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General introduction 

As a Maître de Conférences (Associate professor) at the University of Lorraine and the Institut Jean Lamour 

(CNRS), I specialize in wave physics, computational acoustics, and elastodynamics. My research primarily 

focuses on the structural design of phononic crystals and acoustic metamaterials to realize advanced wave 

control functionalities with strong potential for real-world applications. These include sound and vibration 

mitigation, wireless ultrasound-based energy and data transfer, energy harvesting, underwater sound 

absorption, ultra-sensitive microsensing, and optomechanics. In parallel, I explore how condensed matter 

physics phenomena can be emulated in acoustics and elastodynamics, investigating areas such as topological 

phononics, space-time phononic crystals, acoustic analogs of twisted bilayer superlattices, and topological 

pumping in the gigahertz regime. My long-standing fascination with phononic crystals and elastic 

metamaterials has recently led to the publication of a review article in Advanced Functional Materials and a 

perspective piece in Nature Materials. 

Over the past twelve years, I have led and contributed to several collaborative research projects, co-supervised 

four PhD students, and worked closely with outstanding students, postdocs, and researchers worldwide. 

This manuscript highlights several key projects I have conducted or been heavily involved in over the last 12 

years: 

• Chapter 1 offers a review of phononic crystals and metamaterials, highlighting their importance in shaping 

mechanical wave propagation and enabling new functionalities. It focuses on elastic wave propagation in 

solids, emphasizing phononic bandgaps, their underlying physical mechanisms, and various structural 

designs tailored for specific wave manipulation. 

• Chapter 2 presents our research on planar metamaterials, referred to as acoustic metasurfaces, designed to 

achieve either broadband sound absorption or enhanced acoustic wave transmission, with direct 

applications in energy harvesting and wireless acoustic power/data transfer. 

• Chapter 3 highlights our recent efforts to embed phononic crystals and metamaterials into microsystems, 

particularly surface acoustic wave (SAW) devices. The chapter demonstrates how engineering these 

phononic structures can produce high-Q elastic modes that are efficiently excited by SAWs, and leveraged 

to enhance micro/nano-particle detection sensitivity. 

• Chapter 4 explores the emerging field of non-reciprocal acoustics using active, artificially modulated 

acoustic platforms known as space-time phononic crystals. We analyze their dispersive and nonreciprocal 

properties and demonstrate experimentally how compact systems can be designed for unidirectional 

acoustic wave propagation. 

• The final chapter (Chapter 5) outlines the future directions of my research over the next five years. This 

includes the development of Moiré metamaterials, in the framework of my project as a Junior Fellow of the 

Institut Universitaire de France (IUF). 
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Chapter 1: Elastodynamic Metamaterials 

In this chapter, we summarize the road for the establishment of phononic crystals and elastic metamaterials 

and their importance in term of wave physics and device engineering while presenting some applications, 

spanning from Hz to GHz frequency regimes.  We will mainly focus on elastic waves, i.e. mechanical waves 

propagation in solid elastic medias, and the underlaying physics elastic bandgaps.  We also present illustrative 

examples of structural designs tailored to achieve specific wave functionalities towards real-world 

applications. 

 Phononic bandgaps in elastic media 

In solid-state physics, a bandgap (BG) is an energy range in which no electronic states can exist. This concept 

has been extended to classical waves (electromagnetic and acoustic waves), leading to the development of 

photonic and phononic crystals. These artificial crystals also exhibit an analog BGs defined as frequency (or 

wavelength) intervals where wave propagation is forbidden. In the context of elastic waves, such BGs arise 

from periodic spatial variations in mechanical properties such as stiffness and density. This principle drives 

the development of phononic crystals (PnC) and, subsequently, elastic metamaterials, which have unlocked 

unprecedented wave control capabilities for diverse applications. Early studies demonstrated that the opening 

of the BG was attributed to the Bragg scattering mechanism caused by the periodicity of the lattice. Later on, 

another type of BG was shown to originate fom strong localized elastic resonances within the PnC which was 

labeled as locally resonant PnC (LRPC). 

1.1.1 Bragg bandgaps 

Early studies on PnCs focused on BGs generated by the scattering of elastic waves due to the periodic 

architecture of the PnC1–4. These structures were typically designed using periodic layers for 1D wave 

propagation1, or by embedding voids or solid inclusions within a host medium in 2D configurations2–4. A 

strong contrast in elastic properties between the inclusions and the surrounding matrix was essential for 

opening a BG (see Fig. 1.1(a)). The underlying mechanism responsible for the creation of such BGs was 

identified as Bragg scattering— wave interference phenomenon resulting from interactions with successive 

rows of periodic inclusions. Bragg-type BGs emerge at frequencies where the wavelength is comparable to the 

lattice periodicity, specifically when the wavelength is approximately twice the lattice periodicity. Wave 

dispersion in PnCs is analyzed through the computation of band structures, analogous to electronic band 

structures, where frequencies (instead of energy levels) of the propagating modes are displayed as a function 

of the wavevector within the Brillouin zone of the lattice (see lower panel of Fig. 1.1(a)). 

1.1.2 Local resonance bandgaps 
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BGs can also arise from strong mechanical resonances, as first shown by Liu et al.5. Their structure features a 

three-dimensional (3D) lattice of spherical resonators, each composed of a heavy lead core coated with soft 

silicone, embedded in an epoxy matrix (upper panel of Fig. 1.1(b)). These resonators act as spring-mass 

systems with low stiffness and high mass, leading to localized resonance modes at very low frequencies. The 

BG forms through coupling between these localized modes and the bulk modes of the structure. In the band 

structure, the resonances appear as flat bands away from the Γ point, indicating zero group velocity and 

defining the lower edge of the BG (lower panel of Fig. 1.1(b)). Unlike Bragg BGs, locally resonant (LR) BGs 

depend only on the resonator’s geometry and material properties, not on periodicity or symmetry. This allows 

tuning to deep subwavelength regimes, where wavelengths are much larger than the lattice periodicity. LR 

BGs have thus enabled compact structure designs for low-frequency wave attenuation and wave control. 

Due to their deep subwavelength nature, LRPCs were analyzed using homogenization methods, revealing 

unusual dynamic behavior. It was shown that at resonance frequencies where the wavelength far exceeds the 

lattice spacing, the structure exhibits negative and even divergent effective mass density within the LR BG5. 

This discovery became a cornerstone in the development of acoustic and elastic metamaterials, redefining 

mechanical wave control. 

 

Fig 1.1. Phononic crystals and locally resonant metamaterials. (a) Examples of PnCs. (Top from left to 

right) 2D lattice of rods in air6, Micro-holes in a plate7, and Holes in a marble quarry8. (Bottom panel) Band 

structure of a PnC plate with a Bragg BG9. (b) Unit cell of a 3D lattice of a LR PnC (upper panel), and its 

associated band structure showing two local resonance BGs5 (bottom panel). 

 Structural design of PnCs and metamaterials for bandgap engineering: contemporary avenues 

Early research on elastic BGs established the foundation for understanding their underlying physical 

mechanisms and their dependence on the structural design of PnCs and metamaterials. These insights enabled 

effective control over mechanical wave propagation and opened new avenues for exploring wave physics and 

engineering these artificial materials for practical applications. Central to this field is the ability to create and 

precisely tune elastic BGs, both in width and spectral position, which has led to the emergence of BG 

Bragg bandgap Local resonance bandgap

Local resonance bandgap
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engineering. This area has become essential for a wide range of advanced acoustic platforms and wave 

functionalities, including optomechanical systems, elastic topological insulators for robust waveguiding and 

confinement, acoustic energy harvesting, PnC-based sensing, active and reconfigurable metamaterials, and 

inverse design approaches for tailored BG properties. 

1.2.1 Optomechanical crystals 

Phononic BG engineering has become essential in the context of optomechanical device design as it has 

boosted their mechanical performance by increasing the phonon lifetime for enhanced optomechanical 

interactions. In the last two decades, we have witnessed a rise in interests toward both photonic and phononic 

crystals, leading to the birth of a combination of the two crystals, called phoxonic crystal (PxC) (the “x” stands 

for both “t” and “n”) which is a dual photonic and phononic crystal that exhibits simultaneously BGs for optical 

and mechanical waves10–15. With this dual BGs, a carefully engineered structural defect in the PxC allows it to 

host both optical and elastic cavity modes within their respective BGs, which results in strong confinement of 

electromagnetic and mechanical energy within the defect region. This leads to enhanced optomechanical 

interaction within the cavity. An example is illustrated in Fig. 1.2(a): a one-dimensional silicon-based PxC 

nanobeam designed with a tapered cavity formed by gradually varying the periodicity at its center (Fig.1.2(b)) 

to enable high quality factor optical and mechanical modes trapping16,17 (Fig.1.2(c)). Phononic BGs have 

become essential for high performance optomechanics, as phononic shields are used to suppress the mechanical 

losses created from coupling between the mechanical modes due to symmetry breaking caused by fabrication 

imperfections at the nanoscale14,15,18. Further, these BGs were tailored to achieve cavity-optomechanical 

circuits that could potentially be used for performing controlled coherent signal processing19. Thanks to the 

remarkable sensitivity of optomechanical resonators for detecting single biological species20 and individual 

molecules21, PxCs have demonstrated exceptional capabilities in locating microparticles22. Moreover, another 

promising application of PxCs is the generation of quantum entanglement between mechanical states23, which 

could open new avenues for the development of silicon-based quantum networks. 

 

Fig .1.2. (a) SEM Image of a fabricated PxC with a tapered cavity. (b) Schematic view of the tapered cavity 

created inside the phoxonic nanobeam by gradually changing the unit cells period in space. The red and 

black connected dots show two different tapering profiles for two tapered cavities. (c) Wavefields of the 

trapped cavity for the optical mode at 1550.4 nm and the phononic mode at 2.46 GHz16,17. 

(a)

(b) (c)
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1.2.2 Topological elastodynamics 

The Nobel-winning discovery of topological phases by Thouless, Haldane, and Kosterlitz led to the rise of 

topological materials like topological insulators, known for symmetry-driven phase transitions and nontrivial 

features such as nonzero Chern numbers. Photonic and phononic crystals have become powerful platforms for 

exploring topological physics by emulating quantum phenomena in classical systems. Topological BGs are the 

cornerstone of topological physics and can emerge from mechanisms such as the quantum Hall (QH)24–26, spin 

Hall (QSH) 27–29, and valley Hall (QVH) effects30–33, enabling robust and unconventional wave control. This 

sparked demonstrating quantum-like mechanical phenomena at the mesoscopic and macroscopic scales using 

PnCs leading to unprecedented acoustic and elastic wave control such as topological interface, edge and corner 

states34,35,31, Weyl points36,37, and topological pumping38. 

Elastic topological insulators are engineered to generate pseudospins ±1/2 and artificial Kramers pairs, 

characterized by a Z2 topological invariant, hence called Z2 topological insulators. One design approach 

involves creating two Dirac cones in the band structure where breaking the lattice symmetry lifts the Dirac 

degeneracy, inducing an effective spin–orbit coupling, and enabling nontrivial interface states that support 

helical elastic edge waves29. Another strategy exploits modal hybridization39,40 which creates a double Dirac 

point. When this degeneracy is lifted, distinct pseudospin states emerge, opening a topological BG (Fig.1.3). 

A simpler route, known as zone folding, brings two Dirac cones from the K point to Γ, facilitating the design 

of Z2 topological insulators in elastic plates39–41 and surface acoustic wave (SAW) systems42. In addition, the 

QVH effect has been used to design elastic topological PnCs by breaking spatial inversion symmetry in 

honeycomb lattices. This lifts the Dirac degeneracy at the K point and gives rise to valley states with opposite 

±1/2 pseudospins, which support robust valley-polarized edge modes. A key advantage of these topological 

edge waves is their robustness against defects, as demonstrated in several studies involving point, line, and 

arbitrary defects created by removing or deforming unit cells26,27,31,34,39,42,43. This robustness makes topological 

edge states particularly attractive for practical applications. 

 

g
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Fig. 1.3. Elastic band inversion with an overlapped BG in a PnC. (a)-(c): PnC plate composed of identical 

perforated holes. In in each unit-cell, as the yellow hexagons indicate, the length between the center of the 

six perforated holes and the center of the unit-cell, b, increases from (a) a0, to (b) 1.0873a0, and (c) 1.12a0. 

(d) - (f): Band structures of the three PnC cases illustrating a band inversion with an overlapped BG. Two 

two-fold degenerate states, labeled px/py and dx2-y2/dxy, are separated by an elastic BG. When b increases to 

1.0873a0, the BG closes and an accidental double Dirac cone with a four-fold degeneracy is formed. When 

b further increases to 1.12a0, the BG reappears along with two inverted two-fold degeneracies 

corresponding to dx2-y2/dxy and px/py. The insets surrounding the band diagrams are the elastic displacement 

distributions of the degenerate elastic eigenstates in the out-of-plane direction. (g)  A Z-shaped bend 

waveguide with the elastic energy-density distributions for elastic waves at a frequency (110.0 kHz) within 

the BG. Green and blue bars are experimental measurements39. 

In classical wave systems, topological phenomena are often expressed through dimensional reduction, such as 

the emergence of 1D edge states in 2D lattices. Beyond the conventional bulk-edge (2D–1D) correspondence, 

2D systems can also exhibit bulk-corner (2D–0D) correspondence, leading to localized 0D topological corner 

states—features that arise in systems with higher-order topology44–46. This intrinsic defect immunity has also 

inspired exploration of topological mechanical edge states in amorphous systems, including hyperuniform 

structures, quasicrystals, and even randomly distributed lattices. Several studies have assessed their robustness 

to structural defects, introduced via point, line, or arbitrary modifications such as the removal or deformation 

of unit cells. 

1.2.3 Energy harvesting 

Driven by the global demand for sustainable and renewable energy sources, acoustic energy harvesting (AEH) 

has gained significant attention, where the objective is to capture the energy carried by sound and vibrations 

and convert it into exploitable electrical power. Traditionally, this is achieved using a resonant cavity 

containing a vibrating elastic element coupled to a piezoelectric material, which transforms dynamic strain 

energy into electricity. Early AEH designs included Helmholtz resonators with vibrating membranes attached 

to piezoelectric rings47, cantilevers48, or arrays of piezoelectric plates placed within straight acoustic tubes49,50. 

With the advent of PnCs and acoustic metamaterials for advanced wave manipulation, these artificial materials  

have been further explored in the context of energy harvesting. PnCs can be engineered to confine wave energy 

efficiently by introducing a cavity defect within the periodic structure. When a BG is designed around a target 

frequency, a carefully tailored defect can support a localized cavity mode with strongly confined elastic energy. 

This concentrated energy can then be harvested using conventional piezoelectric elements.  

A more comprehensive discussion of AEH using PnCs and metamaterials, along with our own contributions, 

including the design of a compact subwavelength metamaterial plate for efficient AEH, is presented in Section 

2.2 of Chapter 2. 

1.2.4 PnC and metamaterials for enhanced sensing 

Numerous studies have investigated the potential of phononic BGs for sensing applications. The core 

mechanism relies on localized cavity modes confined within structural defects at frequencies lying inside the 

BG, which are highly sensitive to acoustic or elastic perturbations. Early work in this area employed PnCs 

with lattice constants and cavity dimensions on the order of a few centimeters, operating in the hundreds of 



11 

 

kHz to a few MHz range, to probe the properties of liquids. These initial designs featured liquid-filled cavities 

within the PnC to monitor changes in solution concentrations (e.g., 2-propanol, gasoline), as variations in 

concentration affect the wave velocity in the fluid medium51–53. Shifts in the resonance frequency of the defect 

modes were used to detect changes in the molar ratio of the solution, such as mixtures of propanol and water. 

More recently, metamaterial structures based on pillar arrays have been engineered and optimized for enhanced 

liquid sensing at the microscale, exploiting the interaction between the pillars and either Lamb waves54 or 

SAW55,56. Chapter 3 of this manuscript presents our recent studies55,56 on the design strategies for PnC and 

metamaterials tailored for integration into SAW-based sensing platforms, aiming to improve their detection 

sensitivity and performance. 

1.2.5 Ultra-light architected metamaterials for BG engineering 

In the last decade, high interest was brought to the development of artificial materials that can simultaneously 

exhibit multiple functionalities, particularly combining low density with high mechanical strength. Such 

material are crucial for aeronautics, aerospace, and automotive sectors where durability and energy efficiency 

are of high importance. Nature offers inspiration in this regard, with examples such as wood57, bones, 

exoskeletons, and spider silk58 which all feature hierarchical structuration from micro- to macroscales to 

achieve exceptional mechanical performance at low densities. Inspired by these natural architectures, 

researchers have leveraged modern fabrication methods to reproduce their complex microstructures. In 

particular, additive manufacturing has unlocked the ability to fabricate architected materials with highly 

precise geometries across various hierarchical levels using single-phase architected metamaterials59,60. These 

materials demonstrate exceptional mechanical behaviors such as enhanced compressive recoverability61, 

superelasticity59,60, and the decoupling of mass density from stiffness61. 

This precise control over geometry and composition at the microscale also benefits mechanical wave 

manipulation. Using 3D printing, researchers have fabricated lightweight, single-phase architected lattices 

exhibiting broad BGs, mostly with centimeter-scale lattice constants leading to low-frequency BGs62. Other 

strategies introduced embedded or connected masses to induce LR BGs with wider bandwidths but at the 

expense of increased mass63–65. An innovative lightweight design employing single phase curved metallic 

beams without added mass was proposed to attain a wide ultrasonic BG66. The metamaterial was fabricated 

using electron beam melting, a powder-based additive manufacturing technique. Recently, we have advanced 

this approach by constructing a polymeric auxetic metamaterial composed of thin struts, with a isotoxal star-

shape design in 3D67 (Fig. 1.4(a)). This ultralight structure (density: 0.034 g.cm⁻³, lattice constant of 2 cm) 

exhibited a remarkable 82.8% BG width between 2.3 and 5.55 kHz (Fig. 1.4(b)-(d)), linked to a combination 

of negative/divergent effective bulk modulus and near-zero positive mass density. This structure was produced 

using high-resolution projection micro-stereolithography. 
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Fig. 1.4. (a) Photographs of the ultralight isotoxal star-based auxetic metamaterial samples, fabricated in 

the ΓX (top left), ΓM (top right), and ΓR (bottom right) directions, with the same unit-cell dimensions and 

with period, p = 2 cm. Bottom left panel shows a close-up optical image of the ΓX sample. (b) Elastic band 

structure of the auxetic lattice where the gray area highlights the wide BG. (c) Transmission simulations 

through the three samples. (d) Experimentally measured elastic wave transmission through the three 

samples. 

However, achieving such performance in BG width requires not only precision in 3D printing but also a deep 

understanding of the mechanical properties of the base materials. Although additive manufacturing has 

advanced to accommodate a variety of substances, polymers remain the most common in architected lattices 

due to their versatility, yet their mechanical properties (e.g., stiffness and loss factor) vary with orientation, 

temperature, and frequency, complicating accurate dynamic modeling. This unpredictability challenges precise 

numerical predictions of metamaterials behavior. Nonetheless, newer additive manufacturing techniques now 

support printing with metals59, ceramics68, and even multiple materials simultaneously69, offering promising 

though still underexplored avenues for more reliable low-dissipation elastic metamaterials. 

1.2.6 Active elastodynamic metamaterials 

While BGs in PnCs and elastic metamaterials enable a wide range of applications, they remain limited by fixed 

geometric and material properties set during fabrication. These constraints restrict BG width and frequency 

tunability. To overcome this, researchers have actively explored the incorporation of active elements into PnCs 

and metamaterials to extend and control BGs. This has led to rapid advances in active functional metamaterials, 

enabling new capabilities such as selective wave filtering and nonreciprocity through static or dynamic 

modulation of material properties in space and time. 

Numerous studies have investigated real-time tuning of BG widths and frequencies in PnCs and metamaterials. 

BG tunability primarily relies on variations in geometrical or material properties, often triggered by external 

stimuli, giving rise to the subfield of stimuli-responsive PnCs and metamaterials. Both Bragg and resonance-

based BGs have been tailored through geometric modifications, such as altering the shape or symmetry of 

scatterers70,71. For example, Fig. 1.5(a) shows an adaptive elastic metamaterial with unit cells composed of 

metallic cores linked by elastomeric buckling-prone beams71. Fabricated from silicone rubber, the structure 

allows for significant deformation under compression, thereby enabling shape-dependent BG tuning observed 

in both the band structure and wave transmission. An alternative tuning strategy involves modifying the 

(a) (b) (c) (d)
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intrinsic material properties using external fields. Though conceptually similar, this method can be more 

practical for real-world applications. As shown in the example of Fig. 1.5(b), unit cells of a 2D lattice integrates 

electromagnets that connect or disconnect in response to an applied electrical current, allowing independent 

control of each unit cell and enabling BGs to be switched on or off72. This principle underlies the design of 

digitally tunable metamaterials for low-frequency waveguiding and vibration isolation. Other approaches for 

BG tuning include the incorporation of materials whose properties can be actively controlled via optical 

fields73, electrorheological effects74, electrical signals75, piezoelectric circuits76–78, magnetic fields79,80 or 

temperature changes81,82. An example of tuning the BG with temperature involves a metamaterial composed 

of an array of resonators made from shape memory alloy beams. These beams bend in response to phase 

transitions induced by heating/cooling (Fig. 1.5(c)). This deformation significantly alters the local resonances, 

thereby modifying the band dispersion and, consequently, the frequency range and localization of the LR BGs 

as shown in the three right panels of Fig. 1.5(c). 

 

Fig 1.5. Examples of tunable elastic metamaterials. (a) A metamaterial comprises resonating units, each 

resonator consists of a metallic mass connected to the matrix through elastic beams71. When a compressive 

strain ε = -0.065 is applied in the vertical direction (right panels), buckling of the beams significantly alters 

the effective stiffness of the structural coating, which in turn changes the BG frequency (gray shaded 

regions) in the dispersion diagram (lower panels). (b) (Upper panels) Adaptive metamaterial where the unit 

cell made of a square frame, two pairs of beams, and two electromagnets that can attach or detach upon 

applying an electrical current72. (Bottom panels) Band structures of the metamaterial for detaching (left) 

and attaching (right) modes. (c) (left) metamaterial with shape memory alloy (SMA) beams that can bend 

under heat/cooling82. (Right three panels) band structures showing tunable BG (blue shaded areas) for A-

phase curved, R-phase flat, and A-phase flat SAMs. A is for austenite and R is for rhombohedral. 

(a) (b)

(c)
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Meanwhile, growing interest has emerged in using temporally modulated materials to break time-reversal 

symmetry, thereby enabling nonreciprocal wave propagation and unlocking a range of active metamaterial 

applications. This is achieved by deliberately varying effective mechanical properties such as stiffness, in time, 

in a fast manner allowing the design of materials that break wave reciprocity. Chapter 4 of this manuscript 

presents a review of nonreciprocal phononic structures, along with our contributions to the design of compact 

metamaterials that enable unidirectional propagation of acoustic and elastic waves. 

 Perspectives for BG engineering in PnCs and metamaterials 

The field of phononic BGs engineering has significantly advanced, not only in terms of fundamental 

understanding but also through technological integration with optomechanics, quantum systems, and 

topological physics. Various applications are now being explored, including GHz-scale devices, waveguides, 

mechanical logic circuits, vibration isolation, and energy harvesting. Emerging directions in topological BG 

engineering are particularly promising. Structures inspired by Z2 topological insulators, valley Hall systems, 

and higher-order topological states enable unprecedented localization and robustness of wave modes. For 

example, topological defects such as disclinations or dislocations can host localized states within the BG, 

which may serve as energy traps for highly sensitive sensors83. 

In parallel, optomechanical crystals operating at GHz frequencies have opened a new avenue where mechanical 

vibrations interact with photons. This has allowed researchers to demonstrate quantum behaviors, including 

optomechanical entanglement23, quantum transduction84, and quantum teleportation85. These advances offer a 

pathway toward integrated quantum systems that unite light and sound, though most demonstrations still rely 

on cryogenic conditions. The challenge remains to realize such effects at room temperature for practical 

applications. 

3D architected metamaterials represent another major frontier. These complex structures, designed for 

dynamic control across multiple directions and frequency ranges, demand data-driven and inverse-design 

methods to navigate their vast design space. Traditional forward simulations often fall short due to the 

complexity of these systems. However, advances in additive manufacturing, including multi-material and 

piezoelectric printing69,86, have made it feasible to fabricate these structures with high precision. 

Beyond periodicity, quasicrystals and hyperuniform lattices are explored for their aperiodic order, which can 

still produce BG-like behavior. While these structures cannot be analyzed using conventional dispersion 

methods, frequency response analysis has shown that they can exhibit photonic and elastic BG, as well as 

strong wave localization87–89. Despite significant theoretical interest, experimental demonstration in 

elastodynamics remains limited, highlighting a rich area for future research. 

A particularly innovative concept discussed is that of twisted bilayer PnC, inspired by the physics of twisted 

bilayer graphene. These systems consist of two phononic lattices layered with a relative twist angle and exhibit 

interlayer coupling. At specific configurations, such as those with even sublattice exchange (SE) symmetry, 

the structure can open up novel elastic BGs hosting higher-order topological states, like corner modes90. 
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Furthermore, valley Hall edge states can emerge in frequency regimes not accessible to monolayer 

configurations, suggesting new forms of topological phononic heterostructures91. 

BGs for nonlinear elastic waves can be explored, especially through granular and deformable metamaterials. 

These platforms can support solitons and other strongly nonlinear waves, enabling technologies such as impact 

absorbers, mechanical logic switches, and non-destructive testing tools92–94. Recent work shows vector soliton 

propagation and even lattices with BGs tailored for solitons95,96, paving the way for amplitude-dependent wave 

control in elastic systems. 

Another exciting field to explore is elastic wave propagation in non-Euclidean geometries. Inspired by 

hyperbolic lattices in quantum electrodynamics and photonics97–99, researchers are beginning to study wave 

dispersion in curved-space elastic lattices. Such systems, potentially realizable via origami-inspired 

architectures, could enable entirely new classes of metamaterials where geometry, not just material 

composition, governs dynamic behavior100. 

In summary, BG engineering in PnCs and elastic metamaterials is becoming a rich, multidisciplinary field at 

the crossroads of physics, materials science, data science, and quantum technologies. With the integration of 

topological design principles, machine learning-driven optimization, and advanced manufacturing, the control 

of elastic waves is expected to know advances that will sustain the field for decades, leading to transformative 

applications in sensing, communication, quantum devices, and energy systems. 
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Chapter 2: Planar ultra-thin metamaterials for acoustic wave 

manipulation 

In this chapter, we focus on a class of metamaterials engineered in a planar geometrical configuration to be 

ultra-thin relative to the operating wavelength (i.e., thickness ≪ wavelength). In such cases, these structures 

are referred to as metasurfaces, as their minimal thickness allows them to be effectively perceived as surfaces 

at the wavelength scale. We present several examples of planar metamaterials we have designed and fabricated 

in recent years, targeting either broadband sound absorption or enhanced acoustic wave transmission, with 

applications in acoustic energy harvesting and transfer. 

 Hybrid metasurface for airborne-sound absorption 

The development of ultra-thin engineered materials known as metasurfaces101, has opened new avenues for 

achieving enhanced broadband sound absorption at deep subwavelength scales, which is highly sought in 

various fields, including room acoustics, automotive engineering, aeronautics, and aerospace. Conventional 

sound-absorbing materials such as foam, fiberglass, and mineral wool, are inherently limited by the 

dependence of their thickness on the wavelength of sound, which restricts their performance, particularly in 

the low-frequency range102. The emergence of acoustic metamaterials has revolutionized the field by enabling 

ultrathin metasurfaces with strong sound absorption at deep subwavelength scales103–107. However, achieving 

broadband high absorption in the low-frequency regime (below 200 Hz) remains a significant challenge, with 

the required physical thickness of the absorber being a major limiting factor104. One of the initial strategies to 

address this involved integrating thin membranes into a rigid grid panel108,109. While effective, these 

membrane-based systems are highly sensitive to mechanical tension of the used membranes, complicating 

their fabrication and consistency. An alternative approach employs a perforated panel coupled with a coiled 

planar resonator, allowing the overall structure to remain compact in the direction normal to the panel 

surface103,110,111 (Fig. 2.1(a)). This configuration can achieve near-perfect absorption at a deep subwavelength 

scale, though typically over a narrow frequency band centered around the structure's resonance (Fig. 2.1(b)). 

 

Fig. 2.1. (a) The acoustic metasurface absorber composed of a perforated plate (transparent gray region) 

(thickness t) with a hole (diameter d) and a coiled air chamber (thickness w) (yellow region). Several solid 

(b)(a)
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beams are used to form the coplanar air chamber. (b) The absorption coefficient, α, of the presented 

metasurface with geometrical parameters (d = 3.3 mm, t = 0.2 mm, a = 100 mm, w = 12 mm, and b = 1 mm). 

Total absorption is realized at 125.8 Hz103. 

Broadband sound absorption was later achieved using super-cells composed of multiple unit cells with coiled 

cavities, whose resonance frequencies were carefully selected to enable mutual coupling, thereby enhancing 

absorption over a broad frequency range105–107,112.  Building on this design strategy, we recently introduced an 

innovative design that significantly extends the absorption bandwidth beyond the limits of classical coupled-

cavity systems without increasing the planar footprint of the metasurface. This advancement involves a hybrid 

configuration, in which four coupled coiled resonators are additionally linked to carefully designed thin planar 

back-cavities arranged in the normal direction113 (Fig. 2.2 (a)). This hybrid coupling mechanism enables a 

substantial bandwidth enhancement: an increase in absorption bandwidth below 200 Hz is achieved while 

maintaining a subwavelength total thickness of only 50 mm (λ/51). Figure 2.2(a) illustrates the geometry of 

the hybrid metasurface, and Fig. 2.2(b) compares its absorption performance with that of a conventional four-

coupled-resonator metasurface (without the back cavity). The hybrid design achieves a 200% wider absorption 

band at a 0.5 absorption coefficient, demonstrating its superior broadband capability. 

 

Fig. 2.2. (a) A hybrid metasurface made of four coiled resonators with individual back-cavities. (b) 

Absorption spectra for both the designs with and without the back cavities113. 

 Plate type metamaterials for vibration mitigation and energy harvesting 

With growing environmental concerns over fossil fuels, clean and renewable energy sources have drawn global 

interest. Sensors and actuators are now central to modern life, making it essential to develop sustainable power 

solutions for these devices. MEMS-based sensors, for example, consume very little energy, typically under 

100 μW for devices smaller than 1 cm³. Among emerging sources, sound energy, though often seen as noise, 

offers a clean and renewable option for powering microelectronic systems114. However, due to its low power 

density, sound must first be confined or localized to enable efficient conversion into electrical energy via 

piezoelectric, electrostatic, or electromagnetic mechanisms. Traditional resonators like Helmholtz115,116 or 

tube117 have been used for acoustic energy harvesting (AEH). More recently, PnCs and acoustic metamaterials 

have introduced novel wave manipulation strategies, allowing both sound insulation and energy concentration 
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for harvesting. By creating defects within their structure, PnCs and metamaterials can strongly confine acoustic 

energy by the creation of a cavity mode within the BG. This energy is then extracted using a piezoelectric 

cavity. While early AEH systems relied on Bragg BGs118, targeting low frequencies (e.g., ~1 kHz) lead to large 

structures, limiting their use in compact devices. Acoustic metamaterials overcome this with their ability to 

LR BGs at deep-subwavelength scales. We have demonstrated that planar AMMs can achieve high strain 

energy confinement and low sound transmission loss at low frequencies119–121, making them promising for both 

sound insulation and AEH. Their key advantage lies in their scalable design, where the target frequency range 

can be tuned by simply adjusting the mechanical properties of the resonators. 

To demonstrate the use of planar metamaterials for AEH, we consider a pillared metamaterial plate122: a plate 

with an array of resonating pillars (Fig. 2.3(a)). These pillars generate a LR BG in the structure’s dispersion 

(green shaded area in Fig. 2.3(c)). Introducing a defect by removing four pillars creates a flat-band defect mode 

within the BG around 2.26 kHz, as shown in Fig. 2.3(c). An incident acoustic wave excites this defect mode, 

leading to strong strain energy confinement within the defect region (Fig. 2.3(e)), which is then harvested via 

a piezoelectric patch (PZT). Figure 2.3(d) shows a dip in sound transmission loss spectrum at the defect 

frequency, confirming mode excitation. Part of this transmitted energy is converted to electricity using the PZT 

connected to a resistive load, with optimal energy output at ~38 kΩ (Fig. 2.3(e)). The practicality of this design 

has also been experimentally validated for other defect configurations123. 

 

Fig. 2.3. (a) Sketch of the AEH based acoustic metamaterial system composed of a supercell of arrays of 

pillars with a defect created by removing four pillars122. A piezoelectric patch, connected to a lead resistor, 

is glued into the defect space. (b) Equivalent circuit representation of the piezoelectric converter with a 

resistive load R. (c) Computed band structure of the system. (d) Sound transmission loss as function of the 

frequency through the planar metamaterial. (e) Strain energy density distribution of the structure at the 

cavity mode’s frequency (2257.5 Hz). (f) Output electrical voltage magnitude (black solid line) and power 

(red dashed line) from the circuit versus the load resistance R at the defect mode’s frequency (2257.5 Hz). 

While this metamaterial design approach allows for more compact devices compared to PnC platforms in 

acoustic energy harvesting, it lacks precise control over the defect mode within the bandgap. Typically, the 

presence of a defect mode is dictated by the number of the removed pillars, which limits the ability to fine-

tune the defect's spatial extent—posing challenges for device miniaturization, particularly at low frequencies 

(c)

(d)

(e)

(f)
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(around 400 Hz). An alternative strategy for controlling defect size and tuning the cavity mode involves 

modifying the mechanical properties (mass and stiffness) of one or more pillars within the lattice, rather than 

removing them. This method introduces additional design flexibility, enabling more precise shaping of the 

cavity mode while preserving the overall geometry of the metamaterial. We have demonstrated the 

effectiveness of this approach in our previous work124. 

 Acoustic metamaterial plate for contactless wireless ultrasound energy transmission and data 

transfer 

Enhancing sound transmission at specific frequencies has applications beyond energy harvesting, as it can also 

address critical industrial challenges. One key example is wireless power and data transfer (WPDT) through 

sealed or enclosed structures to power and communicate with sensors, which is essential for specific 

environments like nuclear canisters125, pipelines126,  enclosed engines127,  aircraft fuselages128, and implantable 

medical devices129. WPDT removes the need for wiring or batteries, which are often bulky or impractical in 

such settings. Inductive Power Transfer (IPT), a widely used WPDT method, employs AC-driven coils to 

generate electromagnetic fields for wireless energy transfer130. While IPT is effective for devices like phones 

and drones, it suffers from a major limitation: poor performance through metallic barriers due to Faraday 

shielding. To overcome this, researchers have explored wireless ultrasound power and data transfer (WUPDT) 

as an alternative131. This approach uses piezoelectric transducers to convert mechanical vibrations into 

electrical signals and vice versa. Compared to IPT, WUPDT offers longer transfer distances, smaller receivers, 

lower power consumption131, and most importantly, effective transmission through metal, making it a practical 

solution where IPT fails. 

 

Fig. 2.4. (a) Schematic view of an example of a sealed container (hydraulic accumulator) where a wireless 

sensor is mounted with ultrasound powering and data transfer system. (b) Example of an ultrasonic 

transmission system block with piezoelectric transducers mounted in contact with the container wall. (PZT 

: Lead zirconate titanate transducer)132. 

WUPDT operates using a pair of piezoelectric transducers, an emitter and a receiver, to transmit and detect 

ultrasound. As shown in Fig. 2.4, a sensor inside a sealed container communicates through a metallic wall via 

ultrasound transducers placed in contact with both sides132 (Fig. 2.4(a)). The emitter converts electrical signals 

into ultrasonic waves (stress waves), which travel through the barrier and are converted back into electrical 

signal by the receiver. While previous efforts have focused on optimizing transducers and circuitry, direct 

contact between transducers and the metal barrier remains essential. This is typically achieved using polymeric 

(a) (b)
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coupling layers to improve acoustic impedance matching. However, these layers degrade over time and are 

especially vulnerable to harsh environments133 (e.g., high temperatures), leading to acoustic performance loss 

or delamination. To address this, we have developed a contactless WUPDT approach using pillared acoustic 

metamaterial plates, enabling ultrasound transmission through acoustically opaque barriers without relying on 

fragile coupling layers134. 

The pillared acoustic metamaterial consists of a steel plate (metal barrier) patterned with a square lattice of 

cylindrical pillars (Fig. 2.5(a)). Each pillar includes a neck (diameter 𝑑𝑁 and height ℎ𝑁), a larger cap (diameter 

𝑑𝐶 > 𝑑𝑁, height (ℎ𝐶), and a tapered section (ℎ𝑇) for easier fabrication. Acting as spring–mass resonators, these 

pillars can be geometrically tuned to match the transducer’s working frequency. The barrier (plate) and pillars 

are all made of steel (steel US316L). When ultrasonic waves impinge upon the plate, the pillars resonate and 

radiate secondary waves, enhancing the transmission (Fig. 2.5(b)). Momentum conservation ensures 

continuity of the tangential wave vector 𝒌|| = (𝑘𝑥 , 𝑘𝑦), enabling propagating elastic waves inside the plate. 

Band structure analysis (Fig. 2.5(c)) reveals flat modes near 460 kHz at the Γ point: two degenerate in-plane 

modes (𝛾1, 𝛾2) and one out-of-plane mode (𝛿). At normal incidence, only 𝛿, featuring axial elongation, is 

excited, resulting in strong sound transmission. Within 300–600 kHz, the bare plate transmits <2% power due 

to impedance mismatch with water, while the metamaterial achieves 72% at 460 kHz (Fig. 2.5(d)). Angle-

resolved transmission (Fig. 2.5(e)) shows robust performance (>70%) across incident angles ranging from 0° 

to 60°, with optimal frequency remaining near 460 kHz. 

 

Fig. 2.5. (a) The unit cell of the pillared acoustic metamaterial (AMM) showing (a) the shape/dimensions 

and (b) the directions, angles for incident pressure wave pin, and the irreducible Brillouin zone. The 

geometrical parameters are: 𝑝 = 1.5 𝑚𝑚 mm and 𝑑𝑁 = 0.54 𝑚𝑚, 𝑑𝐶 = 1.35 𝑚𝑚 , ℎ𝑁 = 0.3 𝑚𝑚, ℎ𝐶 =
0.405 𝑚𝑚, and ℎ𝑇 = 0.615 𝑚𝑚. (c) The band structure along the MГXM directions where the modes are 

displayed by the dots. The gray ones cannot be excited by acoustic waves from water. The green ellipse 

encompasses three propagating modes corresponding to 𝛿, 𝛾1 and 𝛾2. The left panel shows the distribution 

of the displacement magnitude ‖𝒖‖ for these modes. The red dash line is the sound line in water. (d) 

(e)
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Ultrasound power transmission rate for the bare plate and the acoustic metamaterial for normal incidence. 

(e) Power transmission rate as a function of the incident angle 𝜃 when 𝜑 = 0𝑜.134 

The waterborne scenario is experimentally validated through comparison with numerical simulations, utilizing 

advanced 3D metal printing technology. Figures 2.6(a) and (b) present both a schematic and a photograph of 

the experimental setup, including a close-up inset of the metamaterial plate pillars. Figure 2.6(c) compares the 

simulated and measured power transmission rates for the plate with and without the metamaterial. The 

measured transmission for the bare 1-mm thick plate is around 2% at approximately 442 kHz (black dots). By 

contrast, when the metamaterial is added atop the plate, the transmission significantly increases to 65.5% at 

442 kHz, with a half-power bandwidth of 33 kHz (red dots). Aside from a minor frequency shift, likely caused 

by fabrication imperfections, the experimental and simulation results align well, clearly demonstrating the 

enhanced power transmission enabled by the AMM. 

 

Fig. 2.6. (a) Schematic and (b) photo of the experimental setup. (Right panel in (b)) Fabricated plate with 

the metamaterial with the close-up view of the pillars (inset). (c) Comparison of simulated (solid line) and 

measured (dots) power transmission rates for the cases of bare plate (in black) and the metamaterial plate 

(in red). (d) The spatial distribution of the transmitted pressure fields from numerical simulations (at 460 

kHz) and experimental measurements (at 442 kHz) demonstrating the enhanced transmission by the 

metamaterial in comparison to the case of bare plate. 

With the proven ability to enhance transmission through the metal wall, the pillar-based metamaterial is used 

to implement a wireless and contactless ultrasound power transfer (WCUPT) system. Figures 2.7(a) and (b) 

show the schematic and photo of energy harvesting through the metal wall placed at z = 45 mm, where a 

receiver collects the transmitted ultrasonic power. The enhanced ultrasound energy charges capacitors and 

lights a commercial LED (Fig. 2.7(d)), which is impossible through a bare plate. At 445 kHz continuous 

ultrasound excitation, the receiver’s AC output is converted to DC via a full-bridge rectifier. Figure 2.7(c) 

displays the voltage across a 220 μF capacitor over 400 seconds for four cases: “no plate”, “plate with AMM”, 
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“plate without AMM” at 4.4 Vpp input, and “plate without AMM” at 20 Vpp input (AMM refers to acoustic 

metamaterial). The metamaterial plate clearly enables faster charging than the bare plate, despite the bare plate 

using a 4.5 times higher input voltage. Since the LED requires about 2 V, seven capacitors in series charged 

to 2.22 V in the “no plate” case, storing 77.4 μJ over 424 seconds (182 nW output). In the “plate with AMM” 

case, ten capacitors reached 2.1 V (116 nW output), successfully lighting the LED (Fig. 2.7(d)). This output 

matches well with the measured 65.5% power transmission in Fig. 2.6(c). Conversely, the “plate without 

AMM” case only reached 1.2 V on ten capacitors, failing to power the LED even at 20 Vpp excitation. 

 

Fig. 2.7. Experimental results of WCUPT through a metallic wall using the pillar-based metamaterial. (a) 

Schematic and (b) photo of experimental setup. The enhanced ultrasonic transmission is collected by a 

receiver to charge capacitors under an excitation of 445-kHz continuous-mode ultrasound. (c) The charging 

time dependence of voltage on a 220 μF capacitor for four configurations: an input voltage of 4.4 Vpp on 

the transmitter for “no plate” (black curve), “plate w/ AMM” (blue curve), the “plate w/o AMM” (green 

curve), and an input voltage of 20 Vpp on the transmitter for “plate w/o AMM” (red curve). (d) Photo of 

the LED lighting.  

In addition to enabling contactless power transfer, wireless contactless data transfer has also been successfully 

demonstrated. Burst-mode sinusoidal signals using amplitude shift-keying (ASK) modulation are applied to 

the transducer with a low input voltage of 25 mV to transmit encoded binary data. As an example, a 15-bit 

data string across 15 columns is used to create an image of "PSU" (Fig. 2.8(a)). This figure illustrates the 

encoding and decoding process for WCUDT: the original 15-bit binary signal is framed by start bits (100) and 

stop bits (001), producing a 21-bit sequence (15 + 3 + 3). Figure 2.8(b) shows the transmitted signal waveform 

(orange curve), which visually represents the quality of the signal. When the barrier includes the metamaterial, 

the received digital signal experiences only minor distortion, and the decoded data closely matches the 

transmitted sequence, allowing successful reconstruction of the PSU image. Conversely, without the AMM 

(bare plate), the transmitted signal is weaker and significantly affected by noise, preventing proper image 

recovery. 

(a)

(b)

(c)
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Fig. 2.8. Experimental results of wireless and contactless ultrasonic data transmission of a binary image of 

“PSU”. (a) The PSU image, composed of 15 × 36 pixels, is encoded into binary signals of “0” and “1. The 

transmission of binary data using ASK modulation: a 15-bit binary signal, embedded within the start bits 

(100) and the stop bits (001), is transformed into digital signal before being transmitted through a 

transducer, in which each bit is represented by five cycles of sine waves at 445 kHz. (b) The received time-

domain digital signal for the “bare plate” and the “plate with the AMM.” 

In summary, this pillar-based acoustic metamaterial enables wireless ultrasound power transfer and data 

transmission through a metallic barrier, all in a fully contactless manner, an issue previously considered highly 

challenging. The design and optimization of the metamaterial follow a deterministic approach involving band-

structure theory and transmission analysis. This work not only broadens the scope of acoustic metamaterial 

research and advances 3D metal printing technology but also paves the way for the next generation of 

ultrasonic power and data transfer systems capable of operating through metal walls. 

 Engineering ultras-thin metamaterials for broadband underwater sound absorption 

The development of innovative materials for underwater sound absorption is important for protecting marine 

life from intense noise generated by ships, pile driving, and high-power naval sonars135. Unlike in air, acoustic 

pressures in water is orders of magnitude higher (from 10 kPa to 1 MPa), making sound attenuation 

significantly more challenging. Underwater sound absorption primarily relies on wave energy dissipation 

through viscoelastic losses in damping materials. Early designs featured viscoelastic coatings such as PDMS, 

embedded with air-filled cavities136–138, high-density rigid spheres139,140, or softly coated resonant units141. 

These materials are selected to match the acoustic impedance of water and minimize reflection. Air-cavity-

based structures achieve near-total absorption at high frequencies (MHz), while systems incorporating high-

density spheres operate effectively at lower frequencies (below 10 kHz), using resonance to amplify 

viscoelastic losses. However, resonance-based absorption is inherently narrowband, and achieving broadband 

performance often requires increasing the metamaterial thickness (typically exceeding 15 cm) to ensure 

effective energy dissipation. 
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Beyond traditional structures with embedded resonant units, we have recently developed a new class of 

mechanical metamaterials that leverage elastic wave mode conversion to achieve broadband, subwavelength 

underwater sound absorption. The proposed meta-structure consists of a bilayer system (Fig. 2.9), combining 

a viscoelastic rubber layer with a solid meta-converter specifically engineered to convert longitudinal (L) 

waves into shear (S) waves. Knowing that S waves have significantly shorter wavelengths than L waves, the 

resulting decay length due to viscoelastic losses is much smaller. This key advantage enables a substantial 

reduction in the overall thickness of the absorber. Since acoustic waves in water are purely longitudinal, the 

incident wave first excites L waves in the rubber layer, which then propagate into the meta-converter. There, 

Fabry–Pérot resonance in reflection facilitates efficient conversion from L to S waves (as schematically 

described in Fig. 2.9(a)). As S waves cannot propagate in water, they are confined within the elastic layers, 

undergoing multiple reflections and resulting in strong energy dissipation over a short distance. 

To optimize this wave conversion and energy loss, we developed a semi-analytical model and a full numerical 

framework to fine-tune the effective elastic properties of the meta-converter. From these effective properties, 

the meta-converter’s geometry was generated using topology optimization (inset, Fig. 2.9(b))142. Figure 2.9(b) 

shows the absorption coefficient (solid green curve) and the mode conversion efficiency RLS, representing the 

rate of L-to-S wave conversion across the meta-converter. The structure demonstrates high RLS and broadband 

sound absorption within the 2–6.5 kHz range, confirming that strong mode conversion directly correlates with 

enhanced acoustic absorption. Figure 2.9(c) illustrates finite element simulations of the reflected pressure field 

in water and the displacement amplitude within the bilayer system (rubber/meta-converter) at 7.15 kHz, a 

frequency exhibiting strong absorption. The results show pronounced shear wave activity within the solid 

layers and a significant reduction in reflected acoustic pressure in water. Finally, successful experiments 

validated the performance of this elastic wave conversion-based metamaterial, demonstrating its feasibility for 

compact, broadband underwater sound absorption143 (Fig. 2.9(d)). 
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Fig. 2.9. (a) Schematic of the sound absorption mechanism based on elastic mode conversion. Incoming 

pressure wave in water excites L waves in rubber, which are converted to S waves in reflection within the 

meta-converter. The shear wave gets trapped and attenuated within the viscoelastic layer (rubber). (b) 

Absorption coefficient 𝛼 and mode conversion L to S rate RLS as function of the frequency. Inset is the 

meta-converter design made of air holes in aluminum, designed by topology optimization from the effective 

mechanical properties. (c) Wave fields within the system: pressure wave p in water and displacement field 

amplitude in the metamaterial-based bilayer absorber. (d) fabricated sample of the bilayer metamaterial 

absorber.  
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Chapter 3: On-chip metamaterials for enhanced surface acoustic wave 

sensing 

Over the past decade, growing interest was brought to PnCs and metamaterials at megahertz to gigahertz 

frequencies, driven by advances in micro- and nano-fabrication enabling microscale phononic structures. Key 

applications include broadband wireless communication, optomechanics, and controlling thermal phonons to 

engineer material thermal conductivity and thermoelectric properties. Another emerging area is integrating 

PnCs and metamaterials in microfluidic devices for cell manipulation, stimulation, mechanobiology, and 

ultrasensitive sensing down to single molecules. This chapter presents our recent work on embedding PnC and 

metamaterials into microsystems, focusing on surface acoustic wave (SAW) devices. We investigate how these 

structures manipulate surface waves, starting with SAW dispersion in phononic architectures, then showing 

how PnCs produce high-Q elastic modes efficiently excited by SAWs, and finally demonstrating experimental 

SAW devices with metamaterials for improved sensing. 

 Pillared elastic metamaterials for surface acoustic wave control 

Driven by applications in SAW sensing and filtering, several studies have examined SAW dispersion in PnCs 

and metamaterials. Special focus was given to designing micro-pillar arrays on semi-infinite substrates to 

achieve strong SAW dispersion. A 2D array of cylindrical pillars lead to the creation of phononic BGs for 

SAW due to pillar’s resonance modes coupled with surface waves below the sound cone144–146. In contrast, 

periodic holes/or embedded material units cause Rayleigh wave scattering that leaks part of the surface wave 

energy into the bulk, quickly lowering the transmission at the surface of the substrate. To illustrate these 

behaviors, Fig. 3.1 compares three cases: arrays of finite depth holes in a substrate, finite depth embedded 

material on the substrate, and array of pillars deposited on the surface147. The band structures calculations show 

that while all have surface modes below the sound line, only pillar arrays exhibit slow modes with near-zero 

group velocity at the Brillouin zone edges X and M, and clear bandgaps (highlighted in cyan in Fig. 3.1(b)). 

Displacement maps reveal elastic energy confined mainly within the pillars, minimizing the acoustic energy 

penetration to the substrate. Since these slow modes arise from pillar resonances at lower frequencies, the 

SAW wavelength exceeds the periodicity, producing subwavelength BGs. In the following sections, we 

explore leveraging pillar-array metamaterials to enhance SAW sensing. 
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Fig. 3.1. (a) Schematic view of the three phononic structures made of square lattices of scatterers arranged 

on substrate: holes in silicon substrate, embedded aluminum scatterers in silicon substrate, and aluminum 

pillars on a silicon substrate. (b) Band structures of the investigated phononic structures. The dashed cyan 

region represents the sound cone of silicon substrate. The color maps represent the amplitude of the 

displacement field of some guided surface modes indicated in the band structures in the case of pillars147. 

 Love wave control with pillared phononic metamaterial 

SAW sensing has known major advances in the last decades, with devices emerging as cost-effective tools for 

real-time biomolecule detection148. Molecular binding events at the surface are tracked by measuring 

wavelength shifts, primarily caused by surface wave velocity changes due to mass loading. SAW devices offer 

advantages such as easy miniaturization, lab-on-a-chip integration, flexible thin-substrate design, and wireless 

operation for remote sensing149,150. However, their sensitivity remains limited and still “lags” behind cutting-

edge optical technologies, especially for detecting small numbers of molecules. To enhance sensitivity of SAW 

sensing, we introduced a novel design methodology using phononic micro-pillars-based metamaterials. The 

detection mechanism relies on phononic micropillars acting as resonators that can be excited by Love waves 

which are used for chemical and biological sensing due to their high mass sensitivity and low energy loss in 

liquids151.  

We have theoretically investigated the mass sensitivity of a metamaterial-based Love SAW (LSAW) structure, 

which incorporates resonant phononic pillars exhibiting spectrally narrowband responses and strong local field 

confinement55. Each pillar is engineered from a phononic architecture consisting of alternating layers of 

tungsten and silica (Fig. 3.2(a)). This configuration enables the formation of BGs within which highly confined 

resonant modes can be localized—particularly near the pillar’s surface. The design process begins with the 

analysis of the band structure of an infinite periodic microwire composed of alternating tungsten and silica 

layers, as illustrated in Fig. 3.2(a). The corresponding band diagram in Fig. 3.2(b) reveals a broad BG 

extending from 193 MHz to 323 MHz (highlighted in cyan). From this idealized infinite structure, we derive 

a finite phononic pillar composed of five layers, with silica layers positioned at both ends (Fig. 3.2(c)). 

Assuming the base of the pillar is fixed, we demonstrate that such a configuration supports resonant modes in 

which mechanical vibrations are predominantly confined at the free end, primarily within the terminal silica 

layer (Fig. 3.2(c)). Three distinct localized modes emerge within the BG: a flexural mode (F), a torsional mode 
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(T), and an elongation (or compressional) mode (E). The frequencies of these modes can be tuned by adjusting 

the thickness ℎT of the top free silica layer.  

 

Fig. 3.2. (a) Phononic pillar made of alternating silica and tungsten (W) layers. (b) The band structure 

calculated along the kz direction for ℎ𝑤 = ℎ𝑆𝑖𝑂2 = 3 𝜇𝑚 and 𝑑 = 6 𝜇𝑚. (c) Finite size phononic pillar made 

of alternating five layers of silica and tungsten where the bottom surface of the lower silica layer is fixed. 

The curves display the eigenfrequency modes of the finite phononic pillar as function of the height of the 

top free silica layer. Three modes appear inside the BG (cyan filled region): flexural (F), torsional (T), and 

elongation (E) modes. The gray filled region denotes the frequency region outside the BG where the modes 

strain field is spread on the entire phononic pillar. 

The finite-size phononic pillar is placed on a substrate that supports the generation of Love-type SAW, 

enabling interaction with the pillar’s resonant modes. The substrate consists of a 90° Z-rotated ST-cut quartz 

(90STQ), covered with a 4.2 μm thick silica guiding layer. To analyze the interaction between the LSAW and 

the phononic structure, we performed transmission simulations involving a single row of phononic pillars (Fig. 

3.3(a)). Using FE analysis, we simulated a unit cell along the y-axis with periodic boundary conditions to 

represent an infinitely repeated structure. Perfectly matched layers (PMLs) were applied at the substrate 

boundaries (Fig. 3.3(a)) to suppress reflections of both bulk and guided waves. The LSAW excitation was 

achieved by applying a voltage across surface boundaries acting as interdigital transducer (IDT) electrodes, 

placed between the quartz substrate and the silica film. The resulting transmission spectrum, shown in Fig. 

3.3(b), reveals two pronounced dips in the amplitude of the total displacement field at approximately 244 MHz 

and 250 MHz, corresponding to attenuation levels of 54% and 90%, respectively. Figures 3.3(c) and (d) 

illustrate the displacement field amplitudes within the phononic pillar and the uy component in the substrate, 

which is the dominant displacement component for LSAW. These transmission dips are attributed to the 

excitation of localized resonant modes, specifically the flexural (F) and torsional (T) modes, within the free 

silica layer at the top of the pillar, where the mechanical energy is highly confined. The displacement amplitude 

decays rapidly through the upper silica/tungsten layers, with nearly no vibration transmitted to the lower layers 

of the pillar. This confinement is enabled by the presence of the phononic BG, which inhibits wave propagation 

into the pillar base. 

(c)

3 4 5

100

150

200

250

300

350

400

F
re

q
u
en

cy
 (

M
H

z)
hSiO2(mm)

hT

hT(μm)

0

100

200

300

400

500

F
re

q
u

en
cy

 (
M

H
z)

G X

Band gap

(b)

𝒖

Finite size pillarF

T
E

ETF

kz

Band gap



29 

 

 

Fig. 3.3. (a) Schematic representation of the unit cell used for FE simulation of the system. (b) LSAW 

transmission result: normalized transmitted signal (in dB); the F and T dips correspond to the flexural and 

the torsional modes, respectively. The inset shows an enlargement of dip T. (c), (d) Displacement field 

amplitudes for modes F (c) and T (d) at their excitation frequencies as well as the displacement component 

uy in the substrate55. 

The torsional mode exhibits the highest mechanical quality factor (QF), reaching 8.3×104, which makes it a highly 

promising candidate for enhanced sensing applications. We investigated the mass sensitivity of the torsional mode (T) 

using a simplified theoretical approach. Assuming that the size of each particle is negligible compared to the dimensions 

of the pillar, we consider a total of N nanoparticles, each with a mass 𝛿𝑚, uniformly distributed over the pillar surface S, 

leading to a surface density 𝜎= 𝑁 𝑆⁄ . Each nanoparticle is modeled as a rigid mass, and its mechanical stiffness is 

neglected due to its small size relative to the pillar and the minimal strain it induces in the torsional mode. The binding 

of these particles to the surface of the phononic micro-pillar locally alters its mechanical properties, resulting in a shift in 

the resonance frequency. Using perturbation theory, the fractional frequency shift induced by the adsorption of N particles 

can be estimated by the following expression152, 

𝛿𝜔

𝜔0

= −𝛿𝑚𝜎
∫ ‖𝒖‖2𝑑𝑠
𝑆

2∫ 𝜌‖𝒖‖2𝑑𝑣
𝑉

 (3.1) 

For the calculations, we consider as an example a typical viral particle with a mass 𝛿𝑚 = 1.15 fg. Figure 3.4(b) presents 

the frequency shift of the torsional (T) mode as a function of the number of particles N, obtained using both perturbation 

theory and a numerical method based on FE modeling. Both approaches yield nearly identical results up to approximately 

3 × 104 particles, where the frequency shift reaches about –15 MHz. Beyond this point, however, the two results begin 

to diverge significantly. The linear expression (Eq. 3.1), derived from first-order perturbation theory, becomes invalid for 

𝑁 > 3 × 104, indicating the need to incorporate higher-order perturbative terms to accurately match the numerically 

computed frequency shifts. 
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Fig. 3.4. (a) Transmission calculation for the case without (blue dashed line) and with mass perturbation 

(red solid line). (b) Frequency shift of the tortional mode T as a function of the particle number N. 

Comparison between the perturbation theory (solid line) and numerical simulation based on FEM 

(circles)55. 

This theoretical study opens a promising avenue for the development of high-performance SAW-based 

biosensors by harnessing the wave control capabilities of PnC and metamaterials. In practical implementations, 

one can envision functionalizing the upper silica layer of the phononic pillar with bioreceptors to enable 

molecular binding. Although the effect of the chemical layer associated with the bioreceptors is not explicitly 

considered in this study, it can be approximated as a uniform mass distribution along the pillar’s surface, which 

would similarly induce a shift in the resonant frequency. Loss mechanisms also play a critical role and must 

be accounted for through evaluation of the signal-to-noise ratio (SNR) and the mechanical quality factor. In 

this context, the combined pillar and bioreceptor layer can be treated as the unperturbed system. Molecular 

binding events can then be monitored in real time by tracking shifts in the resonant frequencies of the phononic 

crystal modes within the SAW transmission spectrum. 

 Pillared metamaterial for enhanced SAW sensing 

Given the fabrication challenges of complex multilayered phononic pillars at the microscale, we first 

investigate a simpler system: a lattice of homogeneous micro-pillars integrated onto a SAW device56. The goal 

is to assess how metamaterials can enhance SAW sensor sensitivity, with a particular focus on the local 

resonant modes of the pillars that interact with SAW. The system consists of a Love-wave platform using an 

SU-8 guiding layer on a Y+36° cut lithium niobate substrate, onto which a square lattice of SU-8 pillars is 

deposited. We computed the band structure of this pillar lattice on the SU-8 layer (Fig. 3.5(a)), indicating the 

sound line separating SAW from bulk waves. Since both Rayleigh and Love waves can propagate in this 

platform, we focus exclusively on Love waves by identifying bands dominated by the shear-horizontal (SH) 

displacement component uy (gray-blue scale in Fig. 3.5(a)). The blue-colored modes correspond then to Love-

type waves. We also analyzed the displacement field amplitudes at the X point of the Brillouin zone to identify 

pillar resonances coupled with the Love wave. As expected, clear coupling is observed between the Love wave 

and the flexural mode F2 at 35.4 MHz, as well as the torsional mode T at 72.2 MHz. In contrast, the flexural 

mode F1, vibrating along the x-direction, does not couple with the Love wave. 

(a) (b)
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Fig. 3.5. (a) Band structure for the lattice of pillars on the SU-8/LiNbO3 substrate. Gray-blue scale indicates 

the modes that have a dominant displacement component uy amplitude. (b) Displacement fields of the 

resonant flexural and torsional modes at the X point of the Brillouin zone56. 

 

Fig. 3.6. (a) Image of the device (left panel) and SEM images (close-up views) of pillar-based metamaterial 

at different scales. (b) Experimental frequency spectrum of Love-wave transmission without pillars (black 

curve) and with SU8 pillars (red curve). (c) Phase of the transmitted signals as a function of the frequency 

for the sample without pillars (black curve) and with pillars (red curve). (d) Evolution of the resonance dip 

as a function of the temperature. (e) Linear dependency of the resonance frequency with temperature56. 

The fabrication and full characterization of the device were carried out with detailed procedures provided in 

Ref.56. Figure 3.6(a) presents the fabricated device along with SEM images showing the lattice of pillars. The 

frequency response spectra of the device are shown in Fig. 3.6(b) for two cases: without pillars and with pillars. 

In the spectrum of the sample with pillars (red curve), an additional dip appears in the central lobe at 

34.47 MHz, corresponding to the excitation of the flexural vibration mode of the pillars. The phase 

measurement of the transmitted signal (S21 parameter), displayed in Fig. 3.6(c), reveals a π phase jump at 

34.47 MHz, which confirms the resonant behavior of the pillars at this frequency. 

The sensing performance of the device was first evaluated for temperature variation detection. The 

measurements indicate that the resonance frequency of the pillars decreases with increasing temperature, as 

shown in Fig. 3.6(d) and (e). The temperature sensitivity of the device was determined to be 229.23 ppm/K 

(from Fig. 3.6(e)), which at the time of publication [Ref. 56], represents the highest value reported compared to 
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conventional Rayleigh- and Love-wave-based sensors. We also investigated the device's performance in 

detecting the concentration of polystyrene microbeads in aqueous solution. Several micro-droplets (7μL each) 

of polystyrene bead suspensions, with a mean particle diameter of 1 μm, were prepared to ensure full coverage 

of the surface area occupied by the pillar array (Fig. 3.7(a)). The resulting frequency shifts as a function of 

microbead concentration are shown in Fig. 3.7(b), where a clear downshift in resonance frequency is observed 

with increasing particle concentration. From these data, the mass sensitivity of the device was calculated to be 

220.3 m²·kg⁻¹. For the chosen guiding-layer thickness-to-wavelength ratio d/λ ≈ 0.07, this sensitivity is 

approximately one order of magnitude higher than that of previously reported Love-wave-based sensors 

employing only interdigitated transducers (Ref.153). This demonstration suggests a promising route for the 

development of SAW-based sensing platforms with enhanced sensitivity enabled by surface-engineered 

metamaterial structures. 

 

Fig. 3.7. (a) Image of the device with a droplet with microbeads solution deposited on top of the pillars 

array. (b) The frequency shift of the resonance mode of the pillar as function of concentration of polystyrene 

microbeads in the microdroplet. 

  

(a) (b)
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Chapter 4: Non-reciprocal elastic metamaterials 

A fundamental concept in wave physics, particularly acoustics, is the principle of reciprocity, which states that 

the transmission response between two spatial locations is identical in both directions. Over the past decade, 

increasing research has focused on breaking reciprocity to enable unidirectional wave propagation. 

Nonreciprocal acoustic devices that allow one-way sound transmission are highly sought for applications such 

as unidirectional sound barrier, advanced medical ultrasound, and SAW-based communication systems154. 

In this chapter, we first review key literature on acoustic reciprocity breaking, then introduce the concept of 

space-time phononic crystals, with emphasis on one-dimensional configurations and their dispersive and 

nonreciprocal properties. Finally, we present a compact nonreciprocal system and experimentally demonstrate 

unidirectional flexural wave propagation. 

 Breaking reciprocity in acoustics 

Breaking reciprocity can be achieved by introducing nonlinearity, loss, or a deliberate bias in the physical 

properties of the propagation medium in space and time. These mechanisms must be carefully engineered into 

the medium. Various acoustic platforms have been developed to explore acoustic nonreciprocity, exhibiting 

distinct wave behaviors depending on the direction of propagation. Early demonstrations of acoustic 

nonreciprocity successfully employed a combination of nonlinear media with PnCs155,156. Later approaches 

used geometrical design strategies to induce asymmetric wave dispersion; however, such systems do not truly 

break reciprocity but instead affect wave packet paths and mode shapes157,158. A particularly intriguing 

approach to breaking reciprocity involves the space-time modulation (STM) of a medium’s intrinsic properties 

to disrupt time-reversal symmetry. First proposed in 1959 in the context of photonics and electrical circuits, 

this concept involves harmonic modulation of permittivity, permeability, or impedance in both space and time, 

creating unidirectional BG159,160. In such a medium, intrinsic properties appear to change and move spatially 

at a certain velocity, leading to different dispersion relations for waves traveling in opposite directions along 

the same path. This method of breaking time-reversal symmetry, and thus reciprocity, was largely overlooked 

for decades until recent technological advances in fabrication and characterization reignited interest in STM 

systems161–164. Inspired by developments in photonics, several STM-based concepts have been translated to 

acoustics165–168 and elastodynamics169–172. The following section presents a summary of the studies we have 

conducted in this rapidly evolving field. 

 Non-reciprocal phononic crystal 

The general case for acoustic wave propagation in a fluid medium whose effective properties (density and 

compressibility) vary both in space and time, can be studied using the governing equation: 

𝜵𝑝 = −𝜌(𝒓, 𝑡)
𝜕𝒗

𝜕𝑡
 

𝜵. 𝒗 = −𝐾𝑒(𝒓, 𝑡)
𝜕𝑝

𝜕𝑡
 

(4.1) 
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where 𝑝 is the pressure, 𝒗 is the particle velocity field, and 𝜌(𝒓, 𝑡) and 𝐾𝑒(𝒓, 𝑡) are the space and time 

dependent density and compressibility of the medium, respectively (Fig. 4.1(a)).  

For instance, in one-dimensional space-time PnC, one can consider the modulation of the density in a coupled 

manner : 𝜌(𝑥, 𝑡) = 𝜌0(1 + 𝛼. 𝑐𝑜𝑠(𝜔𝑚𝑡 − 𝑘𝑚𝑥)) where 𝜌0 is the constate mean density of the medium, 𝛼 is 

the modulation rate, 𝑘𝑚 = 2𝜋/𝜆𝑚 and 𝜔𝑚 = 2𝜋/𝑇𝑚 where 𝜆𝑚 and 𝑇𝑚 are the space and time periods of the 

modulation, respectively (Fig. 4.1(b)). 

 

Fig. 4.1. (a) General case of a propagating domain where compressibility and density are both dependent 

on space and time variables 𝒓 and 𝑡 respectively. (b) an example of density that is modulated both in space 

and time, a unit cell of the space-time PnC: 𝛼 is the modulation rate, 𝑘𝑚 = 2𝜋/𝜆𝑚 and 𝜔𝑚 = 2𝜋/𝑇𝑚 where 

𝜆𝑚 and 𝑇𝑚 are the space and time periods of the modulation, respectively. 

Starting from this example, the solution for equation (4.1) can be described in plane waves expansion, 

𝑝(𝑥, 𝑡) = ∑ 𝑝𝑛𝑒𝑥𝑝 (𝑖(𝜔𝑡 − 𝑘𝑥 + 𝑛(𝜔𝑚𝑡 − 𝑘𝑚𝑥)))

𝑛=+∞

𝑛=−∞

 

𝑣(𝑥, 𝑡) = ∑ 𝑣𝑛𝑒𝑥𝑝 (𝑖(𝜔𝑡 − 𝑘𝑥 + 𝑛(𝜔𝑚𝑡 − 𝑘𝑚𝑥)))

𝑛=+∞

𝑛=−∞

 

(4.2) 

Inserting these equations into Eq.4.1, and by choosing a sufficient number of decompositions, one can 

construct an eigenfrequency problem to solve in order to get the band structure of the 1D space-time phononic 

crystal. Figure 4.2 displays the results for the cases without time modulation (𝜔𝑚 = 0) (Fig. 4.2(a)) which 

corresponds to the classical PnC, and the case with a time modulation (𝜔𝑚 ≠ 0) (Fig. 4.2(b)). Without time 

modulation, two BGs (green filled regions denoted BG1 and BG2 in Fig. 4.2(a)) are open for both opposite 

direction of propagations 𝑘+ (positive x direction) and  𝑘− (negative x direction). However, in the case of time 

modulation, the frequency bands in 𝑘+ direction shift to higher frequencies while those for 𝑘− direction shift 

to lower frequencies, resulting in shifted BGs for opposite direction of propagation (shaded pink and orange 

regions in the band structure of Fig. 4.2 (b)). Consequently, if we consider a finite number of units of the space 

time modulated PnC (Fig. 4.2 (c)) and conduct a wave transmission analysis, the wave fields shown that a 

pressure wave at the normalized frequency Ω=0.41 will propagate in the 𝑘+ direction while it will get almost 

completely reflected in the 𝑘− direction (left panels in Fig. 4.2 (c)) because of the existence of bandgap 𝐵𝐺1− 

for the frequency Ω=0.41 (Fig. 4.2 (b)). However, the opposite situation happens for an incident wave at 

Ω=0.61 where the wave is transmitted through the space-time PnC in the 𝑘− direction while it is almost totally 

reflected in the 𝑘+ direction because of the existance of 𝐵𝐺1+ (Fig. 4.2 (b)). 

  ,  =    +  .       − 𝒌  

𝑇𝑚

0
 𝑚

𝜌 𝑥, 𝑡

0
(1 − 𝛼)𝜌0

(1 + 𝛼)𝜌0

𝜌0

𝑥

𝑡Ω

𝜌 𝒓, 𝑡 ,𝐾𝑒 𝒓, 𝑡
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Fig. 4.2. (a) the band structure calculation for the case of 1D PnC where the density is only modulated in 

space along the x direction corresponding to the acoustic wave propagation direction. (b) Band structure 

for the space-time PnC where the density is modulated both in space and time following the equation: 

𝜌(𝑥, 𝑡) = 𝜌0(1 + 𝛼 cos(𝜔𝑚𝑡 − 𝑘𝑚𝑥)). (c) Transmission through finite number of unit cells of the space-

time PnC. The upper panels correspond to color maps showing how the density changes over time and 

space. 120 periods were chosen in space. The lower panels display pressure field amplitude for acoustic 

waves propagating in opposite directions at different normalized frequencies Ω=0.41 (left) and Ω=0.61 

(right). 

  

 Nonreciprocal Sound Propagation via Cascaded Time-Modulated Slab Resonators 

In acoustics, while it is locally feasible to dynamically modulate the effective density of air173, achieving 

precise harmonic modulation in both space and time over multiple periods remains highly challenging. In 

contrast, nonreciprocity based on space-time modulation is more readily attainable in elastodynamics, where 

the effective stiffness of the material can be modulated170–172. This typically involves integrating coils or 

piezoelectric elements connected to electrical circuits to induce effective negative stiffness, a process that adds 

complexity, especially in synchronizing the modulations. As a result, such nonreciprocal devices often become 

bulky and less practical for many real-world applications. A more practical and compact alternative for 

achieving acoustic nonreciprocity is the use of cascaded, coupled Fabry–Pérot-based slabs174. In addition to 

their reduced footprint, these structures offer high transmission efficiency at Fabry–Pérot resonances and the 

possibility of enabling unidirectional wave propagation through mode conversion. This approach provides 
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greater control over nonreciprocal behavior, making it a promising candidate for future acoustic device 

integration. 

The configuration of the compact cascaded time-modulated slabs is illustrated in Fig. 4.3(a). It consists of two 

acoustic media (slabs), each with time-varying density profiles, denoted as 𝜌1(𝑡) and 𝜌2(𝑡), modulated with a 

relative phase shift ∆φ. The background medium is assumed to be air, with a constant density 𝜌0. In practice, 

such temporal modulations can be implemented, for example, by using piston-like mechanisms driven by 

rotating elements to induce periodic compressions. When an incident acoustic plane wave of angular frequency 

𝜔 interacts with this system, the reflected 𝑝𝑟 and transmitted 𝑝𝑡 fields, as well as the internal fields within and 

between the slabs, exhibit higher-order harmonics of the form 𝜔 + 𝑛𝜔𝑚, where 𝜔𝑚 is the modulation 

frequency and n is an integer. The amplitudes of these harmonic components can be determined using the 

Transfer Matrix Method (TMM), allowing for a detailed analysis of both reflected and transmitted pressure 

waves174. 

After optimizing the geometrical and modulation parameters, the system exhibits non-reciprocal acoustic 

transmission. Figures 4.3(b) and 4.3(c) show the transmission coefficients for both forward and reverse 

propagation of a monochromatic incident wave. These results compare the TMM predictions (represented as 

orange segments corresponding to discrete harmonic orders) with finite element (FE) simulations, where the 

transmission spectra are extracted from time-domain transient responses (blue curves). The close agreement 

between both approaches confirms the validity of the model. The analysis reveals that the zeroth-order 

transmitted mode dominates in the negative propagating direction, while it is significantly suppressed in the 

positive direction, where energy is converted into higher-order modes. Figure 4.3(d) further illustrates this 

unidirectional transmission for the fundamental mode and highlights the system’s ability to support broadband 

acoustic nonreciprocity. 
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Fig. 4.3.  (a) Schematic of a two-cascaded-slab with time-modulated effectives densities with a phase shift 

in the modulation. High order modes (harmonics) appear in the transmitted and reflected waves due to time 

modulation. (b), (c) Transmission coefficients for the positive direction (b) and the negative direction (b). 

(d) Calculated transmission coefficient curve for the fundamental mode (zeroth order) for both directions 

as a function of the normalized frequency. Black dashed lines and arrows mark the bandwidth for at least 

50% transmission rate difference between positive and negative directions of propagation174.  

 Nonreciprocal flexural wave propagation via compact cascaded time-modulated resonators 

To realize such a compact device, we focus on flexural wave propagation in a beam, where it is more feasible 

to modulate the system’s effective stiffness. We designed and fabricated a compact, low-frequency 

nonreciprocal waveguide for flexural waves, using only two time-modulated mechanical resonators175, as 

shown in Fig. 4.4(a) and (b). These resonators are implemented through a coil–cantilever–magnet assembly, 

where the effective stiffness can be dynamically tuned by applying an alternating current (AC) (Fig. 4.4(c) and 

(d)). Specifically, the magnetic force between a magnet attached to the beam and a coil mounted on a cantilever 

is varied by modulating the current, thereby altering the resonator’s stiffness over time (Fig. 4.4(d)). By 

applying a controlled phase shift between the AC signals driving the two resonators, their stiffness is 

harmonically modulated in time with a phase offset, introducing a spatiotemporal bias. This bias breaks 

reciprocity, enabling nonreciprocal transmission of flexural waves through the beam. 
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For the long-wavelength regime, where the wavelength is much greater than the beam thickness, a theoretical 

model is built and accurately describes the system’s dynamics. The full analytical formulation and validation 

of this model are detailed in Ref. 175. 

 

Fig. 4.4. (a) Schematic of the coil-cantilever-magnet cascaded bi-resonator system with temporally 

modulated effective stiffness through an applied AC in the coil. (b) Image of the fabricated on-beam coil-

cantilever-magnet resonator in our experimental setup. (c) Schematic design of the coil-cantilever-magnet 

resonator system. (d) Effective stiffness measurements of the active resonator as function of the applied 

current. 

The complete experimental setup is shown in Fig. 4.5(a). Measured transmission results for the positive (left-

to-right) and negative (right-to-left) directions, presented in Fig. 4.5(b), clearly demonstrate nonreciprocal 

flexural wave propagation, with reasonable agreement compared to the theoretical predictions in Fig. 4.5(c). 

The difference in bandwidth between measurement and theory stems from modeling approximations related 

to the resonators. Error bars reflect the stability and reproducibility of the observed nonreciprocal transmission. 

Importantly, the entire device has a physical size smaller than one-third of the operating wavelength, 

illustrating its subwavelength nature. This proof-of-concept offers promising prospects for the development of 

compact nonreciprocal metamaterials, enabling smart flexural wave control for phononic communication 

systems, imaging platforms, and devices robust against feedback noise. 

(a) (b)

(c)
(d)
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Fig. 4.5. (a) Experimental platform for flexural wave transmission. AMP: amplifier. (b) Results of the 

transmission measurements from 121 to 130 Hz with error bars, normalized by the results of the bare beam 

(without resonators). (c) Theoretical transmission coefficient in the frequency domain from the Semi-

analytical formulation. 

(a)

(b) (c)
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