correspond to the drawing of a Greek letter (Σ), a capital letter (P), two shapes (♡, ⋆), and a 3-letter word (net) are recovered using the proposed procedure. The effect of various parameters on the reconstructed information is studied. Perspectives in terms of possible research areas and applications are finally discussed. These perspectives include, for example, the use of membranes to help reconstruct complex and space-time-varying loadings or even applications in musical acoustics on membranophones.
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1 INTRODUCTION
Force or loading identification techniques in structures are commonly used to solve engineering-based problems, usually called inverse problems. Indeed, these techniques aim to recover the input into a system knowing its output, that is, the system’s response. In the review article by (Sanchez and Benaroya, 2014), identification techniques are divided into three families: (1) methods that make direct use of a physical or mathematical model to formulate the inverse problem, (2) regularization methods to reduce the ill-posedness nature of the problem, and (3) statistical and probabilistic methods. It is beyond the scope of this paper to summarize and describe all these techniques, and the interested reader can consult Reference (Sanchez and Benaroya, 2014) and bibliographical references 1–30 in (Logan et al., 2020). The identification method considered in this work, the force analysis technique, falls into the first category of the three identification families proposed in (Sanchez and Benaroya, 2014). The force analysis technique was developed by (Pézerat and Guyader, 1995; Pézerat and Guyader, 2000) and directly uses the equation of motion of a structure to solve the inverse problem. In practical terms, vibration measurements made on a system are used to identify the loading that puts the system in vibration. This technique was initially developed for beams and thin plates (Pézerat and Guyader, 2000) and was also applied to shells (Djamaa et al., 2007) and finite element models (Renzi et al., 2013). Applications range from localization and magnitude estimation of mechanical loading to identification of distributed pressure loading like an acoustic plane wave, a diffuse acoustic field (Leclere and Pézerat, 2008), or a turbulent boundary layer (Lecoq et al., 2014). In addition to loading identification problems, the force analysis technique was extended to identify mechanical parameters such as Young’s modulus or the structural loss factor (Ablitzer et al., 2014). Another use of this technique was suggested by (Leclère and Picard, 2015). In their work, a loudspeaker to be localized was placed in a semi-anechoic room, this room being coupled to a reverberant room. An aluminum panel was positioned in the wall, separating the two chambers. Measuring the panel’s vibration field using a scanning laser vibrometer (reverberant room side) allowed the identification of the incident sound pressure field (semi-anechoic room side). This field was then used as an input for an acoustic source localization method (beamforming), and the physical position of the source in the semi-anechoic room was finally retrieved. Although this work was limited to stationary excitations, given the scanning operation of the laser, extended information was obtained compared with the classical use of identification techniques. Not only was the loading identified, but the information it conveyed was used to extract additional features to feed additional post-processing routines - here, by finally localizing a sound source through a rigid separation between two rooms.
Acoustic source localization plays a crucial role in acoustics, and a first example lies in applications related to non-destructive testing and structural health monitoring, that is when acoustic emission from a structural failure must be identified and localized (Yin et al., 2019). To achieve localization, a cluster of ultrasonic sensors is usually placed on a structure to collect information from the propagation of elastic waves. Acoustic source localization can also extend to acoustic touchscreen technologies (Phares, 2016). Touch detection and tracking approaches use various arrangements of emitters, receivers, and algorithms, including the acoustic pulse recognition (Reis et al., 2010), the surface acoustic wave (Drafts, 2001), and time reversal (Kent, 2010). Industry, transportation, and building are domains for which acoustic source localization has become an active research area in recent years, given the technical advances in data acquisition and processing. In that case, a microphone array is typically used to identify and localize sound sources to propose noise reduction approaches or to gain an improved knowledge of a given acoustics-related problem. Standard methods aim to process signals from an array of sensors, including beamforming (Chiariotti et al., 2019) and generalized cross-correlation (Knapp and Carter, 1976; Quaegebeur et al., 2016). In those works, the sound sources that must be localized and possibly quantified are generally stationary and at a fixed location. Indeed, characterizing moving sources is more challenging than stationary sources due to the time-varying spatial location and possible frequency shifts at the receiver’s position caused by the non-stationary motion and Doppler effect (Meng et al., 2019; Chen and Lu, 2020).
In this work, another kind of acoustic source localization is sought. The force analysis technique is indeed used to recover a space-time-varying loading on a membrane, starting from time-resolved full-field and non-contact vibration measurements conducted on this structure. The loading is created by a person pointing at the membrane with a handheld acoustic source and using this acoustic source to draw letters, symbols, or words. The emitter is a person “acoustically drawing,” the receiver is a camera, and the modem is a vibrating membrane. Our goal is to investigate the possibility of reconstructing the trajectory of that mobile sound source.
The first originality of this work is the application of the force analysis technique on a membrane, which has not yet been reported to the best of our knowledge (only the reconstruction of the magnitude of a turbulent boundary layer loading using the virtual field method and a membrane was considered in (O’Donoughue et al., 2019b)). This is most likely because vibration measurements on such light structures using contact sensors would be largely biased and complex to set up. The use of non-contact and full-field vibration measurements opens up this specific perspective. This work’s second originality consists of combining the force analysis technique with full-field and non-contact vibration measurements (here, deflectometry), allowing a sound pressure loading identification as a function of time and space. Most of the research that used the force analysis technique was conducted in the frequency domain, restricted to stationary and mechanical excitations, and used arrays of physical sensors like accelerometers. The virtual field method was also combined with deflectometry in (Kaufmann et al., 2019) to reconstruct the pressure distribution on a plate due to a fixed air jet, an aerodynamic load of several hundred of Pascal magnitude. In the present case, the loading is mobile, and the sound pressure amplitude is in the order of 1 Pa.
The paper is organized as follows. The Method section introduces the deflectometry technique, recalls the theory elements concerning the equation of motion and the force analysis technique for a membrane, and details the experimental setup and test conditions. The Results section presents the results obtained, including the analysis of the effect of several influential parameters. The Discussion section starts with a possible application of the proposed work. We also detail the potential and limitations of this proof-of-concept and suggest future works to improve the quality of trajectory reconstruction and take into account more parameters, such as the source’s frequency and its travelling speed. This last section also concludes the paper by summarizing the main results and suggesting three perspectives for combining the force analysis technique with full-field non-contact vibration measurements on a membrane.
2 METHODS
2.1 Deflectometry technique
Deflectometry is an optical technique that directly provides a full-field measurement of local slopes (αx,y, first-order derivatives of the surface shape), estimated from an image that is observed by specular reflection on a flat structure (Devivier et al., 2012; O’Donoughue et al., 2021). This latter must have a mirror-like finish to satisfy the specular reflection condition. Deflectometry is widely used to assess the condition of reflective surfaces (Burke et al., 2023). The image observed on the reflective surface is the reflection of a 2D grid, and is sensitive to plane changes: an imperfection in the shape of the surface leads to conspicuous distortions in the virtual image. Similarly, the deflectometry technique is sensitive to small out-of-plane surface deformations and is, therefore, well suited to measuring the dynamic bending of thin, flat structures. A typical measurement configuration is illustrated in Figure 1A. The observed image is a regular 2D grid placed at a distance L from the reflective surface under study. Any transverse loads applied to the structure will distort the grid image seen by the camera. Surface slope variation in the x and y directions are directly proportional to the local phase variations Φ of the grid lines in the images. Phase variations for the structure under excitation are obtained by comparing phase mappings calculated from the reference image (undeformed grid image) and a distorted image (deformed grid image).
[image: Figure 1]FIGURE 1 | (A) Scheme of deflectometry measurement on a plane structure. (B) A 5-point centered finite difference scheme for estimating second-order spatial derivative terms (over a regular Cartesian grid). (C) Left - Side view: General experimental setup for deflectometry measurements (based on data from O’Donoughue, 2020); Middle - Global view: Experimental setup for measurement on a membrane; Right - Close-up view: experimental setup for measurement on a membrane with a smartphone as the acoustic source. (D) Explanatory scheme of the followed procedure, from left to right and from top to bottom Pictures of the reflected grid are taken on a square over the membrane; The slopes and then displacement maps are calculated on a regular grid as a function of ti; For each time step, the 5-point finite difference scheme starts from an initial position; The 5-point scheme scans the whole membrane. (E) Scheme of the trajectory followed by the acoustic source along the membrane surface during measurement (heart shape test case).
For a local phase variation Φ at a given point on the structure, the observed point in the grid is translated by a distance [image: image] where p is the pitch of the grid (spatial grid period) (O’Donoughue et al., 2023). In the small angle approximation for θ and α, this distance is equivalent to δ = 2Lα. Combining the two formulas for δ allows deducing the slope fields on the surface structure from the resulting phase maps Φx,y using the following geometrical relation:
[image: image]
Transversal displacements can be then obtained by performing an inverse gradient on the slope (a spatial integration since [image: image], with i = x, y). It is underlined that in the presented deflectometry measurements and other works (O’Donoughue et al., 2019a), local spatial phase variations Φ are evaluated using a phase-stepping approach with a windowed discrete Fourier transform (WDFT) algorithm (Sur and Grédiac, 2016). Other approaches could be used. For example, deflectometry measurements were coupled with a particle image velocimetry tool in (O’Donoughue et al., 2021) and were adequately post-processed with that tool compared to the WDFT algorithm.
2.2 Equation of motion and force analysis technique for a membrane
Plates were primarily considered in works related to the force analysis technique. In that case, the equation of motion includes fourth-order derivatives along x and y directions and second-order cross-derivative, and a 13-point finite difference scheme is used to evaluate those derivatives (Pézerat and Guyader, 1995; 2000; Leclere and Pézerat, 2008; Ablitzer et al., 2014; Lecoq et al., 2014; Leclère et al., 2015). Using a finite difference scheme introduces an approximation that can amplify measurement noise or uncertainties, especially with increasing order derivations. Several approaches were proposed to limit those issues, such as low-pass wave number filtering (Pézerat and Guyader, 2000), adapted separation for the sensors (Leclère et al., 2014), or a more elaborate correction for the bias induced by the finite difference scheme, called the corrected force analysis technique (Leclère et al., 2015). In the case of a membrane, only second-order derivatives are involved, limiting these undesirable side effects compared with the plate case. Therefore, no specific post-processing was applied to the measured data. The equation of motion for a membrane subjected to a given excitation F writes
[image: image]
where w is the normal displacement of the membrane, T its static tension, j the imaginary number, η the structural loss factor of the membrane, ρ its mass density, and h its thickness.
By knowing the membrane’s mechanical parameters and having access to its displacement field, the time and space distribution of the force can be estimated. More precisely, the goal of the force analysis technique is to directly calculate the left-hand side of Eq. 2 to evaluate its right-hand side, the force distribution F (x, y, t). Note that no specific knowledge of the boundary conditions or excitation is required (that is, the boundary conditions or excitations that lay outside the local region where the equation is solved). Indeed, the equation of motion is locally solved, so knowing the displacement field on the whole structure is not required, but only on the subsection of the structure where the force distribution is to be identified (Pézerat and Guyader, 1995; 2000).
The spatial derivatives of Eq. 2 are approximated using a second-order finite difference scheme (backward and forward at the limits of the structure and centered otherwise). Arrays of accelerometers have been mainly used to implement the finite difference scheme and calculate the second term on the left-hand side of Eq. 2. The most straightforward finite difference scheme for a membrane is a 5-point array (see Figure 1B). For a centered finite difference scheme and under the hypothesis of equal spacing Δ in the x and y directions (Δx = Δy = Δ, that is, a regular Cartesian grid is assumed), the approximate spatial derivatives of the displacement ([image: image] and [image: image]) at the point positioned at (i, j) are defined by the following relationships:
[image: image]
Eq. 2 can thus be rewritten in a discrete form for spatial derivatives
[image: image]
Two approaches can be used to determine the second term after considering the first term on the left-hand side of Eq. 4. The first one is the calculation of the time derivative of the displacement [image: image]. The second approach assumes a time-harmonic displacement with frequency ω. In this case, the acceleration, as a function of the transverse displacement [image: image](x, y, t), can be written as −ω2ω(x, y, t) (where ω is the angular frequency). The second option has been used overwhelmingly in the force analysis technique implementations. The first approach is used in this work, the time derivative is approximated using a second-order finite difference scheme.
2.3 Experimental setup
The experimental setup is illustrated in Figure 1C. The measurement was carried out in a small laboratory room characterized in (Robin et al., 2019) regarding background noise levels (32 and 27 dB SPL at 500 and 1,000 Hz third-octave bands, respectively). The depicted setup has been used for measurements on other structures (clamped beam (Robin et al., 2021), simply supported panel as in the left part of Figure 1C (O’Donoughue et al., 2019a; O’Donoughue et al., 2019b)) and shown to be immune to possible exterior sources of noise and vibration. The images were recorded using a FASTCAM Mini AX200 high-speed camera with a 12-bit monochrome CMOS sensor that allows resolving 1,024 × 1,024 pixels at 6,400 fps. The reference grid was printed on semi-gloss poster paper, glued to a pressed wood panel of 96 × 91 cm, and illuminated with an LED spotlight. The pitch of the grid was p = 4 mm in all experiments.
The membrane is made from a metalized polyester film with a 50 μm thickness (nominal thickness provided by the manufacturer) and a mass per unit area (or area density) σ = 0.069 kg/m2 (determined by measuring the weight of samples that have different areas using a precision balance). This thin film is stretched over a custom circular steel frame of diameter d = 320 mm and through a tensioning ring with ten regularly spaced adjustment points. The uniformity of the membrane’s tension was checked using a loudspeaker placed under it to produce Chladni patterns as in (O’Donoughue et al., 2019b). The adjustment points were manually tuned until the first few resonance patterns were symmetric. To determine the values of the tension T and structural loss factor η, the approach proposed by Martin and Leehey in (Martin and Leehey, 1977) was followed. At high frequencies, the wave speed c in a membrane tends towards the in vacuo wave speed [image: image]. On the other hand, from the membrane’s resonance frequencies, measured with deflectometry, and the relation c = ωmnd/2χmn, where ω is the resonance angular frequency of the membrane and χmn the nth positive root of the Bessel function Jm. Only circumferential modes were used for this identification because of their predominance and regular spacing in frequency. The frequency-dependent wave speed c(f) over the frequency range of interest was obtained using the standard MATLAB curve fitting tool and the two-term power fit. The relation c(f) = −519f −0.112 + 360 was obtained and used to interpolate the wave speed at any frequency. A value of T = 1,061 N.m−1 could be determined from the asymptotic value cvacuo. A correction was finally applied to account for the frequency-dependent mass loading effect by defining a mass per unit area σeff = T/(c(f))2. The structural loss factor η was determined using the half-power bandwidth method (Singh and Nanda, 2012). For the membrane, η varied from almost 0.1 at low frequencies to about 0.003 at the highest considered frequency (O’Donoughue et al., 2019b). A frequency-dependent expression for the structural loss factor was also interpolated using the curve fitting tool and a single term power fit, η(f) = 87.66f −1.5 which gives η = 0.0022 at f = 1,000 Hz.
To apply a fixed-frequency and mobile acoustic excitation, two sources were used: (1) a sound level calibrator Larson Davis CAL150 with a fixed frequency of 1,000 Hz and a 114 dB level; and (2) a smartphone with adjustable sound frequency (the application Phyphox, see Staacks et al. (2018), is used to generate the audio signal). The acoustic source is held a few centimeters from the surface of the membrane, as shown in the right picture of Figure 1C, and a person draws letters or a desired shape in front of the membrane within a few seconds. The membrane’s ring might be a source of acoustic reflection, but those were not considered in this proof-of-concept since the source was mobile, and it was assumed that unsteady reflections were less critical in this case. However, a numerical study using a finite element or boundary element model calculating deformations with and without the ring would be necessary to validate this assumption fully.
Full-field measurements are conducted on a square area using the 1,024 × 1,024 pixels full size of the camera sensor; a red square in Figure 1D Indicates this square area. Pictures are taken while the moving acoustic loading is applied to the membrane. Placing the corners of this area at the membrane’s tensioning ring provides measurement points with supposed zero displacement. These points help define the integration constant required to calculate the displacement field from the slope field. The 5-point finite difference scheme scans the estimated displacement field at each time step ti, as shown at the bottom of Figure 1D and Eq. 1 is solved to obtain a map of the acoustic loading. Most works that applied the force analysis technique used an array of physical sensors, with inherent added mass and an exact measurement position that is difficult to define precisely over the sensor’s mounting base (the measured quantity, acceleration, is also averaged over the base). The 5-point scheme is here virtual (no added mass). It is translated over a regular Cartesian grid, with precise and reproducible spacing in x and y directions and known positions. Finally, Figure 1E visually illustrates how the acoustic source moves along the membrane to draw a desired shape.
3 RESULTS
3.1 Preliminary example from raw measurements
The relevance of the force analysis technique in identifying the force distribution on the membrane is first illustrated in Figure 2, using data all normalized by their maximum value. Indeed, it could be hypothesized that the analysis of the sole displacement maps would provide sufficient information to locate the point where loading is applied. A displacement map is extracted from a series of measurements used in the following section for an empirical ti time increment, see Figure 2A. A black ‘plus’ sign indicates the actual location of the loading, which cannot be deduced or extrapolated from this displacement map. First-order and second-order spatial derivatives are also provided in Figures 2B, C. The result of the application of force analysis to these displacement data is finally shown in Figure 2D, and now the location of the loading is effectively recovered with maximum precision and minimum artifacts.
[image: Figure 2]FIGURE 2 | At a given ti time, comparison between four different fields, all normalized by their respective maximal values: (A) Displacement field w(x, y, ti), (B) First-order spatial derivative of the displacement field, [image: image], (C) Second-order spatial derivative of the displacement field, [image: image]. (D) Reconstructed force field using Eq. 2. A + black sign indicates the actual position of the sound source at ti.
3.2 Identification of optimal parameters
Images are recorded by the high-speed camera at a specific rate (in frames per second, fps) that has to be theoretically at least twice the excitation frequency following Shannon’s theorem. Since the camera’s storage capacity is limited to 21,841 images at full resolution (1,024 × 1,024 pixels), a large fps goes with a short acquisition duration. For all presented tests and results, the sensor’s resolution was set to 1,024 × 1,024 pixels and the camera’s sampling rate to 3,000 fps, with a maximum acquisition time of 7.28 s. All calculations were made using a personal computer equipped with an AMD Ryzen 5 4600H processor with a 3.0 GHz clock speed, 6 threads, and a 16 GB RAM. Finally, the to-be-reconstructed shape in this section is a heart drawn in front the membrane with the sound level calibrator.
Three main parameters can be considered to obtain meaningful results: (1) Ns the integer number of spatial steps Sx,y between two points of the scheme such that Δx,y = NsSx,y, (2) the threshold value above which the force amplitude is taken into account for the shape reconstruction; and (3) pi the picture increment between two consecutive maps. Sx,y represents the spatial increment of the mesh grid with which the finite difference scheme is translated along the x and y-axis. In this work, Sx,y = p/2 = 2 mm. In Figure 1B, Ns = 1 on the left and Ns = 2 on the right. The influence of a variation in the membrane’s characteristics inputs (tension and surface mass) is also studied in this section. Lastly, except in the subsection that concerns the effect of time increment, all figures have been obtained by considering one picture out of fifty.
3.2.1 Spatial spacing used in the finite-difference scheme
The parameter Ns affects the overall size of the 5-point scheme used to calculate the spatial derivative of displacements. Thus, if the scheme is more extensive, fewer data are accessible (at the boundaries and over the whole measurement area), so the size of the force matrix is reduced. It leads to a coarser reconstitution of the shape inherent to the less dense mesh, which can be seen when comparing the four tested cases in Figure 3A. Calculation time to determine space-time varying loading is also related to Ns value: approximately 76 s are required to reconstruct the heart shape with Ns = 1, and 35 s with Ns = 2. Since the difference in the computation time with larger Ns values is less significant, and the shape is mainly recognizable with Ns = 2, this value conciliates precision and running time.
[image: Figure 3]FIGURE 3 | V1 (A) Effect of the spatial increment value Ns in the finite-difference scheme on the reconstruction of a heart shape. (B) Heart shape reconstructed without amplitude thresholding on the left and with a 35% amplitude threshold on the right.(C) Heart shape reconstructed with different increment pi between the pictures used for inverse solving. (D) Heart shape reconstructed with an error of ±20% for the surface density (left) and the membrane’s tension (right)—red circles indicates a —20% error, green diamonds a +20% error, and black points are unbiased. 
3.2.2 Force threshold definition
The quantitative values of the force amplitude are irrelevant for this work; a percentage of the highest amplitudes and their position are enough to reconstitute the shape drawn by the user. The threshold definition is based on a percentage of the most significant identified force amplitude over the acquisition time. Its optimal values were empirically determined and range between 15% and 45%. This threshold helps reduce noise-induced reconstruction artifacts and improves the precision of the reconstructed trajectories. By trial and error, a threshold of 35% of the largest estimated force amplitude is applied to every other figure in Section 3. As an example, the left figure in Figure 3B was obtained with no threshold (i.e., the localization of the identified maximum force amplitude over the measurement area is used to plot the loading’s trajectory). At the same time, the figure on the right was obtained with a 35% threshold of the maximum force amplitude estimated during measurement (the points plotted are only those that concern the localization of a loading magnitude larger than 35% of the largest recorded amplitude).
3.2.3 Time increment between consecutive images
For a full acquisition time of 7.28 s, 21,841 images are recorded by the camera at a rate of 3,000 frames per second (one picture is taken each 0.3 ms). However, not all data is necessarily required to get a satisfying result. Figure 3C compares the results for different time increments (one picture out of 10, one picture out of 50, one picture out of 100). By varying the time increment pi between available images, the total number of pictures to be processed also varies greatly. With an increment of pi = 10, the heart on the left of Figure 3C is reconstructed with one picture out of ten, so a total of 2,185 pictures. The heart in the middle was obtained with only 437 pictures (one out of 50), and the heart on the right with 219 (one out of 100). The calculation times to calculate the force fields used to obtain the three figures of Figure 3C, from left to right, respectively, are 3.53 s, 0.85 s, and 0.57 s. A value of pi = 50 leads to a well-defined shape and provides enough points to reconstruct quite complex writing with an acceptable time computation.
3.2.4 Influence of uncertainties on mechanical parameters values
A precise knowledge of mechanical properties is required for applying the force analysis technique for the usual identification purposes (Pézerat and Guyader, 1995; Pézerat and Guyader, 2000; Leclere and Pézerat, 2008). Variations in the membrane’s mechanical characteristics, such as an increase in tension value (T) or decrease in area density (σ), will result in a biased estimation of the force amplitude. In practice, variations of the membrane’s tension are quite inescapable, and the mass density and thickness of the membrane are challenging to evaluate perfectly. Figure 3D highlights that the drawn shape is still recognizable after the numerical reconstitution, even with the imprecision of ±20% on those inputs. In Figure 3D, the red circles indicate an imprecision of −20%, the green diamonds of +20%, and the black points are the reconstitution with the initial inputs. Additional tests proved that even if the area density value σ error can be as significant as 50%, the results obtained can still be considered acceptable. This is attributed to the fact that a relative identification of the force amplitude is sought, making the identification process less prone to errors in mechanical parameters.
3.3 Additional examples using optimal parameters
Using the set of optimal parameters previously identified (Ns = 2, pi = 50, 15% ≤ threshold [image: image]), various hand gestures using both acoustic sources are recovered. Figure 4 provides several examples. The word ‘net’ (Figure 4A) and the letter ‘Σ’ (Figure 4B) were written with the acoustic calibrator (1,000 Hz), and reconstructed with a force amplitude threshold of 40% and 20%, respectively. Since the sound pressure level calibrator has a fixed frequency, a smartphone was used to conduct tests at a frequency empirically defined as half of the frequency of the calibrator. A smartphone generating a sine wave at a frequency of 500 Hz was thus used to draw the letter ‘P’ (Figure 4C) and the shape ★ (Figure 4D). The threshold value was also set to 20%. Most shapes, especially the simplest ones, are easily recognizable, such as ‘P’ and ‘Σ’.
[image: Figure 4]FIGURE 4 | Different shapes reconstituted with optimal parameters Ns = 2, pi = 50 and an adapted force amplitude threshold: (A) Word ‘net’, 40% threshold, (B) Letter “Σ”, 20% threshold, (C) Letter ‘P’, 20% threshold, (D) Shape ★, 20% threshold.
4 DISCUSSION
Following the provided example, one of the possible applications of the proposed work would be an acoustic pencil concept with a membrane board. Regarding the acoustic pencil, and since the idea was initially implemented with a sound level calibrator, using a smartphone as an acoustic source for the presented concept is successful. With a unique device, the smartphone gives the ability to choose various excitation frequencies that extend the range of acquisition rate that can be used with the camera. Drawing a large shape or a long word inherently takes time. Reaching lower fps allows a longer acquisition time (for a fixed memory) and reduces the technical requirements. Moreover, a smartphone is an accessible resource; no specific application is required. On the other hand, the reconstruction of the drawn shapes is currently divided into two stages. First, the acoustic source moves along the membrane while images are acquired with a high-speed camera; images are then post-treated to obtain the displacement field over time and apply the force analysis technique to retrieve the force maps.
If real-time implementation were contemplated, direct processing of acquired images would be required. GPU or FPGA boards could be used to acquire the images one by one (and not after recording the complete film), directly perform parallel processing of the different parts of the image to perform the calculations and display the instantaneous result. In such a case, this proof of concept could finally lead to the viable concept of a contactless membrane board.
However, starting from this proof of concept, several points have to be investigated in future works. The setup of a large and possibly square membrane is under consideration to eliminate possible reflection effects from the surrounding frame in the case of this circular membrane. Also, a reference to obtain the exact position of the sound source is required to estimate the precision of the identification. Two options will be considered. The first is an infrared touchscreen overlay, a frame within which the source can be located. However, the separation distance between the membrane and this frame must be fixed. The second option is a robotic arm with prescribed trajectories, which can help evaluate trajectory identification in 3D. These elements will be combined with a multi-factor evaluation, including the influence of the drawing speed, the effect of source-to-membrane separation, and source strength and frequency requirements.
This work combines time-resolved full-field vibration measurements on a circular membrane with the force analysis technique to recover pressure loading as a function of space and time. Simple hand gestures that correspond to the drawing of a Greek letter (Σ), a capital letter (P), two shapes (♡, ⋆), and a 3-letter word (net) are effectively recovered. This work provides an example of how an identification technique can be used qualitatively rather than in the more usual quantitative way. However, if quantitative identification is sought, combining the force analysis technique with full-field vibration measurements on a membrane allows time-space identification of an acoustic loading and opens exciting perspectives that could be applied in several fields. Three examples are (1) the characterization of membrane-like acoustic metamaterials (Huang et al., 2016); (2) the time-space reconstruction of a turbulent boundary layer loading on a membrane (O’Donoughue et al., 2019b), which could help identify the spatial decay coefficients and the power spectral density of this specific loading, and (3) application in musical acoustics, especially the characterization of membranophones including the interaction between the performer and its instrument. In the latter case, the reconstruction of a time-space-varying mechanical loading would be considered, providing another research direction. As a final and inspiring example that mixes metamaterials and musical acoustics, high-speed laser interferometry measurements were used in (Bader et al., 2019) to characterize the effect brought by a modified frame drum inspired by metamaterials, showing enlarged variability in terms of timbre and musical articulations compared with a regular drum.
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