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Acoustic band gap waveguide structures with resonant modes open up a new and original avenue 
of research in the field of detection. This paper focuses on using a structure of Helmholtz resonators 
parallel to lateral duct with a central defect cell as a high-sensitivity harmful gas sensor. The numerical 
analysis was carried out using the finite element method based on a COMSOL Multiphysics simulation. 
A central defect waveguide containing four lateral ducts leads to the emergence of a localized resonant 
mode, the positions of which can be controlled by modifying the acoustic properties of the gas samples 
and the geometric dimensions of the system. This resonance peak reaches a very high transmission 
intensity in the acoustic band gap, between 92% and 100%, for all the gas samples, reflecting the 
strong localization of the acoustic waves in the defective cell and therefore, good acoustic energy 
transfer performance at specific frequencies. Various geometric configurations were analyzed as part 
of this study in order to determine the optimum parameters of the sensor using the propane sample 
with air. Under optimal conditions, the sensor recorded a sensitivity of 3.8 Hz.s. m−1, a high figure of 
merit of 380.7 s .m−1, and a very exceptional quality factor of 129,422. These characteristics reveal 
a significant improvement in the efficiency of detecting leaks of harmful gases into the air using the 
proposed sensor. Furthermore, the sensor exhibits significant peak shift linearity with sound speed, 
reflecting a very stable sensitivity in all gas samples. Thanks to these important results and the design 
simplicity, the proposed model of parallel resonators with a central defect can be exploited mainly for 
gas sensors and powerful detection applications.
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The acoustic wave manipulation in phononic crystals (PnCs) or acoustic periodic structures, known for their 
unique characteristics and great adaptability, is taking on an increasingly important part in current scientific 
research1–4. The physical properties of these artificial structures are essentially reflected in their capacity 
to generate specific frequency ranges with zero acoustic transmission, known as ABGs5–8. These forbidden 
frequency ranges are characterized by high efficiency in perfectly reflecting the acoustic wave, thanks to 
periodic arrangements of the materials’ acoustic impedances or different geometries. The physical phenomena 
responsible for ABGs formation are essentially Bragg scattering due to multiple destructive interferences and the 
local resonance mechanism based on resonant cavities9–12. The adjustment of these ABGs in specific frequency 
ranges is linked to the mechanical or geometrical properties of materials and systems13,14. As a result, these 
structures have recently become attractive for their various innovative applications, including selective filtering, 
waveguiding, low-frequency noise reduction, and multiplexing systems15–17.
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The insertion of geometric or material defects at specific positions within a periodic PnC leads to the 
appearance of localized resonant states in the ABGs, corresponding to defect modes18–20. These resonance peaks 
are generated by the waves’ strong localization in the defect cell. This phenomenon is analogous to the creation of 
defect states in photonic crystals (PCs)21,22. Furthermore, as the acoustic impedance of PnCs is proportional to 
the density and sound speed in the medium, the tunability of these acoustic properties reveals the importance of 
periodic and quasi-periodic PnCs for gas and liquid sensing applications23–27. For example, a biosensor proposed 
by Almawgani et al. has been developed from a periodic and quasi-periodic PnCs structure whose defect layer 
is filled with a sodium iodide (NaI) solution. The results show high sensor performance at all NaI solution 
concentrations28. Sayed et al. focused on the detection of different concentrations of lead nitrate (Pb(NO3)2) 
using a quasi-periodic PnC based on Fibonacci, Octonacci, Thue-Morse and double-period sequences. A defect 
layer filled with Pb(NO3)2 solution was also used, leading to the creation of a resonance mode in the transmission 
spectrum. They also found that the double-period sequence offered the best sensor performance, with significant 
sensitivity and quality factor29. In addition, recent studies have largely focused on controlling resonance peaks 
within the Acoustic band gap (ABG) in order to develop gas sensors based on acoustic waveguide systems 
with connected resonators6,30. The engineering of these fluid-filled acoustic resonator structures has enabled the 
design of highly accurate and tunable harmful gas detection systems31,32.

Zaky et al., have developed an open and closed periodic resonator structure with a central waveguide defect 
as a powerful gas biosensor with optimum sensitivity, figure of merit and quality factor33. Additionally, a PnC 
based on closed resonators with a waveguide defect shows that gas properties, and in particular the sound speed, 
have a significant influence on the resonance peak displacement for different gas samples34. Consequently, these 
studies highlight the need for further exploration of PnC-based systems to optimize the detection properties of 
harmful gases and detect their leakage in the air. In 2023, El Malki et al.35 experimentally validated theoretical 
predictions regarding HRs featuring extended necks. Their findings demonstrated strong agreement between 
the theoretical models and experimental results. Zaky et al.36 investigated parallel HRs incorporating a central 
HR defect, employing both the transfer matrix method (TMM) and finite element method (FEM). Their results 
revealed excellent consistency between the TMM simulations and FEM analyses.

This study, therefore, examines the effectiveness of a Helmholtz resonator parallel to lateral duct (HRPLD) 
system with a central defect as a harmful gas sensor. In fact, colorless and odorless harmful gases are dangerous if 
released into the air. The latter are particularly harmful when inhaled and are mainly linked to oxygen depletion 
(risk of asphyxiation). The main objective is to analyze the tunable sensing properties in this structure by 
replacing the air sample with O2, Ar, CO2 and C3H8 samples in order to improve the proposed sensor’s 
performance. The numerical results of this study are accurately obtained using the finite element method 
(FEM) based on COMSOL Multiphysics software. The use of FEM to control the acoustic wave propagation in 
different Helmholtz resonator models has attracted considerable interest in recent decades due to its accuracy 
and reliability37,38. The defective cell is characterized by its unique design, consisting of a waveguide containing 
four lateral cylindrical ducts. The central position of this defect type in the system leads to the generation of a 
resonant mode corresponding to a defect mode in the ABG with a very high transmittance intensity. The position 
and acoustic intensity of this resonance peak were well controlled by changing the gas samples in descending 
order of sound speed. Furthermore, the results show a high linearity of resonance peak displacements with 
samples’ sound speed, demonstrating a very stable sensitivity of the proposed sensor compared to other designs. 
This property shows outstanding sensor performance, with exceptional merit and quality factor, using optimal 
parameters of the system. This improvement is specifically due to the unique design of our HRPLD system, 
which has demonstrated its considerable effectiveness in the precise detection of gases hazardous to human 
health and the environment.

Numerical model
This study focuses on the periodic structure of HRPLD with a cylindrical neck and cavity connected to a main 
air duct with a defective cell placed at the center of the structure. The unit cell of the network is shown in Fig. 1a, 
where d1 and r1 are, respectively, the length and height of the rectangular main duct, d2 and r2 are the length 
and radius of the neck, and d3  and  r3 are the length and radius of the cavity. The defective cell consists of a main 
guide with four lateral ducts, as shown in Fig. 1b, where d1d is the length of the main guide, and d2d and r2d 
are the length and radius of the cylindrical lateral ducts, respectively. The complete schematic of the proposed 
sensor is clearly shown in Fig. 1c.

As part of the numerical modelling carried out in COMSOL Multiphysics, acoustic excitation was applied 
via a rectangular aperture placed at the entrance to the main duct (Fig. 1c), with a pressure amplitude defined at 
1 Pa, under an ambient temperature set at 293.15 K. The entire model is based on the sound pressure interface 
in the frequency domain37. The Linear acoustic modulus is taken into account in the simulation procedure. The 
fluid was considered to be stationary so that wave propagation in the system is not influenced by the flow velocity 
for a Mach number of less than 0.1. In this context, the problem has been simplified by focusing on the system’s 
acoustic response and practically ignoring the fluid’s dynamic effects on wave propagation39,40.

To model acoustic wave propagation in the periodic structure of HRPLDs with a central defect, the Helmholtz 
equation is used, taking into account the fluid density ( ρ ) and acoustic pressure sources (p)41. To accurately 
model complex geometries, and in particular waveguide systems linked by HRPLDs, a free tetrahedral mesh, 
characterized by a high level of refinement, was used36,42,43. This mesh has element sizes of between 0.02 m and 
0.04 m. To optimize the quality of the results, the meshing method included a growth factor of 1.45, a curvature 
refinement coefficient of 0.1, and a specific resolution for narrow regions of 1.1. These parameters were decisive 
in guaranteeing the reliability of the FEM simulations.
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Results
The sensor model proposed in this work consists of 

(
HRPLD)N Defect

(
HRPLD)N

with the number of periods ( N ). The geometric dimension parameters are chosen as follows: 
d1 = 0.5 m, d2 = 0.03 m, d3 = 0.1 m, d3C = 0.11 m, r1 = 0.06 m, r2 = 0.01 m, r3 = 0.03 m, 
d1d = 0.26 m, d2d = 0.15 m, r2d = 0.01 m and N = 6. The initial conditions ensure that the gas samples in 
the sensor guides are in a static state at atmospheric pressure and ambient temperature.

First, we have studied the acoustic wave propagation at normal incidence within the proposed sensor using 
an air sample with a sound speed of 340 m/s and a mass density of 1.2 kg/m3. Figure 2 shows transmittance 
spectra as a function of frequency for a periodic structure of HRPLDs without defects (blue line) and with a 
defective central cell made up of four lateral ducts (orange line). The band structure in Fig. 2a is plotted using 
transfer matrix method (TMM). For more details about the TMM, see Ref42.

As shown in Fig. 2 (blue line), an ABG was created between the frequency range 1020.0 Hz and 1121.9 
Hz, where the waves are completely reflected. This phenomenon is essentially due to the dynamic interaction 
between incident acoustic waves and the system’s resonant cavities, as a result of multiple local resonances11. 
Furthermore, the introduction of a defect in the center of the periodic structure leads to a significant change in 
resonance conditions, creating a very narrow defect peak within the ABG. The creation of this peak is mainly 
due to the emergence of a localized mode induced by the geometric perturbation of the system6,34. In particular, 
the presence of a defect Guide with four lateral ducts in the middle of the design leads here to the formation 
of a very fine resonance peak in the ABG at the 1063.87 Hz position, as shown by the orange line in Fig. 2. The 
transmittance intensity of this peak is very high (99%), which explains the strong confinement of the acoustic 
waves in the defective cell. These results clearly demonstrate the critical impact of geometric defects on acoustic 
wave behavior and their potential applications, mainly in the design of powerful selective filters.

Figure  3 shows the total sound pressure level distribution along the air-filled sensor at five different 
frequencies: 1010 Hz (Fig. 3a), 1040 Hz (Fig. 3b), 1063.8 Hz, (Fig. 3c), 1090 Hz (Fig. 3d) and 1130 Hz (Fig. 3e) 
respectively. Due to the impact of a resonant mode, the total sound pressure level at frequency 1063.8 Hz is 
considerably elevated in the defect cell, as clearly shown in Fig. 3c. This is due to a strong confinement of acoustic 
waves in the defective cell, which explains the origin of localized states or resonant peaks in the ABG. On the 
other hand, Fig. 3b and d, corresponding to frequencies of 1040 Hz and 1090 Hz, show a significant decrease 
in the total sound pressure level along the structure, particularly in the resonant cavities. This can be explained 
by the influence of local resonances of the resonators, which induce multiple reflections of acoustic waves. This 
distribution of the total sound pressure level therefore interprets the physical phenomena of the transmittance 
spectra results detailed above in Fig. 2.

Modulation of gas samples’ acoustic properties, in particular their sound speed and mass density, has a 
considerable influence on the behavior of acoustic wave propagation in the proposed sensor. For this reason, 
we have replaced the air sample (used as an indicator) with a sample of O2, Ar, CO2 and C3H8. The precise 
values of sound velocity and mass density under the working conditions for each sample are clearly illustrated 
in Table 1. As shown in Fig. 4(a-e), the kind of gas sample that fills the sensor tubes affects ABG’s properties 
and the peak of defects it contains. Specifically, the ABG ranged from 1030.91 to 1104.28 Hz (Fig. 4a), 988.47 
to 1059.83 Hz (Fig. 4b), 967.89 to 1036.23 Hz (Fig. 4c), 810.06 to 867.57 Hz (Fig. 4d), and 755.65 to 808.90 Hz 
(Fig. 4e), respectively. Similarly, sound speed and mass density directly influence the resonance peak frequency. 
This is strongly shifted towards lower frequencies (red shift) as sound speed decreases from 340 m/s (Air) to 249 
m/s ( C3H8), as shown in Table 1. The standing wave Eq. (1) explains considerably the dependence between the 
peak resonance frequency and the speed of sound30,34. Moreover, the peak resonance transmittance intensity 
within the ABG remains 99% maximum for all gas samples, demonstrating the enhanced capacity of this defect 

Fig. 1.  (a) unit cell of a HRPLD with a main duct, (b) defective cell containing four lateral ducts, and (c) the 
complete system consisting of a periodic structure of HRPLDs with a defective central cell.
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type to confine acoustic waves within their cell. Consequently, these results reflect the effect of gas properties on 
the resonance peak behavior, with a view to various applications such as the development of high-transmittance 
narrow acoustic filters and precision gas detection.

	 2d = nc
fR

,� (1)

where d and  n  represent the defect length and an integer, respectively. While c  and  fR  are the sound speed 
and resonance peak frequency of each sample, respectively.

The overall aim of this study is to optimize the gas sensor efficiency and performance of the proposed sensor. 
To this end, optimization parameters such as sensitivity (S), figure of merit (FoM), quality factor (Q) and gas 
sample limit of detection (LoD) are precisely calculated using the following Eqs6,34. :

Fig. 2.  (a) Transmittance spectra versus frequency for the periodic structure of air-filled HRPLDs without 
defect at N = 6 (left axis), and the band structure of one unit cell (right axis), (b) Transmittance spectra 
versus frequency for the periodic structure of air-filled HRPLDs with defect.
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F oM = S

F W HM
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	 Q = fR
F W HM

, � (4)

	
LoD = fR

20 S Q
. � (5)

Based on Eq. (2), the proposed sensor recorded a fixed sensitivity of 3.12 Hz.s. m−1  for all samples, as shown 
in Table 1. This sensitivity stability suggests that the relation between peak resonance frequency and sound 
speed for each sample is linear (direct proportionality)30. The F oM  also remains constant at 3.2 s .m−1 for all 
samples, due to their proportional relation with sensitivity described in Eq. (3). While the total width at half-
maximum of the resonance peak (FWHM) for the air sample is equal to 0.974 Hz. Also, the Q-factor decreases 

Sample
cgas(m/s) ρ gas (Kg.m−3) fR(Hz) S (Hz.s. m−1) FoM (s .m−1) Q LoD (m/s)

O2 326.0 1.3140 1020.07 3.12 3.2 1047 1.6 × 10−2

Ar 319.0 1.6610 998.18 3.12 3.2 1025 1.6 × 10−2

CO2 267 1.8393 836.12 3.12 3.2 858 1.5 × 10−2

C3H8 249.0 1.8102 779.18 3.12 3.2 800 1.6 × 10−2

Table 1.  Acoustic properties44, resonant frequency, S, FoM, Q, and LoD of different gas samples at N = 6.

 

Fig. 3.  Total sound pressure level distribution in an air-filled HRPLD structure with central defect, at the 
following frequencies: (a) 1010 Hz, (b) 1040 Hz, (c) 1063.8 Hz, (d) 1090 Hz and (e) 1130 Hz.
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from 1047 ( O2) to 800 ( C3H8), depending on the change in resonance frequency and, therefore, the acoustic 
properties of each sample (Eq. 4). According to Eq. (5), LoD remains virtually fixed at 1.6 × 10−2 m/s, as 
Table 1 clearly shows. These results clearly demonstrate the impact of the acoustic properties of the different gas 
samples (sound velocity and mass density) on the acoustic wave propagation in the proposed HRPLDs sensor.

In the context of optimizing the proposed sensor’s performance, the system’s geometric properties, such as 
number of periods, defect length and unit cell length, will be examined in the following section, using a C3H8 
sample.

Figure 5(a-b) presents the variation of transmittance spectra with increasing period numbers N = 6, 
N = 7, N = 8, N = 9 and N = 10. It clearly shows that the resonance peak frequency does not change with 
increasing period number N . This peak seems to remain constant in the air sample as the period number N  
increases from 6 to 10 as shown in Table 2. When the proposed HRPLD system is filled with a C3H8 sample, 
this resonance peak shifts to lower frequencies at 779.22 Hz compared to the air sample due to the change in the 
acoustic properties of the gas (Fig. 5b), while remaining constant for all numbers of periods N . This stability 
reveals a pronounced overlap of defect peaks but also has the advantage that the position of the resonance peak 
can be well localized in the ABG independently of the number of periods N . The period number effect on 
peak position analyzed here is perfectly consistent with other sensor designs that are based on acoustic wave 
propagation6,34. Furthermore, Fig. 5a shows that increasing the period number N  substantially decreases the 
resonance peak width, which has a considerable influence on the FWHM of the air sample peak. Evidently, this 
FWHM decreases significantly from 0.974 to 0.085 Hz with increasing N  from 6 to 10, as illustrated in Table 2. 
The sensitivity, FoM, Q-factor and LoD are also calculated in Table 2 as a function of increasing N . When N  
increases from 6 to 10 periods, the sensitivity remains constant, recording the same value of 3.13 Hz.s. m−1. This 
proves that varying the period number has no significant influence on the sensitivity of the sensor. This property 
is consistent with other gas sensors (1D-PnCs) examined by Zaky et al.30,34. Furthermore, with increasing N  
from 6 to 10 periods, the FoM increases significantly from 3.2 to 36.7 s .m−1, reflecting the inverse relation 
with the FWHM described in Eq. (3). Due to the inverse proportionality between the Q-factor and the FWHM 
(Eq. 4), this factor increases considerably with increasing N , rising from 1092 ( N = 6) to 12,492 ( N = 10), 
reflecting the efficiency of the proposed sensor at N = 10 periods. This is well confirmed by the variation in 
LoD, which shows a decrease with increasing N  down to 1.4 × 10−3 m/s for N  of 10 periods. Thus, N = 10 
is the optimum period.

The effect of defect duct length on the proposed sensor performance is well examined in this part of the work. 
Transmittance spectra versus frequency at different defect lengths d1d are presented in Fig. 6a for the air sample, 
and Fig. 6b for the C3H8 sample. The results clearly show that the resonant peak frequencies are very sensitive 
to any change in length d1d. When the defective guide length d1d is increased from 0.2 m to 0.3 m, the resonance 
peaks are red shifted within the ABG from 1097.1 Hz to 1042.34 Hz for the air sample, and from 803.48 Hz to 
763.425 Hz for the C3H8 sample. This significant influence on the resonance peak position is essentially due 
to the increased interaction between the propagated acoustic waves and the defect tube length. In addition, the 
variation of d1d slightly affects the transmittance intensity of the resonance peak, as shown in Fig. 6(a-b). Thus, 
the sensor records a perfect transmittance of 100% at d1d = 0.24 m for the air sample, which explains the high 
concentration of waves in the defective cell at this length.

The gradual increase in d1d from 0.2 to 0.3 m shows a slight decrease in the sensor sensitivity from 3.23 to 
3.07 Hz.s. m−1 as seen in Table 3. This phenomenon can be explained by the red shift of the defect peaks using 
Eq. (2), which is directly proportional to the variation in the resonance peak of the air sample and C3H8. Table 3 
also shows that this sensor records the best values for FWHM, FoM, Q-factor and LoD at length  d1d = 0.24 m, 

Fig. 4.  Transmittance spectra versus frequency of a HRPLD system at different gas samples, with N = 6.
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i.e. 0.047 Hz, 67.98 s .m−1, 23,113 and  7.4 × 10−4 m/s, respectively. This proves that the length d1d = 0.24 m 
is optimal and that the proposed HRPLD sensor therefore performs better. Consequently, the defect length of 
0.24 m will be fixed and used thereafter to ensure the best performance of the proposed sensor.

In order to optimize the proposed sensor’s performance, the impact of unit cell length d1 on the sensor’s 
acoustic transmittance is also analyzed in Fig. 7 using an air sample (blue curve) and a C3H8 sample (orange 
curve). As with the effect of the defect length d1d on the resonance peak (Fig. 6), varying the length d1  has a 
significant effect on the resonance peak position and the ABGs. Specifically, the progressive increase in length 
d1 from 0.40 to 0.54 m shifts the resonance peak considerably towards the red, from 1293.57 to 1020.36 Hz 
for the air sample and from 947.34 to 747.26 Hz for the C3H8 sample. However, the transmittance intensity 
remains high, varying between 96% and 100% with the variation in d1, reflecting the strong localization of 
acoustic waves inside the defect tubes. The results obtained show excellent control of the resonance peak inside 
the ABG for the air and C3H8 samples, which makes it possible to design high quality narrow transmittance 
filters. Furthermore, as shown in Fig. 7, increasing d1 also increases the ABG width and, in particular, that of 
the air sample. Thus, the interaction of the acoustic wave and the air sample in the sensor is stronger than that of 

N

fR  (Air)
(Hz) fR  ( C3H8) (Hz)

FWHM
(Hz) S (Hz.s. m−1) FoM (s .m−1) Q LoD (m/s)

6 1063.79 779.18 0.974 3.13 3.2 1092 1.6 × 10−2

7 1063.95 779.22 0.442 3.13 7.1 2405 7.1 × 10−3

8 1063.95 779.22 0.207 3.13 15.1 5151 3.3 × 10−3

9 1063.95 779.22 0.097 3.13 32.4 11,020 1.5 × 10−3

10 1063.95 779.22 0.085 3.13 36.7 12,492 1.4 × 10−3

Table 2.  Resonant frequency, S, FoM, Q, and LoD for air and C3H8 gases at different N.

 

Fig. 5.  Transmittance versus frequency for (a) air and (b) C3H8 samples at different period numbers N .
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C3H8 due to its lower density (air). This characteristic is important in determining whether the C3H8 sample 
is escaping from the system.

In order to determine the best optimization parameters to obtain the highest performance from the proposed 
sensor, Table 4 shows the sensitivity, FWHM, FoM, Q-factor and LoD for different unit cell lengths d1. Due 
to the red shift of the defect peaks, the sensitivity decreases in the order of 3.8 Hz.s. m−1 to 3.6 Hz.s. m−1, 
3.5 Hz.s. m−1, 3.4 Hz.s. m−1, 3.3 Hz.s. m−1, 3.2 Hz.s. m−1, 3.1 Hz.s. m−1 and 3.0 Hz.s. m−1 as d1 increases by 
0.40 m, 0.42 m, 0.44 m, 0.46 m, 0.48 m, 0.50 m, 0.52 m and 0.54 m, respectively. The sharp decrease in the FWHM 
of the defect peak for the air sample as a function of increasing d1 is clearly illustrated in Table 4. At d1 = 0.54 
m, the sensor exhibits the lowest FWHM value of 0.0079 Hz, reflecting the best acoustic energy transmittance 
performance in the resonance peak. Using Eqs. (6) and (7), the sensor records the highest/improved values of 
FoM (380.7 s .m−1) and Q (129422) at the same length d1 = 0.54 m. This is confirmed by the LoD, which gives 
the lowest value of 1.4 × 10−4 m/s at d1 = 0.54 m. Consequently, given that the best optimization parameters 
are obtained at a unit cell length of 0.54 m, the latter will be optimal.

d1d
(m)

fR  (Air)
(Hz) fR  ( C3H8) (Hz)

FWHM
(Hz) S (Hz.s. m−1) FoM (s .m−1) Q LoD (m/s)

0.2 1097.1 803.487 0.193 3.23 16.73 5689 3.0 × 10−3

0.22 1087.22 796.271 0.078 3.20 41.14 13,989 1.2 × 10−3

0.24 1075.89 787.95 0.047 3.16 67.98 23,113 7.4 × 10−4

0.26 1063.95 779.244 0.085 3.13 36.73 12,491 1.4 × 10−3

0.28 1052.43 770.788 0.067 3.1 46.30 15,743 1.1 × 10−3

0.3 1042.34 763.425 0.168 3.07 18.30 6221 2.7 × 10−3

Table 3.  Resonant frequency, S, FoM, Q, and LoD of air and C3H8 gases at different d1d.

 

Fig. 6.  Transmittance spectra versus frequency for (a) air and (b) C3H8 samples at different defect lengths 
d1d.
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Next, the relation between acoustic speed and resonant peak frequency for different gas samples: C3H8, 
CO2, Ar, O2 and Air respectively, are illustrated in Fig. 8. Using the optimum parameters selected previously, 
the results confirm the linearity of the proposed sensor described by Eq. (6) below, with a constant sensitivity of 
3.00 Hz.s.m-1 s, for all samples:

	
C

(
m

s

)
= 0.3332 fR + 0.001479 (R2 = 1)� (6)

Finally, a comparative study of the sensor proposed with other sensors based on PnCs is presented in Table 
5. The optimization parameters show a considerable improvement in the efficiency of the HRPLD gas sensor 
proposed here, with a sensitivity of 3.8 Hz.s. m−1, a significant FoM of 380.7 s .m−1, a very exceptional Q-factor 
of 129,422 and a very low LoD of 1.4 × 10−4 m/s, compared with that of other models6,30,31,34. In addition, the 
resonance peak displacement linearity indicating constant sensitivity is well achieved in this work reflecting a 
high performance of this proposed.

The sensor’s selectivity was rigorously evaluated by testing its response to varying CO2 concentrations (0-100 
ppm) within dry exhaled breath (DEB), a complex gas mixture containing N2, O2, CO2, and trace gases. More 
details about the acoustic properties of DEB are discussed in Ref23. As shown in Fig. 9, the sensor maintained 
excellent response characteristics across all tested concentrations while effectively rejecting interference from 
other mixture components.

The proposed sensor exhibits exceptionally fast response and recovery times due to its operation 
principle. Unlike sensors that rely on chemical reactions or adsorption processes, this design only requires 
the gas composition to fill the structure, enabling immediate measurements45,46. Besides, the proposed model 

d1
(m)

fR  (Air)
(Hz) fR  ( C3H8) (Hz)

FWHM
(Hz) S (Hz.s. m−1) FoM (s .m−1) Q LoD (m/s)

0.40 1293.57 947.337 10.8350 3.8 0.4 119 1.4 × 10−1

0.42 1239.10 907.481 3.4290 3.6 1.1 361 4.7 × 10−2

0.44 1189.90 871.438 1.2041 3.5 2.9 988 1.7 × 10−2

0.46 1147.33 840.234 0.4033 3.4 8.4 2845 6.0 × 10−3

0.48 1109.99 812.925 0.1358 3.3 24.1 8177 2.1 × 10−3

0.5 1075.89 787.950 0.0466 3.2 68.0 23,115 7.4 × 10−4

0.52 1047.03 766.795 0.0169 3.1 181.9 61,859 2.7 × 10−4

0.54 1020.36 747.263 0.0079 3.0 380.7 129,422 1.4 × 10−4

Table 4.  Resonant frequency, S, FoM, Q, and LoD of air and C3H8 gases at different d1.

 

Fig. 7.  Transmittance spectra versus frequency for the air sample (blue curve) and C3H8 (orange curve) at 
different lengths d1: (a) 0.40 m, (b) 0.42 m, (c) 0.44 m, (d) 0.46 m, (e) 0.48 m, (f) 0.50 m, (g) 0.52 m, and (h) 
0.54 m.
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Fig. 9.  Transmittance spectra versus frequency for DEB samples with different CO2 concentrations.

 

Structure S (Hz.s. m−1) FoM (s .m−1) Q References

Periodic expansion chambers 2.55 9.16 4077 6

Ternary-symmetric periodic tubes 1.58 33.7 6790 30

Serial open resonators 5.8 140 5000 31

Parallel closed resonators 4.1 332 113,962 34

PHRs with defect HR 1.14 66.4 16,515 36

PHRs with defective horizontal guide 0.88 8.8 × 106 3 × 109 42

HRPLDs 3.8 380.7 129,422 This study

Table 5.  Comparison study.

 

Fig. 8.  Linear relation between acoustic speed and resonant frequency for different gas samples under optimal 
conditions.

 

Scientific Reports |        (2025) 15:33316 10| https://doi.org/10.1038/s41598-025-20363-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


demonstrates excellent stability and reusability, as it can be either cleaned or internally coated with a protective 
layer to prevent gas interactions.

The proposed sensor demonstrates a significant improvement in sensitivity (3.8 Hz.s. m−1) compared to 
previously reported acoustic metamaterial-based sensors. In Ref36., where the unit cell comprises two identical 
PHRs and the defect cell is a single HR, the achieved sensitivity is 1.14 Hz.s. m−1 approximately 3.3 times lower 
than that of the proposed design. Similarly, Ref42. employs a unit cell with two PHRs and a horizontal Guide as 
the defect structure, yielding a sensitivity of only 0.88 Hz.s. m−1, which is 4.3 times lower than the presented 
sensor. The enhanced sensitivity of our design can be attributed to its optimized structural configuration, which 
improves the interaction between acoustic waves and the measured medium, leading to a stronger frequency shift 
response. Unlike Ref36., which relies on a single HR defect that may limit wave localization, or Ref42., where the 
horizontal guide defect reduces energy confinement, our sensor’s architecture ensures stronger defect-induced 
mode coupling and sharper resonance shifts. This advancement makes the proposed sensor more suitable for 
high-precision applications requiring detection of minute changes in environmental or material properties.

Conclusion
This study proposes an original gas sensor based on a periodic structure of HRPLDs with a central defect guide 
comprising four lateral ducts. The acoustic wave has been well manipulated in the system by modifying the gas 
acoustic properties, such as sound speed and mass density, as well as the geometrical parameters of the proposed 
model. These modifications lead to a significant localization of the acoustic waves in the defective cell, generating 
fine resonance peaks in the ABG with a high transmittance. Thanks to the Linear relation between the speed 
of sound and the peak resonance frequency, this system Guarantees stable sensitivity, which improves gases 
detection performance. By identifying the optimum parameters, the proposed sensor achieves a sensitivity of 
3.8 Hz.s. m−1, a very high FoM and Q-factor of 380.7 s .m−1 and 129,422 respectively. These results show that 
the studied structure of HRPLDs as hazardous gas sensors is a good candidate because of its efficiencies and 
simplicity of design compared with other complex and expensive structures.

Data availability
The datasets used and/or analysed during the current study are available from Zaky A. Zaky on reasonable 
request.
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