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This work introduces various designs of phononic crystals (PnCs), referred to as topological phononic crystals (TPnCs), as novel, stable, and high-performance sensing tools. Meanwhile, we introduce the concept of the topological edge state to address the discrepancies between theoretical predictions and experimental results of PnC sensors. Consequently, the design of a PnC sensor structure that maintains high stability amidst fluctuations in layer manufacturing and deformations during construction represents the mainstay of our study. Notably, the numerical findings demonstrate the stability of the proposed sensor in the presence of various geometric changes. In addition, we assess the effectiveness of several periodic PnC designs in sensing the physical properties of fluids, specifically alcohols like butanol. Accordingly, temperature sensing of butanol is conducted over a wide range (170°C–270°C) by monitoring the displacement of Fano resonance modes. In this regard, the proposed PnC structure demonstrates an impressive sensitivity of 119.23 kHz/°C. Furthermore, our design achieves a high-quality factor and figure of merit of 378.23 and 1.085, respectively, across the temperature range of 170°C–230°C. These outcomes are promising for the development of ultrasensitive thermal sensors. Ultimately, our research provides valuable insights into the creation of highly sensitive and stable temperature sensors suitable for a range of industrial applications.
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1 INTRODUCTION
Alcohols such as butanol are organic compounds characterized by one or more hydroxyl (-OH) groups attached to a carbon atom. Butanol is a volatile organic compound that could be extensively used in various industries, including the manufacture of paints, plastics, and pharmaceuticals, that introduces it as a common substance in modern life [1–5]. Despite its industrial importance, butanol poses significant health and safety risks due to its toxic and flammable nature. In this regard, prolonged exposure to butanol can cause respiratory discomfort, skin irritation, and neurological issues. Moreover, its flammability requires a careful monitoring to prevent potential disasters [3–6]. Given these hazards, it is crucial to develop sensitive and selective sensors that are capable of detecting butanol at different temperatures and infinitesimal concentrations of ppb levels [1–4], [6]. Such sensors could be of a significant interest towards high protection levels of human health and ensuring the safety of industrial processes as well. Therefore, in this research, we propose a temperature sensor for butanol using the one-dimensional phononic crystal (1D PnC) structure. In this context, temperature sensors measure temperature variations by detecting changes in some physical properties. Some of the previous research, such as the work introduced by Alaie et al., has explored an innovative method for measuring thermal conductivity via coherent phonon boundary scattering [7]. Building on these advancements, our proposed 1D PnC structure aims to enhance the development of novel temperature sensor technologies. While butanol serves as a key example in our study, the principles and applications of our sensor design are generalizable to a wide range of liquids, emphasizing the versatility and broad applicability of our approach.
Interestingly, PnCs, which provide unmatched flexibility, efficiency, and dependability, have become ground-breaking materials in the field of sensors. Periodic configurations of materials in one, two, or three dimensions with varying densities and elastic properties give rise to PnCs, which have unique qualities not found in the real environment [8–11]. PnCs can be used to control the propagating mechanical waves from the thermal energy range (THz) to the audible frequency range (1–20 kHz). Kushwaha et al. firstly proposed the concept of PnCs with the capacity to modify mechanical waves or to confine, transmit, or block their propagation at certain frequency ranges [12]. These artificial periodic structures are widely considered in many liquid sensing applications [10–13]. In this regard, these structures comprise two or more materials with different mass densities, elastic characteristics, and sound speeds in each unit cell [10–12]. Therefore, the periodic configuration of these structures could give rise to the emergence of some stop bands at some particular frequencies due to the destructive interference at the boundaries of PnCs’ layers [8, 10, 13]. These stop bands are defined as phononic band gaps (PnBGs). This response is similar to the electromagnetic Bragg condition in photonic crystals. Examining 1D PnCs can help us to understand the origin of PnBGs [8, 14, 15]. Interestingly, multiple scattering occurs at each interface between alternating layers, leading to the formation and reflection of secondary waves at each interface. PnBGs are introduced when the reflected waves constructively interfere. On the other side, acoustic waves flow easily through PnCs when destructive interference occurs [13, 16, 17]. Meanwhile, the PnBG property is exploited in numerous applications, including acoustic filters, ultrasonic imaging devices, noise reduction, sensors, acoustic metamaterial construction, and acoustic diodes [18–22]. One clear benefit of PnCs over traditional structures is their flexibility regarding several external factors, such as temperature and pressure. The properties of PnCs are determined by their filling fraction, geometry, elastic or acoustic qualities, inclusion material state, and lattice symmetry [11, 17]. Furthermore, PnCs are capable of sensing application due to the inclusion of cavities through it, which in turns breaks the periodicity and could give rise to the emergence of various resonance frequencies. Accordingly, the acoustic energy is confined by structural defects and may be extracted by using electromechanical techniques. As a result of their massive impedance mismatch, lead/epoxy materials are extensively applied in PnC designs and can offer substantial PnBGs [8–11]. As sensor technology becomes increasingly prevalent in many modern applications, PnCs have become particularly well-suited as materials for acoustic liquid sensors because they provide an attractive blend of durability, flexibility, and efficiency. PnCs are becoming progressively important in sensor technology, as seen in the creative and dependable acoustic sensing devices that have been become possible by researchers. Many studies have recently examined the use of PnCs in various sensing applications. For example, Lucklum et al. investigated the uses of new kinds of sensors based on 1D and two-dimensional (2D) PnCs in a range of technical and physical contexts [9].
However, a few basic issues could prevent PnC technology from developing further. One of these issues is the nonnegligible reduction in energy induced by mistakes in phononic device fabrication. Meanwhile, many attempts are established to develop physical principles in addition to fabrication techniques to tackle this obstacle. Topological PnCs (TPnCs) may offer a possible remedy for this type of issue [15], [23–26]. The study of geometric structures that preserves particular properties under continuous change is known as topology in mathematics. One key idea is a genus, which classifies closed surfaces by the number of holes or handles they possess [23–25], [27]. Genus resists tearing or merging and remains stable across deformations. Given their stability, geometric structures may be understood and categorized by using a strong framework that emphasizes enduring characteristics even in the face of shape changes [15, 25, 27, 28]. The emergence of topology into physics has allowed for some innovative phenomena that are robust against perturbations and may lead to transports that are impervious to flaws or issues. Recently, topology has been widely applied in several fields, including condensed matter [29–32], cold atoms [33, 34], acoustics [35–39] and mechanics [40, 41]. Devices investigated to direct elastic waves, like vibrations, through thin plates in a way that is robust to specific modifications or disturbances are known as topologically protected elastic waveguides. Devices and structures with topological protection imply that some waveguide characteristics are impervious to minute material perturbations or deformations [15, 23, 24, 27, 42, 43]. In this context, some fundamental mathematical ideas of topology, which examine qualities that do not change even under continuous deformations, are frequently linked to this protection. Topological insulators and other topologically protected states possess special characteristics that are unaffected by small changes or imperfections in materials [27]. Topologically protected edge modes play a crucial role in the Su–Schrieffer–Heeger model as well as the creation of subwavelength crystalline structures. This situation indicates that some electrical or vibrational states are localized to the edges of crystals and resistant to imperfections in structures or other local [15, 25, 27], [42–44]. As a result of topological protection, these edge modes persist even in the presence of defects. This characteristic makes them fascinating for applications that depend on information transfer or stable wave localization along a material’s edges, such as PnC structures [23–25], [27]. Applications for this idea have been explored in several domains, such as the creation of innovative electronic devices and materials with particular topological characteristics. According to recent studies, topological edge states (TESs) are stimulated at the interface of two PnCs with distinct geometrical features inside the PnBG [15, 23, 24]. Chen et al. developed a gradient PnC structure for robust acoustic sensing, achieving topological acoustic rainbow trapping by tuning structural parameters. This design enhances signal recovery and is resilient to structural disorders, advancing PnC-based sensors [23]. Z. Chen et al. investigated temperature-controlled elastic wave transport in topological PnC plates using ferroelectric ceramics. Their design enables tunable topological properties, broadband interface modes, and controllable waveguide paths, enhancing elastic wave manipulation [25]. B. Li et al. designed an acoustic energy harvesting device using topological edge states of a multi-resonant PnC. Their design lowers the operating frequency and improves robustness, demonstrating effective energy collection even with defects [45]. Phononics and topology can advance each other’s growth. The design and modification of phononic systems are less complicated than those of electronic systems. The exploration of topological states in PnC structures has emerged as a captivating realm in the field of condensed matter physics and materials science [23–27]. New physical phenomena have been discovered as a result of the complex interactions between the geometric configuration of subwavelength resonators and the special properties of wave propagation in the manufactured materials. Our work attempts to determine and demonstrate the presence of topological states in the constructed PnC framework. The concept of topological states in PnCs has become increasingly well-known because of its possible effects on edge mode stability, robust wave propagation, and resistance to local perturbations [23–25], [46]. Here, we present the concept of creating a TPnC structure on the basis of the fundamentals of crystal wave propagation and distinct signatures arising from topological aspects. As we navigate through the intricacies of our proposed PnC structure, we present compelling evidence supporting the topological nature of PnCs, emphasising key indicators, such as band inversion, edge mode stability and nontrivial band gap [23–28]. Creating a TPnC structure for a liquid sensor, including liquid butanol, involves a strategic design process to guide and manipulate acoustic waves resiliently against disturbances. A suitable crystalline lattice structure (triangular and square) must be selected, and a carefully designed unit cell with characteristics that support topologically protected qualities must be defined [15, 23, 25, 46]. A crucial part is the integration of subwavelength resonators inside the unit cell by using locally resonant devices with remarkable material contrasts [25, 27]. The selection of materials, such as epoxy and lead layers, is based on the propagation of acoustic waves and sensitivity to changes caused by butanol [11, 47]. The incorporation of elements enabling the definition of topological invariants, along with the design of topologically protected edge modes that remain stable amidst local perturbations, is crucial [48–51]. In consideration of the Zak phase, we aim for a nonzero value associated with band inversion and further ensure topological nontriviality [15, 24, 25, 46]. Numerical simulations based on techniques, such as TMM, are used to validate the design rigorously through experimentation. Optimisation for butanol sensing involves fine-tuning resonator parameters, constituent layer thickness and lattice dimensions for heightened sensitivity. Ultimately, the integration of our TPnC into a sensor device is addressed, accounting for practical considerations and potential enhancements, such as signal processing elements or interfaces with measurement systems that are tailored to meet the specific requirements of liquid sensor applications. Phononic systems are therefore good platforms for implementing new phenomena in topological physics. Therefore, our work’s objective is to create a sensor with a stable PnC structure that can withstand imperfections.
Interestingly, Fano resonance is an important aspect that improves the performance of PnC sensors. It can modify sensors by the emergence of sharp resonant or slow modes. This phenomenon, which is characterized by an asymmetric and sharp resonant mode, is caused by the interference between narrow cavities, such as apertures, and slow-varying backgrounds, such as PnC structures [16, 52–54]. Fano resonance provides a large sensitivity boost to PnC sensors; such a boost increases their flexibility and usefulness in a range of applications, including filters, waveguides, photodetectors, biosensing switches, and modulators [55–59]. For example, experimental and numerical investigations have demonstrated remarkable advancements with reported sensitivities of 8.8 MHz/ppm (part per million) and 292 MHz/(kg/m3) for 2- and 1D PnC liquid sensors, respectively [60]. In addition, destructive interference produces the characteristic line shape of Fano resonance, which has generated considerable interest in phononics and opened new avenues for sensor applications [16, 55], [57–59]. Moreover, the investigation of TPnC structures with Fano resonance in liquid sensors could offer an additional degree of design flexibility, which could result in high figure of merit (FOM), quality factors (QFs), and sensitivity (S). Thus, utilizing Fano resonance in TPnC sensor structures creates new opportunities for increasing sensitivity and efficiency in a range of applications. Such a phenomenon represents an important achievement in sensor technology.
Herein, we introduce a 1D TPnC structure for detecting butanol temperature. This structure holds great potential for various uses, including environmental monitoring, industrial processes, and medical environments. We utilize the transfer matrix technique (TMM) to investigate the sensing capabilities of periodic PnC structures and to offer a comprehensive understanding of their performance. We provide an innovative method by generating extremely sharp Fano resonance modes in the liquid structure PnC–PnBG. These Fano resonance modes are specific to periodic PnC structures and provide novel QF, S, and FOM values that are tuned for butanol detection. Furthermore, our proposed 1D TPnC liquid sensor, which uses 1D multilayered structures in sensing applications, can be easily constructed at the theoretical and experimental levels. The sensor, which is made of inexpensive materials, such as lead and epoxy, is resilient to extreme temperatures and pressures. Importantly, it removes the need for complex electric components, thus enhancing its use and streamlining its design. Given that crystal structures are susceptible to imperfections and deformations, we tackle this problem by creating 1D TPnC sensing structures, which are designed to transmit acoustic waves robustly despite disruptions or deformations.
2 THEORETICAL FRAMEWORK AND MODEL DESIGN
2.1 Model design of the PnC liquid sensor structure
In this subsection, we present our proposed periodic TPnC. Our proposed design adopts the presence of Fano resonance modes inside the PnBGs as a liquid sensor for butanol detection. The sensor structure comprises two identical PnC multilayer designs. Each PnC structure is composed of two-unit cells (N = 2). Then, a defect layer filled with butanol liquid is embedded between the two PnCs. Here, each unit cell is designed from lead and epoxy with thicknesses of d1 = 1 µm and d2 = 1 μm, respectively. Meanwhile, the suggested design could be configured as, [(Lead/Epoxy)2 (Defect layer) (Lead/Epoxy)2]. To sum up, Figure 1 shows a three-dimensions schematic diagram of the proposed sensor in which the lattice constant, or the length of each unit cell, is expressed as a = d1 + d2. Here, the whole structure is sandwiched between two semi-infinite layers of nylon. Then, transducer one couples the acoustic signal to the structure, whereas transducer two detects the output signal at the opposite end. Table 1 provides an overview of the building materials’ acoustic properties (density and speed). The considerable impedance mismatch between liquids and solids used in these alternating layers makes properly adjusting the thicknesses of layers crucial to optimize the structure’s spectral response and practical feasibility. In other words, the acoustic wave is suppressed by the high thickness of the layers that constitute the proposed structure, resulting in the absence of transmission. Lead and epoxy layers must have a thickness of 1 μm, whereas defect layers must have a thickness of 0.5 µm to attain a pass band in the MHz spectral region. Additionally, the large acoustic mismatch between epoxy and lead facilitates the creation of broad PnBG, which disperses the incident acoustic waves at the interface between layers [8–11].
[image: Figure 1]FIGURE 1 | Schematic of a 1D periodic TPnC structure comprising lead and epoxy with a butanol liquid-filled defect layer.
TABLE 1 | Mass densities and sound speeds of the suggested materials for designing the periodic TPnC structure.
[image: Table 1]In addition, we can incorporate a quasi-periodic sequence in the 1D TPnC sensor designs, such as the Fibonacci, Thue-Morse, and two-period sequence, which dramatically changes the acoustic properties of the structures. Quasiperiodic arrangements introduce long-range correlations without translational symmetry [17, 61, 62]. Strong resonances arise spontaneously in a quasiperiodic structure because of the special ordering. In contrast, the emergence of resonant modes through periodic structures exhibits an intentional breach of symmetry. The structure is more resilient to small manufacturing flaws or layer defects according to its intrinsic resonance capability, which also enables increased sensitivity to environmental changes. As a result, the quasiperiodic sequence can thereby increase the TPnC structure’s adaptability and resilience for practical sensing applications [17, 47, 61, 63].
The Fibonacci sequence can be used to display the quasi-periodic PnCs structures in this suggestion. By using the recursive rule [[image: image], for [image: image]] to arrange the two fundamental parts, A and B, side by side. It is possible to create a Fibonacci structure [47, 62–64] experimentally. S0 = B and S1 = A as a starting point. Consequently, the Fibonacci sequence is produced as [image: image]
On the other hand, mirror symmetry in a periodic TPnC structure can significantly influence its acoustic behaviour, especially regarding the localization of phononic modes and the formation of band gaps [17, 61, 64]. Certain vibrational modes can exhibit symmetric or antisymmetric behavior relative to the mirror plane when a TPnC possesses mirror symmetry [17, 62, 64]. For example, antisymmetric waves may encounter destructive interference, resulting in increased band gaps, whereas symmetric modes may constructively interact throughout the mirror plane, producing areas of high transmission [64], [17, 61, 62]. Additionally, the symmetric arrangement can enhance specific acoustic features, even in the presence of minor imperfections or variations in layer thickness. As a result, mirror symmetry can improve the robustness of band gap properties. This robustness is particularly beneficial for sensor applications, where reliable performance relies on stable band gaps and consistent transmission characteristics.
2.2 Theoretical foundations of PnC liquid sensing: TMM
Herein, the periodic TPnC liquid sensor is designed as shown in Figure 1. Acoustic sound waves could be reflected or transmitted inside the multilayer PnC structures. Meanwhile, multiple methods have been established to investigate the transmission of acoustic waves, such as plane wave expansion [65–68], finite difference time domain [69–71], and transfer matrix method (TMM) as well [72–74]. However, due to its simplicity, and accuracy, TMM could be the best choice that can be applied to evaluate the propagation of incident acoustic waves through multilayer structures [11, 75].
Firstly, the mechanical characteristics of the layers, including sound speed and density varies periodically when an acoustic wave encounters our suggested 1D TPC liquid sensor effectively. Additionally, the incident acoustic wave splits into several waves inside the structure. The equation of motion in each layer for an mechanical wave incident typically from left to right on the 1D PC structure [55, 76, 77], as depicted in Figure 1, can be expressed as follows:
[image: image]
Where [image: image] = [image: image] ([image: image], t), [image: image] = [image: image] ([image: image], t), [image: image] = [image: image] ([image: image], t) and u = u ([image: image], t) denote the stress, material density, external body force, and displacement, respectively. The elastic material’s stress is determined by:
[image: image]
Such that, [image: image] = [image: image] ([image: image]) is Young’s modulus of the material. By substituting from Equation 1 into Equation 2, we have:
[image: image]
In this regard, the response of the incident acoustic waves through the designed 1D PnC structure can be expressed in the vicinity of Equation 3 such as,
[image: image]
where [image: image] is the angular frequency, [image: image] is the wavenumber, and (A) is the wave amplitude. Therefore, the wave equation for a gas or liquid can be simply investigated by substituting from Equation 4 into Equation 3 such as,
[image: image]
Examine a 1D PC made up of N unit cells, each of which has two layers. The subscript [image: image] = 1, two indicates that the layer j in the unit cell has the following constant material properties: [image: image] are the thickness, density, Young’s modulus, cell length, Lame constant, and shearing modulus. [image: image] and [image: image] are the thickness of first and second layer, respectively. Each layer’s acoustic wave velocity is [image: image]. The following is an expression for the solution to Equation 5:
[image: image]
Where the wavenumber is [image: image], the incident wave frequency is f, and the transmitted and reflected wave amplitudes are denoted by the coefficients [image: image] and [image: image], respectively.
Equation 7 expresses the formula for the incident wave equation through the gas layer. We are expected to introduce a defect layer within the perfect phononic structure in order to address the interaction between gases and PC. Acoustic waves are widely recognized as one type of pressure fluctuation that can occur in any compressible gas. The equation that describes the propagation of acoustic waves in gases is Equation 7, and it states that sound waves can be transmitted through the gas medium by neutral atoms and molecules [55, 78].
[image: image]
Where [image: image] is the gas’s instantaneous pressure, and [image: image] is the speed of sound in the gas layer, [image: image] is its mass density; [image: image] is its bulk modulus. Equation 8 provides the solution to Equation 7:
[image: image]
Both local pressure and density changes are produced when a sound wave passes through a gas medium. Equation 9 establishes a relationship between the acoustic impedance of gas and the speed of sound within it as follow [55].
[image: image]
where [image: image] is the speed of sound in gas and [image: image] is the density of gas. Consequently, when the medium density and sound speed increase, so does the acoustic impedance that is working against the wave’s propagation. At the interfaces between layers, two conditions must be met: the continuation of stress and the continuity of displacement. By changing Equation 6 into Equation 2, we may provide the stress equation as follows:
[image: image]
where [image: image] refers to the acoustic impedance. Consequently, the two-state vectors representing the entire propagation of acoustic waves at the left and right sides of layer j in the kth unit cell can be written as follows:
[image: image]
Where the left and right sides of the layer are labeled by the subscripts R and L, respectively. As a result, in the kth unit cell, the left and right state vectors of layer j have the following relationship:
[image: image]
Where [image: image] describes the transfer matrix for layer [image: image]. After that, we explain the theoretical framework for applying the transfer matrix method (TMM) to investigate stress and displacement in PnC structures begins with defining Young’s modulus for each material used in the PnC. Stress is then related through an acoustic impedance formula. A wave matrix connects the displacement and stress at the boundaries of each layer. We also present the propagation matrix, which describes how acoustic waves travel through a single layer. In the supplementary data, we detail how the transfer matrix for each layer is derived and how it can be utilized to relate stress and displacement at the interfaces of multiple layers in a multilayer PnC sensor. The transfer matrices for each layer are multiplied sequentially to obtain the overall transfer matrix for the entire structure. This approach allows us to calculate displacement and stress throughout the PnC structure based on the acoustic impedances and material properties. Thus, we can derive comprehensive insights into the system’s behavior by calculating the transfer matrix ([image: image]) for the layer j as presented in the following equation:
[image: image]
Each material’s acoustic impedances [image: image] and [image: image] were used to build the PnC structure and ascertain the behaviour of the [image: image] matrix. Equations 12–14 were utilized to represent the entire transfer matrix components [image: image] given in Equation 11.
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Given that [image: image] denotes the layer thickness and [image: image] denotes the acoustic impedance. The following formula represents the relationship between two consecutive state vectors in the kth and (k-1)th unit cells:
[image: image]
Consequently, [image: image] can be expressed as a transfer matrix that links the next two-unit cells, such that:
[image: image]
Then, the following formula can be used to determine the transmission coefficient of our PnC structure [77, 79]:
[image: image]
Here, the two semi-infinite solid Young’s moduli to the left and right of the PnC structure are denoted by [image: image] and [image: image], respectively, then the incident and transmitted wave amplitudes are denoted by [image: image] and [image: image], respectively.
2.3 Investigation of the 1D PnC’s band structure
Using Bloch-Floquet theorem, the band theory, and the energy spectrum of wave propagation can be calculated and plotted through the infinite 1D multilayered PnC structures [17, 61, 62]. In this case, the state vectors in Equation 10 at the right boundary of each unit cell satisfy the following equation:
[image: image]
Given that in every layer and unit cell, [image: image] is the wave vector and its equal to kj. Equation 15 and Equation 16 can be compared to obtain the following eigenvalue problem:
[image: image]
It can also be written in another format as follows:
[image: image]
Where, [image: image] describes a complex eigenvector and [image: image] expresses the complex eigenvalue. Then, Equation 17 can be used to compute and plot the band structure and dispersion relation of the wave propagation through the infinite 1D periodic structures in the irreducible first Brillouin zone. The wave vector [image: image] is given as a complex wave number, comprising real and imaginary parts as follows:

[image: image]
 The following form for Equation 16 will be used if [image: image] = [image: image] and [image: image] > 0:
[image: image]
The phase difference between the state vectors at the boundaries of each unit cell and every two successive unit cells is equal to [image: image], and the resulting bands are referred to as pass bands. Equation 16 will be expressed as follows if [image: image] = [image: image] and [image: image] < 0.
[image: image]
The state vectors at the boundaries of each unit cell and every two successive unit cells exhibit no phase difference; rather, their spatial phase experiences an exponential attenuation with a magnitude of [image: image]. Therefore, the resulting bands are referred to as stop bands.
In Figure 2A, the band structure is plotted for one unit cell (n = 1) of the two building blocks of the PnC (Pb and epoxy) with equal thickness ([image: image] = 1 μm) as specified in Table 1. Any crystal structure can be identified by its band diagram, which only needs one unit cell to display the properties of wave propagation through the multilayer stack. The band diagram of the proposed design of TPnC structure is plotted between the non-dimensional frequency q (3.142 ≤ q ≤ 4.157) and the non-dimensional wavenumber ζ = [image: image] ×a [25–27]. Here, q = [image: image] = ωa/ [image: image], where [image: image] is an arbitrary acoustic wave speed, taken as the longitudinal wave velocity in epoxy. In Figure 2B, the band diagram is shown for different thicknesses ([image: image] = 1.05 μm and [image: image] = 0.95 μm). Both figures illustrate the same acoustic band gap with nearly identical bandwidths, confirming that the inclusion of lead and epoxy layers in the proposed phononic crystal (PnC) design serves as a solid foundation for the suggested tapered phononic crystal (TPnC) structure. Even with variations in material thickness, the PnC structure maintains edge mode stability, promotes strong wave propagation, and shows resilience to local disturbances. The proposed TPnC structure indicates that certain waveguide properties remain unaffected by minor physical disturbances or distortions. The real part of the wavenumbers is represented by the weighted colors of the passbands, which are shown as solid lines in the band diagram. The band gaps, corresponding to the imaginary part of the wavenumber, are illustrated in gray with dotted lines. Both band diagrams reveal that the phononic band gap (PnBG) has a similar bandwidth (∆ω), as seen in Figure 2. The interaction between wide and narrow bands within the same crystal leads to Fano modes, which are enhanced by this wide bandgap. When alcohol is added, its low acoustic properties allow the wide band to interact with the confined evanescent modes in butanol, thereby improving the localization and propagation of Fano modes.
[image: Figure 2]FIGURE 2 | The band structure of the relevant stacked blocks of the PnC (Pb/epoxy)1 in case of (A) [image: image] = 1 μm and [image: image] = 1 μm and (B) [image: image] = 1.05 μm and [image: image] = 0.95 μm as [image: image] is the thickness of lead and [image: image] is the thickness of epoxy.
3 RESULTS AND DISCUSSION
3.1 Acoustic properties of butanol liquid
The acoustic properties of butanol liquid, particularly its response to acoustic waves, play an important role in different applications, such as ultrasonic sensing, medical imaging, and industrial processes. Density, viscosity, and compressibility are some of the variables that can be effective on the acoustic properties of butanol, a form of alcohol with four carbon atoms. We first considered the experimental data to highlight the relationship between the temperature and acoustic properties (density and sound velocity) of butanol liquid [80]. Subsequently, we numerically fitted these data to introduce such response in our study. Meanwhile, the experimental data for the mass density of butanol liquid were fitted using the following fitting equation:
[image: image]
where [image: image] refers to the density, T refers to the temperature; [image: image] are the coefficients of the fitting relationship. The values of the fitting coefficients are [image: image] 335.0969[image: image] −3.50009 [image: image] 0.00948. Figure 3 illustrates that density increases in parallel with temperature. In this regard, Equation 26 investigates the polynomial fitting of this relationship in the form of a second-order polynomial. The compressibility and density of butanol dictate the speed of sound [80]. In general, for a liquid, its sound speed decreases as its density and compressibility increase. Therefore, the acoustic waves can also be attenuated as they travel through a liquid due to the viscosity of butanol. High viscosity tends to dampen the propagating acoustic waves, which in turns might be effective on their ability to travel over long distances [80]. Furthermore, acoustic impedance, which is the result of multiplying density by sound speed, offers some information about how well acoustic waves may enter or exit the butanol medium [80]. Comprehending these properties is essential to design and improve ultrasonic sensors that use butanol as a coupling or sensing medium. Next, the experimental results for the sound speed of the butanol liquid are fitted with the following equation:
[image: image]
where [image: image] is the speed of sound, [image: image] refers to the temperature, and [image: image] are the coefficients of the fitting relationship. The values of the fitting coefficients are [image: image] 299.87912 and [image: image] −0.4978. Figure 3 shows that when temperature rises, sound velocity decreases. This behaviour has a linear fit based on the previous equation. Usually, tests and experiments are conducted to describe the acoustic characteristics of certain liquids, such as butanol. In these experiments, the frequency-dependent behaviour of acoustic waves in the liquid and optical approach is analysed by using some methods, such as ultrasonic spectroscopy [80]. The data obtained could contribute to the development of some technologies, such as PnC sensors, that rely on butanol’s acoustic properties by allowing the construction of models and comprehending the interactions of acoustic waves with the material.
[image: Figure 3]FIGURE 3 | Changes in the acoustic properties of butanol solution with temperature variations.
3.2 TPnC structure
We adopt a novel strategy to demonstrate the topological state and stability of our proposed PnC structure: a methodical investigation of the Fano resonance peak in response to changes in the butanol layer’s thickness. Given that the thickness of the defect layer is equivalent to 0.5 μm, the Fano resonance peak appears at a normalizing frequency of 0.0497, as shown in Figure 4A. We controlled the changes in the butanol layer’s thickness and tracked the associated modifications in the Fano resonance peak to assess the robustness of the proposed structure, as illustrated in Figures 4A, C. When the thickness decreases to 0.4 μm, the peak moves slightly to a normalized frequency of 0.0509. The noteworthy aspect despite this small advancement is the stability exhibited by the PnC structure under this perturbation. Further varying butanol layer thickness to 0.45, 0.55, and 0.6 µm gives rise to the shifting in Fano resonance peak downwards lower normalized frequencies of 0.0503, 0.0492, and 0.0486, respectively, as shown in 4a. Despite this change in normalized frequency, we note that the proposed PnC structure retains its stability and exhibits a consistent response at the Fano resonance peak given the negligible shift in normalization frequency. We thus confirm the proposed PnC structure’s validity and topological integrity by showing that it is resistant to changes in the thickness of the butanol layer, as demonstrated by the steady and minute movements of the Fano resonance peak under various conditions.
[image: Figure 4]FIGURE 4 | Effect of changing the thickness of (A) the defect layer and (B) the lead or epoxy layer on the transmission spectrum. The resonance frequency of the 1D TPnC structure at the same butanol temperature is affected by variations in the thickness of (C) the defect layer and (D) the lead or epoxy layer.
Here, we examined how the thicknesses of the defect layers affect our TPnC structure’s resonance frequency as shown in Figure 4A. Figure 4C illustrates that as the defect layer thickness changes from 0.4 to 0.6 µm, the position of the resonant peak remains almost at 50 MHz, providing strong evidence for the proposed topological structure. Therefore, we believe that this structure displays the topological edge’s condition and is robust against external distortions. Unique electrical or vibrational states that form at the limits or edges of a topologically nontrivial material or structure are referred to as topological edge states (TES). Regarding periodic structures, such as PnC, these edge states exhibit robustness and stability against certain disturbances or changes in the material. These states are topological because they are resistant to local perturbations and can persist even when defects are present.
Additionally, we have introduced the effect of lead and epoxy layers’ thicknesses on the transmission spectrum to demonstrate the topological state of our proposed PnC structure. When the lead–epoxy layer is 1 μm thick, a Fano resonance peak appears at a normalized frequency of 0.0497. The Fano resonance peak then shifts following carefully controlled variations in lead and epoxy layers’ thicknesses, as seen in Figure 4B. The peak of the lead and epoxy layers’ together shifts slightly to a normalized frequency of 0.05 when the thickness decreases to 0.9 µm. Even with this slight displacement, the stability of the PnC structure under this disturbance is remarkable. Figure 4B shows that further varying on the thicknesses of the lead and epoxy layers to 0.95, 1.05, and 1.1 µm results in the movements of the Fano resonance peaks to new normalized frequencies of 0.0499, 0.0496, and 0.0494, respectively. Despite the slight shift in normalizing frequency, the proposed PnC structure remains stable and exhibits a consistent response at the Fano resonance peak. Therefore, we established the validity of our proposed TPnC structure and its topological integrity by demonstrating its flexibility to variations in lead–epoxy layers’ thicknesses, as investigated by the consistent and small movements of the Fano resonance peak across different conditions. Accordingly, we examined how the thicknesses of the lead and epoxy layers affect the resonance frequency of the TPnC structure, as shown in Figure 4D. The proposed topological structure is strongly supported by the fact that the resonance frequency stays constant at 50 MHz when the defect layer thickness increases from 0.9 to 1.1 μm. This structure provides a TES that is robust against external deformations.
Finally, we thoroughly analysed the effect of symmetric and asymmetric structures on the transmission spectrum, as illustrated in Figure 5, to demonstrate the topological state of the proposed PnC structure. Firstly, the arrangement and regularity of the layers or unit cells that make up a crystal are classified as symmetric and asymmetric PnC structures. A symmetric PnC structure features materials and layers that are mirrored across a central point or plane, creating a configuration on one side that is essentially a reflection of the other. In such structures, the layers follow a consistent, repeating pattern, and physical properties such as density, mass, and stiffness are evenly distributed. For instance, a symmetric structure with a defect layer (D) between two-layer B units could be represented as {ABDBA}, when layers A and B are used. In contrast, an asymmetric PnC structure does not exhibit this mirroring. There is no central point or plane where the layers and materials are symmetrical. Instead, the layers in an asymmetric structure are arranged in an uneven or non-repetitive manner. As a result, the physical properties may vary, leading to differences in wave propagation characteristics. An example of an asymmetric structure, lacking a point of symmetry, could be organized as {ABDAB} using the same layers A, B, and the defect layer (D).
[image: Figure 5]FIGURE 5 | Transmission spectrum of 1D topological PnC structure in the case of (A) asymmetric structure and (B) symmetric structure.
Here, we investigated that the transmission spectra of symmetric and asymmetric structures provide Fano resonance peak located at the same normalized frequency of 0.0985 as shown in Figures 5A, B, respectively. This finding demonstrate that the structure is flexible and supports the topological integrity of our PnC sensor.
3.3 Analysing the transmission spectra of the proposed PnC structure
In our proposed TPnC structure, both narrow discrete resonant mode and broader, continuous background mode interfere to produce Fano resonance. We incorporate localized resonators, like narrow cavities or defects, into a periodic or quasiperiodic array while designing the PnC [11, 81, 82]. At specific frequencies, these resonators produce a limited number of resonant modes that interact with the wider transmission spectrum of the surrounding PnC layers. The distinctive asymmetric line shape of Fano resonance arises from the interference between the discrete resonant mode (originating from the narrow resonator) and the background mode (from the broader PnC structure) that a wave encounters [83–85]. Because of the constructive and destructive interference patterns that are produced in the transmission spectrum by the interaction between the discrete and continuous modes, this line shape appears. Sharp peaks and dips are thus seen in the response, which might increase sensitivity to slight changes in frequency [81, 82, 85, 86].
As described in this section, we delved into the effect of the elevated butanol temperature on the properties of Fano resonance peaks. Figure 6 provides a comprehensive overview of the correlation between different temperatures (170°C–270 °C) and corresponding variations in the sound speed and density of butanol liquid. The subsequent analysis, depicted in Figure 6, highlights the dynamic shift in the positions of Fano resonance peaks at various temperatures. The frequency of the Fano resonance peak exhibits a discernible reduction that ranges from 48.706 MHz to 36.946 MHz as butanol liquid temperatures increase. This behaviour is due to the strong dependence of the density and sound speed of butanol on temperature, as depicted in Figure 3. Concurrently, the position of the Fano resonance peaks varies. Meanwhile, a gradual increase in temperature from 190 °C to 270 °C corresponds to an observed enhancement in sensitivity from 102.9 KHz to 117.6 KHz. This insight underscores the intricate interplay between the changes in temperature and acoustic properties of butanol liquid, offering valuable implications for optimizing periodic PnC structures in temperature-sensitive applications.
[image: Figure 6]FIGURE 6 | Fano resonance spectra of the proposed TPnC structure at different butanol temperatures.
3.4 Analysis of the performance of the proposed TPnC structure
This section introduces the performance of our sensing tool by several related parameters, such as the FOM, QF, and S. These parameters are believed to have a potential importance for characterizing sensor’s performance. Specifically, defect mode characteristics serve as the primary basis for their values. The change in the position of the Fano resonance mode as a function of temperature variation is known as sensor sensitivity [17, 53, 87]. Its values can therefore be established by using the following relationship:
[image: image]
where [image: image] indicates the change in butanol temperature, and [image: image] indicates the resonance peak or transmission frequency at each temperature. Then, we computed some additional performance metrics, including QF. This metric is highly affected by the location of the Fano resonance peak [17, 87, 88] such that:
[image: image]
where [image: image] refers to the peak’s half bandwidth frequency, and [image: image] represents the Fano resonance peak frequency. In this case, sharp Fano resonance peaks are indicated by a high QF, increasing frequency resolution [17, 87]. Additionally, we derive a parameter called FOM, which forecasts the capability of the sensor to measure any variation in resonant frequency [17, 87, 88]. The following formula can be used to determine FOM:
[image: image]
When the half bandwidth frequency decreases, FOM increases. Lastly, we consider the damping rate, another relevant performance parameter. The sharpness of transmitted Fano resonance peaks is determined by damping, which describes how the acoustic waves in the designed PnC decay after a disturbance across the structure [53, 87, 88]. The following formula can be used to determine the damping rate:
[image: image]
The effect of varying temperatures on the Fano resonance peaks of the topological butanol liquid sensor, which eventually influences sensitivity, is depicted in Figure 7. The Fano resonance modes shift linearly towards high frequencies when the butanol temperature drops. This response also increases the sensor’s sensitivity. Here, we can confirm that within the temperature range of 170°C–270°C, our PnC sensor offers excellent sensitivity and performance. Figure 7 shows that as the butanol temperature increases from 170 °C to 190 °C, our proposed design offers a relative high sensitivity of 102,900 Hz/°C. As butanol temperature rises, sensitivity increases till reaches 119,233.33 Hz/°C at 230 °C. Meanwhile, the investigated sensitivity of our periodic TPnC design is promising compared with those of other designs in some previous work [22, 89–93]. In particular, previously reported sensors based on 1D PnC structures provided a maximum value of 4,400 Hz/°C, whereas our proposed structure provides a maximum value of 119,233.33 Hz/°C.
[image: Figure 7]FIGURE 7 | Effect of temperature variations on the sensitivity and Fano resonance position of the proposed TPnC structure.
Figure 8 presents the effect of the QF of our proposed sensor and the damping rate of acoustic waves. It shows that the minimum value of the damping rate is observed at the maximum value of QF. Specifically, Equation 18 establishes an inverse relationship between QF and ζ. Interestingly, high QF values are obtained when FWHM values are low [11, 17, 91, 94]. Consequently, low damping rates are obtained because FWHM values are low. Low FWHM values indicate the limited ability of the proposed structure to absorb incident acoustic waves [11, 17, 91, 94]. The Fano resonance peak sharpens as the damping rate decreases. As shown in Figure 8, the resonance peak has its highest sharpness at 250 °C, leading to a QF of 386.85. Subsequently, at this temperature, we obtain the lowest damping rate of 0.00129. However, the peak has the maximum damping rate of 0.0021 and the lowest sharpness (Q) of 240.04 when the temperature is equivalent to 190 °C. Nonetheless, the QF, which ranges from 240.04 to 386.85, is highly acceptable at all butanol temperatures. This result suggests that all Fano resonance peaks are sharp, thus increasing the frequency resolution of the proposed sensor. The numerical results provided in Figure 8 depict the unique characteristics of our sensor when compared with other sensors and their equivalents with 1D PnC designs [11, 17, 91, 94]. Comparison with those of earlier 1D PnC sensors shows that the QF of our sensor may increase to 386.85.
[image: Figure 8]FIGURE 8 | Analysing the role of temperature on the QF and damping rate of the proposed TPnC structure.
Figure 9 shows the response of the butanol liquid sensor’s detection limit and FOM to temperature variation. Figure 9 illustrates that FOM values decrease when butanol temperature increases. We discovered that as the temperature rises from 190 °C to 250 °C, FOM changes from 0.5295/°C to 1.173/°C. Furthermore, FOM exhibits a reaction that is comparable to that shown by sensitivity, particularly for this parameter. This reaction is also known as the reduced sensitivity. Additionally, the link between various temperatures and the detection limit of the butanol liquid sensor is depicted in Figure 9. The lowest temperature or analyte concentration in a sample that can be identified with a certain probability is known as the limit of detection [17, 22, 87, 91]. The values of the detection limit decrease from 0.0944 to 0.043 when the temperature rises from 190 °C to 250 °C. These results are acceptable, distinguishing our sensor from earlier liquid sensors of similar design [17, 22, 87, 91].
[image: Figure 9]FIGURE 9 | Exploring the influence of various temperatures on the FOM and limit of detection of the proposed TPnC structure.
4 COMPARISON OF THE PROPOSED TPNC BUTANOL SENSOR WITH OTHER SENSOR DESIGNS
This section provides a concise comparison of the features of the proposed TPnC liquid sensor with various PnC liquid sensors that share similarities in design, dimensions, and material type, as shown in Table 2. For instance, M. Zaremanesh et al. developed a two-dimensional triangular lattice PnC biosensor designed to detect the temperature of Methyl Nonafluorobutyl Ether (MNE) within the range of 10°C–40 °C. This design achieves sharp guided modes within the bandgap, exhibiting high quality factors and a figure of merit (FOM) of 3.7 °C⁻1 [22]. Also, H. Li et al. designed a high-sensitivite temperature sensor using surface plasmon resonance in a photonic crystal fiber filled with toluene and ethanol. The sensor achieves only FOM of 0.1169 °C⁻1 and 7.13 nm/°C as an average sensitivity [92]. Additionally, A. H. M. Almawgani et al. developed a 1D-PnC sensor for detecting cadmium bromide in water by monitoring shifts in resonant peaks in response to changes in concentration. This sensor achieves a figure of merit (FOM) of 4.12088 × 10⁻⁵ ppm⁻1 [95]. Interestingly, the sensitivity and figure of merit (FOM) of our proposed TPnC sensor are notably high, measuring 119,233.33 Hz/°C and 1.173°C⁻1, respectively. This topological sensor demonstrates better sensitivity than many of the PnC liquid sensors listed in Table 2. Consequently, we leverage this advancement in liquid temperature sensors, which rely on periodic TPnC structures based on resonance phenomena. This design incorporates high transmission modes with previously unexplored sensitivity, quality parameters, and FOM, and more specifically based on a novel mechanism represented by the appearance of Fano modes in a liquid material.
TABLE 2 | Comparison between the FOM of our proposed TPnC temperature sensor and previously reported sensors.
[image: Table 2]Additionally, our proposed sensor can accurately distinguish temperatures within a range of 0°C–270°C, making it particularly valuable for precise detection in industrial, environmental, and medical applications. Its ability to function across a broad temperature spectrum suggests it may perform exceptionally well in measuring the temperatures of various liquids, especially alcohols. We expect our sensor to surpass traditional PnC and photonic crystal sensors, as shown in Table 2. A key advantage of our phononic sensor is its resilience to geometric changes and disruptions that frequently occur during manufacturing. The TPnC sensor preserves the stability and robustness of its edge modes, even when faced with material deformations, disorder, and imperfections. This durability is attributed to the incorporation of topological properties in the PnC design. Overall, these findings suggest that our proposed PnC structure could achieve a high degree of alignment between theoretical predictions and experimental results, particularly in the development of PnC sensors with one-dimensional multilayer designs.
5 CONCLUSION
Our research focused on assessing the performance of periodic phononic crystal (PnC) structures as temperature sensors for butanol. The proposed sensor utilizes Fano resonance within the phononic band gaps (PnBGs) of the designed PnCs. We also highlighted the significance of developing subwavelength crystals that remain stable despite geometric imperfections, which is vital for the practical manufacturing of PnC sensing devices. To this end, we introduced a topologically protected PnC structure specifically tailored for sensing the temperatures of various fluids and alcohols. We calculated the transmission spectra of the PnC designs using the transfer matrix method (TMM). Our findings demonstrated that the TPnC structure achieved a high sensitivity of 119,233.33 Hz/°C, with quality factor (Q) and figure of merit (FOM) values recorded at 1.17263 and 386.85, respectively. Moreover, our proposed sensor can be easily replicated for different gases and liquids and can be constructed affordably using readily available materials. Therefore, our work has the potential to provide a straightforward, precise sensor that delivers high accuracy, performance, and stability for measuring the temperature of alcohols and other substances.
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