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Abstract: Reliable and consistent measurement of various gas molecules at low parts per million (low-ppm) concentration is an essential intermediary step towards low-cost versatile gas analysers. Here we demonstrate physical measurements of various low-ppm molecules by means of an acoustic standing wave-based resonating device with a speaker and a microelectromechanical microphone, using either the sound pressure level (SPL) at a fixed frequency, or alternatively, tracking the resonance frequency as gas molecules enter the acoustic device. Low-ppm gas molecules are measurable at frequencies near standing wave resonances, as slight shifts in the speed of sound result in a shift of the acoustic frequency response function. Since a chemical receptor layer on the sensing component is not required for the measurements, absolute physical quantities of the molecules are measurable, which coincide well theoretically with expected values for pure chemicals. Various conditions are tested using different low-ppm molecules to demonstrate the limit of detection (LOD), using a low-cost and portable acoustic setup. An LOD is determined to be in the order of several ppm for most molecules. Gas analysers based on a physical approach present new opportunities for mobile gas sensing in practical applications.
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1. Introduction
Portable gas analysis systems measure various gas molecules for the purpose of molecule identification and determining their concentration [1, 2]. As different gas molecules enter a sensing chamber, the internal sensing component changes output based upon sensing mechanism and target molecules [3]. Reliable measurements of chemicals at low-parts per million (low-ppm) ranges will enable new applications of integrating portable, low-cost gas analysers into sensor networks that have enough measurement sensitivity, particularly for measuring potential biomarkers at low-ppm levels [4], and harmful chemicals. In conjunction with the internet of things and predictive machine learning algorithms, this will have immediate impacts in healthcare [5, 6], agriculture [7] and indoor air quality monitoring [8].   
The limit of detection (LOD) is an important criterion for assessing sensing systems, as it describes the minimum possible measurement capability of a sensor [9, 10]. For most practical applications, sensors normally operate at RT and atmospheric conditions. In the case of gas sensors based on chemical interactions, a reactive part (a receptor layer) is typically formed or deposited onto the surface of a sensing component [11-14]. Different receptor layers inevitably affect the LOD due to the coupling between target molecules, receptor material and sensing mechanism, which also causes other unavoidable issues involving consistent production and stability.
[bookmark: _Hlk156407874]Measurement systems based on physical approaches generally have better stability and repeatability, and sensing signals have direct links to physical parameters such as mass [15, 16], temperature [17, 18] and pressure [19], enabling easier comparisons between theory and experimental data. Acoustics is a promising physical approach for gas sensing, due to the availability of cheap, robust, reliable and highly sensitive commercial audio components, which also enable easy integration with many common devices. Moreover, acoustic platforms link gas molecules to output sound pressure level (SPL) and resonance frequency (fr) of acoustic modes using elements such as microphones [20, 21] or quartz tuning forks [22, 23]. A spherical acoustic resonator design has been previously fabricated and calibrated for highly sensitive gas measurements, wherein the experimentally measured speed of sound (c) was calculated based upon the frequency of the three lowest-order radial modes of the spherical resonator [24]. High sensitivity is achieved in such a laboratory device, particularly for forming the equation of state based on the measured c [25], but mobile applications are rather limited due to the cost and size of various components contained within the system. Optics also provides another powerful physical domain for gas spectroscopy and future sensing capabilities. Photoacoustic cells couple phonons and photons at resonance modes, which achieve better device sensitivity [26, 27]. However, portable gas analysis systems will need to disseminate and identify components in mixtures for implementation in practical applications, as well as being low-cost, portable and robust.
In this study, we demonstrate low-ppm molecule detection using a low-cost portable acoustic setup comprising an acoustic resonator based on standing wave resonances, enabling measurements of the SPL or the fr of different modes. A microelectromechanical system (MEMS) microphone measures the acoustic response of the system, which changes due to the introduction of low-ppm molecules in the vicinity of standing wave mode resonances, since the acoustic response is linked to the c and density (ρ) of the gas. Two regions are formed, resulting in a downward and upward SPL region, above and below the fr compared to a N2 filled resonator, respectively. The results are repeatable over different time periods, demonstrating the capability of chemical sensing devices based on acoustical principles utilising readily available and commercialised acoustic components. An acoustical approach can also determine the non-ideal mixing of gases, particularly as a spatiotemporal mapping platform, which may enable future opportunities towards integrating mobile gas analysis systems for measuring low-ppm concentrations of molecules in a large volume of space.
2. Acoustics background
The two main prominent domains that acoustic signals measure is either in the time or frequency domain. In the time domain, the resulting measurement is the SPL given by
	,
	(1)


where v is the molecular vibration of internal molecules from their initial position as an acoustic wave propagates, other terms are as previously denoted, and c is given by 
	 ,
	(2)


where γ is the specific heat ratio and P is the static pressure. Whilst ρ and c are dependent upon the molecular mass (c is expected to be dispersionless in the audible range), v is dependent upon molecular mass, number of molecules and the acoustic wave, since v drastically changes near resonance modes and is dependent upon the source speaker power, Vs. In the frequency domain, the main features to observe are the standing wave frequencies at odd multiple integers for an open-closed system, which is given by [28]
	,
	(3)


where n is an odd multiple integer and L is the effective length of the acoustic resonator.
3. Experimental design and test procedure
[bookmark: _Hlk132711839]An experimental platform comprises of two mass flow controllers (MFCs) connected to a N2 supply line. One MFC (MFC 1) is connected to a glass vial containing a liquid solution. As N2 enters the headspace of the vial through the Teflon tube (i.e., the N2 tube is not directly inserted into the liquid), it forces molecules out of the headspace and along the Teflon tubing into a mixing chamber, and the gas is further diluted by pure N2 using another MFC (MFC 2). A total flow rate of MFC 1 and MFC 2 is maintained at 100 sccm throughout the experiments and the concentration (C = MFC 1 / (MFC 1 + MFC 2) × 100%) of a gas is varied by changing the flow rate of MFC 1 in the range of 5 − 100 %; throughout testing, MFC 1 + MFC 2 = 100 [sccm] is always maintained between sampling and purging cycles of gases. N2 is used as the carrier gas due to its inert nature, minimising interactions between carrier gas and sample molecules. The resultant gas enters a cylindrical acoustic resonator (φ = 6 [mm]) comprising of a MEMS microphone (SPH8878LR5H-1, Knowles and SparkFun Analog MEMS Microphone Breakout - SPH8878LR5H-1) and a speaker (ZNS-0111-BEIY, Boesklenn) enclosed within stainless steel and O-rings for an airtight seal. A process diagram of the experimental setup is given in Figure 1a and an experimental photograph is given in Figure 1b. The vial and acoustic resonator are all enclosed inside an incubator to maintain a constant temperature of 25 °C throughout the experiments. A PXI 5406 (NI Corporation) and a PXI 5922 (NI Corporation) are used to output voltage (Vs) and frequency (f) to the speaker, and to measure the MEMS microphone response (V), respectively. All experiments are managed using self-developed LabVIEW programs (Version 2021, NI Corporation). A 200 kHz sample rate with 200 kilo samples is used for frequency domain tests, as this is the maximum for the PXI 5406 unit, which coincides with the sampling rates of a commercially high resolution audio system. For time domain tests, 20 kilo samples is used to obtain a 10 Hz sampling rate to better capture the dynamic response of sample molecules.
4. Results and discussion
4.1 Initial acoustic response towards low-ppm concentration molecules
Previously, an extensive number of data dimensions (20,000 in the audible range for a Δf = 1 [Hz]) can be extracted from gas molecules entering an acoustic resonator as previously demonstrated [20]. However, in the context of low-ppm concentrations, the accuracy and LOD of acoustic gas analysis systems still need to be addressed. A 10 mV pink noise stimulant emission for a duration of 1 s over the audible frequency range was conducted to construct the frequency response function (FRF) whilst sampling nonanal molecules at various C, as shown in Figure 2a. Multiple resonance peaks can be observed around 10.50 and 18.05 kHz, which correspond to the n = 3 and n = 5 standing wave modes, the major fr in this work is taken at n = 5 (18.05 kHz). After obtaining fr, L has been calculated as a single lumped parameter by rearranging Eq (3). (using a nominal c = 352.1 ms-1), resulting in L = 24.38 mm. Inspecting the entire FRF unequivocally demonstrates the apparent lack of determining low-ppm nonanal molecules at various C, as well as the high noise level induced from pink noise testing. To ascertain higher resolution FRFs around the major resonance peak in this work, a chirped sweep input over a 10 s duration was implemented resulting in a Δf = 0.1 [Hz] resolution. A higher resolution sweep near the resonance peak for different C of nonanal molecules is shown in Figure 2b, and in stark contrast to pink noise emission, this technique exposes the measurement possibility of low-ppm molecules using an acoustic approach, which predominately decreases in fr as heavier molecule C increases. As expected, in the vicinity of a standing wave peak, as c decreases, this leads to two different regimes, whereby the magnitude (SPL in time domain) decreases or increases, above or below the fr of a N2 filled resonator, respectively. To verify this behaviour, a numerical model is developed and simulated for various N2 and nonanal mixtures at various C (see methods) and the resulting FRFs were simulated as shown in Figure 2c. Good agreement between the experimental and simulated values is obtained as shown in Figure 2d, highlighting low-cost acoustic approaches can measure low-ppm concentrations (in the order of several ppm) and theoretical values are well supported. Discrepancies at larger C may be due to the emission of headspace molecules, flow dynamics in a vial or due to the nominal vapour pressure reference value used.

4.2 High resolution acoustical time domain testing approach for low-ppm concentration molecules
Time domain testing is conducted to verify low-ppm gas concentration measurements, determine the LOD, and investigate any prominent unique signal attributes in addition to measurement stability. Time domain offers faster testing compared to its frequency domain counterpart, enabling higher sampling rates, but introduces a complicated v term when extracting physical quantities. Resulting sinusoidal waves are measured by the microphone, then the root mean square (RMS) value of the measured sinusoid is calculated and plotted over time. The C of different molecules is set to 20 %, 10 % and 5 % for several cycles alternating between sampling molecules at low-ppm concentrations or purging with N2, as shown in Figure 3a. Firstly, acoustic wave properties were investigated by altering Vs, as this would alter the v term given in Eq. (1) and keep the mass terms (ρc) constant between tests. A fixed frequency of f = 18.15 [kHz] was set, and as Vs increased, the change in signal output from the microphone (ΔV) increased for the same nonanal C given in Figure 3b. A vial filled with N2 prior to testing was also conducted for comparison and to further elucidate that low-ppm molecular concentrations are being measured (several frequencies for N2 vials are given in Figure S1), as the switching between N2 and vial filled with N2 resulted in ΔV = 0 [mV]. Whilst time domain tests experienced baseline shift throughout testing, this shift was most likely induced by the speaker membrane having temperature fluctuations and uneven vibration amplitudes during experiments; to compensate and compare results, the baseline drift has been subtracted, see methods for more details. Figure 3c demonstrates the effect of test f versus ΔV for nonanal, different frequencies result in different downward or upward trends based on the explanation shown in Figure 2b; when testing different f, Vs is altered to have a similar starting N2 SPL baseline to make comparisons between tests. Signal changes are only observed near standing wave peaks and not near other peaks as shown in Figure S2. Acoustic wave properties affect ΔV, but the downward and upward nature can be predicted based upon the shift direction, further verifying the measurement of low-ppm molecules. Various low-ppm vapour pressure molecules at 25 °C in liquid form were systematically connected to the experimental system, and their headspace is directed towards the acoustic resonator, simultaneously ΔV (SPL) is measured as shown in Figures 3d and e, at f = 18.15 and 18.00 [kHz], respectively (these two frequencies are arbitrarily selected to demonstrate differences in magnitude and directions). Different molecule types were also deliberately tested to have a variety of data to demonstrate the powerful platform of physical-based measurements for gas sensing. Since all molecules tested are heavier than N2, it was expected and observed that at f = 18.15 and 18.00 [kHz], ΔV would decrease and increase, above and below the fr of the N2 (18.05 kHz) filled acoustic resonator. For all the molecules tested. Moreover, unique signal attributes were observed in terms of amplitudes and response times, and all signals exhibited a first order system response, further verifying the measurements of low-ppm molecules. Most importantly, at C = 5 %, the lowest vapour pressure molecules tested were decanal and 1-octanol, resulting in a measurement of ~6 ppm [29, 30], however, the minimum LOD and SNR tend to slightly vary between different molecules. For example, for similar vapour pressure molecules, ΔV for decanal is 0.87 mV and ΔV = 0.30 [mV] for 1-octanol, whilst both have a fluctuation of ± 0.08 mV. This discrepancy between chemicals may be attributed to their mass or viscosity properties in addition to partial adsorption on the measurement system components including the gas flow lines, microphone or speaker, or molecular interactions induced by a standing wave acoustic mode. In general, results show a promising approach towards low-ppm detection of molecules using a physical approach, eliminating the need for chemical receptors. A sound card was also used for measuring several chemicals in the order of tens of ppm as shown in Figure S3.
Reliability tests were conducted over a 24-hour period for several of the molecules as shown in Figure 4. The molecules tested were pentanoic acid, nonanal, dodecane and 1-octanol to have a wide variety of molecule types and differences in vapour pressures. The only low-ppm molecule that experienced deviation between tests was pentanoic acid, which exhibited slight variations between test day and C. Deviations may be ascribed to (1) the headspace emission of pentanoic molecules may develop a viscous layer on the surface of the liquid over time; (2) pentanoic molecules may have some adsorption onto the surfaces of either the microphone or the speaker membrane; or (3) slight inconsistencies in the measurement equipment—however, even considering these possibilities, results are quite similar over different test dates. For the other chemicals, measurements over 24 hours revealed highly reproducible results with only minor discrepancies. Repeatability is a key aspect in sensing technologies for reliable, accurate and consistent results, and most molecules exhibited the same ΔV over different test periods, which also highlights the benefit of using physical approaches for low-ppm molecule detection, due to the techniques irrelevance to binding affinity of target molecules. 
To further confirm the minimum LOD, tests were conducted for two longer carbon chain alkanes, namely, n-tetradecane (C14H30) and n-hexadecane (C16H34), which have vapour pressures of 20 ppm [31] and 2 ppm [32], respectively. These two chemicals were selected because they have a one order of magnitude difference in their vapour pressures, meaning one is larger and the other is below the LOD from previously assessed experiments. To compensate for the lower ppm vapour pressures, the MFCs were altered from previous experiments to sample the molecules at C = 100 % and 50 % for several cycles as shown in Figure 5a. The results of sampling a vial containing tetradecane, hexadecane and N2 are shown in Figures 5b and c, further demonstrating the LOD of several ppm for most molecules. Evidently, there are abrupt jump points (single points) which are due to switching the MFCs from 0 V to maximum, however, signal responses for tetradecane vapours at C = 100 % and 50 % are clearly observable, whereby ΔV decreases with decreasing C as expected, since more N2 molecules are inside the acoustic resonator. Moreover, the downward and upward trends at 18.15 kHz and 18.00 kHz, respectively, remain the same as all the other previously tested low-ppm concentration gases.
4.3 Gaseous mixture application
[bookmark: _Hlk156409409]To demonstrate a practical application of the proposed acoustical low-ppm technique, the experimental setup was slightly altered to include a N2 + ethanol tank connected to MFC 1 as the sampling line. Ethanol is selected since the legal limit of alcohol in breath is rated as 0.15 mg/mL (in Japan), which equates to roughly 78 ppm of ethanol in a breath sample [33]. Proton transfer reaction (PTR, Ionicon Analytik) experiments were conducted for the N2 + ethanol tank used in experiments, by connecting the N2 + ethanol tank to an MFC.  The tank gas was directed through the MFC at 100 sccm into the ionization chamber of the PTR instrument. The PTR system measured the time of flight of the molecules, which resulted in a nominal ethanol value of 275 ppm. During acoustical experiments, water vials were additionally added to supply humidity to the lines and form a gas mixture to emulate a potential breath analysis application, resulting in a more complex gas mixture compared to the previously tested pure chemicals (Figures 2 – 5) as shown in Figure 6a. Δfr was tracked whilst using either N2 or the N2 + ethanol gas tank as shown in Figure 6b, using several cycles at C = 20 %, 10 % and 5 %. At C = 20 %, clear differentiation between the two N2 supplies is observed as in Figure 5c, however, this declines as C reduces, meaning that the system is near the LOD of ~10 ppm. From the calculated Δfr, the amount of ethanol in ppm was calculated using the proposed audible sensing approach as 30 ± 8 ppm for C = 20 %, and plotted against the measured PTR values, which demonstrates the complex nature of gas and headspace vapour mixtures and the change of concentration not being uniform over different time periods. Discrepancies between measurements can also be attributed to 1) ethanol-water interactions in the case of audible acoustics measurements, 2) adsorption on the gas lines, microphone and speaker, and 3) The PTR system is heated up to at least over 100 °C and the audible acoustics approach is conducted at RT. 
In the current approach towards audible-range acoustical detection of low-ppm concentration gases, an LOD of 5–10 ppm is possible. Whilst this LOD may be useful in some applications, enhancing the LOD is a key factor to be addressed since many potential applications in agriculture and medicine are few-ppm to parts per billion. However, overcoming such a hurdle predominately involving LOD does not have a trivial solution. The current design is using a standard commercial MEMS microphone which demonstrates easy functionality and easy integration, but the design is fixed and not easy to change. Design issues may be remedied as the commercial audio market is extensive and there is always a competitive and growing market, meaning MEMS microphones improve each design iteration. Another current limitation of this approach is that the design does not exhibit any selective nature, instead it measures all molecules as a single gas mixture inside the acoustic resonator. An impertinent part of future work will need to be focused at improving these two key aspects, to realise both enhanced sensitivity (ppm and below) and selectivity, which is the extraction of specific molecules in a mixture, via an audible-range acoustical approach. A feasible option may be the coating of microphone or acoustical chambers with specific materials to either reduce the effect of unwanted molecules or to specifically bind molecules. Moreover, acoustic-material interactions may potentially be necessary to overcome the current limitations exposed in this work, which the authors are currently engaged in for gas mixtures. Compared to some existing chemical sensors that come with digital interfaces, the proposed device requires a sound card for measurements. Nevertheless, the simple physical-based approach proposed measures many molecules down to low-ppm concentrations, which may open new alternatives in mobile gas analysers with combined sensors to enable large data output pertaining to both chemical and physical properties of the gas molecules.
5. Conclusions
Low-ppm gas molecule detection based on physical acoustics is conducted using a quarter wavelength resonator and commercial audio equipment. As molecules are transported into the acoustic resonating device, the sound pressure and resonance frequency can be measured for a variety of different low-ppm molecules at different concentrations resulting in a variety of different physical parameters. Test molecules matched the expected acoustic properties at different sound power levels and sound frequencies further verifying the proposed approach. The limit of detection for most molecules is in the range of 5–10 ppm, with a noise level of a few ppm, and testing revealed highly repeatable results over different test dates, highlighting the significance of physical sensors as potential gas analysers. Measurements on a multicomponent gas mixture demonstrated a similar LOD to the case of pure chemicals. Using simple standard audio equipment with smart acoustic designs can lead to new devices for mobile gas analysis applications due to their easy accessibility, high sensitivity, and physical based measurement approach. 


6. Materials and methods
5.1 Materials
The chemicals used in this work were: water (ultrapure water, MilliQ from Merck MilliPore), nonanal (Tokyo Chemical Industries, grade > 95%), pentanoic acid (Fujifilm Wako Pure Chemical Corporation, grade >99%), dodecane (Sigma-Aldrich, > 99%), 1-octanol (Tokyo Chemical Industries, grade > 99%), decanal (Sigma-Aldrich, > 99%), tetradecane (Wako chemicals, grade >99%), hexadecane (Wako chemicals, grade >99%) and a N2 + ethanol gas tank (Taiyo Nippon Sanso).
5.2 Finite Element Analysis (FEA)
COMSOL Multiphysics 6.1 Pressure Acoustics module was used for simulations. The geometry was the same as the experimental device with φ = 6 [mm] and L = 24.38 [mm], and an extra fine mesh with a 0.001 convergence setting was used for simulations. A 2D axisymmetric formulation was used to save processing time and make advantage of the cylindrical design space. For Figures 2c and 2d, an equivalent value of c was calculated assuming ideal c values of N2 (cN2) and Nonanal gases (cnonanal). The headspace vapour pressure of nonanal was taken as 400 ppm [34], for each nonanal concentration (C), the equivalent c was calculated as c = (1 − C × 400 ppm)cN2 + (C × 400 ppm)cnonanal. 
5.3 Origin lab data processing
For the results presented in Figures 2 and 3, an FFT filter with a five-point average has been used to eliminate unwanted erratic acoustic sources that occurred in the laboratory during testing, then a subtract baseline using 13 points is used to zero the data to overlap graphs. Original graphs without baseline subtraction are shown in the Figures S4–S6. For Figure 5, a five-point moving average was used to smooth data, particularly at C = 5 %.
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Figure captions
Figure 1: Experimental design. (a) Experimental Schematic. Nitrogen directs molecules using two mass flow controllers (MFCs), to vary the concentration (C) of target molecules. Red and blue coloured sections inside the resonator denote the acoustic pressure as positive and negative regions, respectively, at the n = 5 standing wave mode. (b) Photograph of the experimental setup showing the connection between components and direction of flow (photograph taken outside of incubator for clarity).

Figure 2: Audible sensing of low-ppm molecules (a) Frequency response function (FRF) of different nonanal C over the audible range using pink noise excitation. Data is taken over 1 s with Δf = 1 [Hz]. Inset shows a close-up in the vicinity of the n = 5 standing wave resonance mode peak. No clear distinction can be observed between different nonanal C compared to N2. (b) Chirped FRF in the vicinity of the n = 5 standing wave mode peak for nonanal using a 10 s sweep, resulting in Δf = 0.1 [Hz]. Clear distinctions can be made between different C, leading to a downward and upward region, above and below the resonance frequency, respectively, when sampling heavier nonanal molecules as compared to N2. (c) Numerical simulation of the shifting FRF for various ppm levels of nonanal molecules. For simulations, the authors set the vapour pressure of nonanal as 400 ppm at 25 °C [34]. (d) Comparison of Δfr between experiments (b) and numerical simulations (c).

Figure 3: Time domain approach for measuring low-ppm molecules (a) Flow rate cycle used for testing, which consists of four cycles at C = 20 %, 10 % and 5 %. (b) Different input voltages (Vs) to the speaker results in different ΔV when sampling the same acoustic impedance (ρc) of nonanal molecules. (c) Several test frequencies around the n = 3 and n = 5 standing wave modes demonstrate sampling and purging of nonanal molecules. (d) ΔV response of various low-ppm molecules at f = 18.15 [kHz], showing a downward response when sampling molecules. (e) ΔV response of various low-ppm molecules at f = 18.00 [kHz], showing an upward response when sampling molecules. For panels (d) and (e), N2 refers to a vial containing N2 from the sample line demonstrating no changes between sampling and purging lines. Refer to Figure 1c for downward and upward trends in the SPL. For panels (d) and (e), Vs = 315, 283, 261 and 251 [mV] at 18.15, 18.00, 10.60 and 10.40 [kHz], respectively, to keep a similar N2 baseline SPL between tests for comparison.

Figure 4: Reliability tests after 24 hours (a) Pentanoic acid. (b) Nonanal. (c) Dodecane. (d) 1-Octanol. The same test procedure as shown in Figure 2b is used, demonstrating repeatable results for ΔV. Vs = 315 [mV].

Figure 5: Time domain sampling of longer carbon chain alkanes (a) Flow rates used for testing, which consists of five C = 100 % sampling and four C = 50 % sampling cycles. Abrupt noise lines are induced when switching MFCs between their zero value and maximum nominal value. (b-c) ΔV response of test chemicals at (b) 18.15 kHz and (c) 18.00 kHz. The results show measurements for tetradecane down to < 10 ppm is possible, however, hexadecane and N2 both have zero responses when switching between sampling and purging cycles, indicating the minimum limit of detection (LOD) is > 2 ppm [32]. Vs = 315 and 283 [mV] at 18.15 and 18.00 [kHz], respectively, to keep a similar N2 baseline SPL.

Figure 6: Resonance frequency tracking of an ethanol, water and N2 mixture (a) Flow chart of the experimental test setup used. Two different flow lines are used to supply pure N2 and N2 + ethanol. Proton transfer reaction (PTR) measurements confirmed the ethanol supply in the N2 + ethanol supply as 275 ppm. A similar test procedure as Figure 3b was used with increased sampling and purging times. (b) Experimental Δfr results between humidified N2 and N2 + ethanol. Below 20 %, the difference between N2 and N2 + ethanol signals are unable to be distinguished, indicating that the LOD of the audible acoustics approach is reached. (c) Close up zeroed response of the final cycle at 20 % concentration demonstrating the difference between signals. (d) Ethanol ppm level versus the measured responses of the PTR and the audible acoustics approach. At C 10 % and 5 %, the level of ethanol molecules is near/below the LOD of the microphone ~10 ppm for the audible acoustics approach (markers are not presented for these concentrations).
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