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ABSTRACT

Understanding and controlling the dynamic interactions between fluid flows and solid materials and structures—a field known
as fluid—structure interaction—is central not only to established disciplines such as aerospace and naval engineering, but also
to emerging technologies such as energy harvesting, soft robotics, and biomedical devices. In recent years, the advent of
metamaterials has provided exciting opportunities to rethink and redesign fluid—structure interactions. The idea of engineering
the internal structure of materials that interface with fluid flows opens a new horizon for the precise and effective manipulation
and control of coupled fluidic, acoustic, and elastodynamic responses. This review focuses on this relatively unexplored
interdisciplinary theme with broad technological significance. Salient potential applications, such as fuel consumption in
transport systems, efficiency of renewable energy extraction, noise mitigation, and resilience against structural fatigue, depend
on controlling interactions among flow, acoustic, and vibration mechanisms. Flow control, for example, which spans a wealth
of regimes such as laminar, transitional, turbulent, and unsteady separated flows, is strongly influenced by fluid-structure
interaction. This review surveys and discusses conceptual frameworks that describe the interplay between fluids and elastic
solids, with a focus on contemporary and emerging concepts. The paper is organised into three main sections: flow-structure
and fluid-phonon interactions, flow and acoustic interactions with metamaterials, and exotic metamaterial concepts with potential
impact on fluid-structure interaction. It concludes with perspectives on current challenges and future directions in this rapidly
expanding area of research.

1 Introduction

Dynamic interactions between fluid flows and solid structures underpin various natural phenomena that can be used for
engineered systems. These fluid—structure interactions are central not only to traditional fields like aerospace and naval



engineering but also to emerging technologies in energy harvesting, robotics, and biomedical devices. In recent years, the
advent of metamaterials—composites designed to exhibit effective properties that go beyond those of their constituents, and that
are often unique and non-intuitive—has provided exciting opportunities to rethink and redesign such interactions. Architecting
the topology of such effective materials enables the manipulation of mechanical, acoustic, and/or fluidic responses and offers
new strategies for controlling the coupled fields.

This review summarizes an under-explored but critically important frontier: the interplay between metamaterials and various
wave motion mechanisms that can be engineered at the material level, and fluid (i.e., gas and liquid) flows—as conceptualised
in Figure 1. This focus addresses engineering challenges where controlling or exploiting fluid-structure interaction can
dramatically improve performance. Consider, for instance, the hydrodynamic drag experienced by maritime vessels during
long-distance travel. Viscous shear forces dictate a significant portion of the vessel’s fuel consumption at the hull-water
interface. Similarly, in aeronautical applications, turbulent and/or unsteady airflow over a wing or an engine nacelle leads to
energy losses, acoustic emissions, and structural fatigue. In both cases, tailoring the fluid—solid interface through specially
designed surfaces and subsurfaces can offer substantial gains. Fluid—structure interactions are also critical in the context of
flow-induced vibrations, where unstable flow patterns can excite resonant structural modes, leading to fatigue or functional
failure, or, conversely, can be used for energy harvesting. Moreover, acoustic metamaterials enable precise manipulation
of sound waves in elastic solids, fluids and gases, offering new strategies for vibration damping, noise control, and wave
manipulation. These interactions are inherently multiphysical and multiscale, requiring a combination of fluid dynamics,
elasticity, acoustics, and interface phenomena.

Figure 1. Fluid-flow-induced phenomena and structural wave propagation mechanisms controlled by metamaterials.
The top part illustrates fluid-structure interactions, flow-induced acoustics, and fluid flows through a structure together with
schematics of possible application scenarios involving metamaterials. The bottom part overviews wave manipulation
mechanisms for engineered fluid-structure interactions.

To provide a comprehensive approach to this interdisciplinary domain, this review is hierarchically structured into three key
application areas that illustrate the potential of metamaterials and metasurfaces in fluid-structure interaction systems:

* Flow-structure interactions. This section examines how the geometry and material properties of structured materials
or patterned surfaces and subsurfaces can control the behaviour of transitional boundary layers, the suppression of
turbulence, and the dissipation of energy in internal or external flows. The prospects of metamaterials in manipulating



surface gravity waves in liquid flows are also considered.

» Aecoustie-interactions-with-struetures-Flow-induced acoustic interactions with metamaterials. This section discusses
how metamaterials can manipulate sound generated by fluid flows, using mechanisms such as local resonance, Bragg
scattering, and anisotropic impedance. These concepts are vital for aeroacoustic design and noise mitigation, especially
in high-speed flow regimes. The potential of metamaterials in the manipulation of micro- and nano-particles by sound
waves is also described.

* Exotic metamaterial concepts in fluid-structure interaction. This section overviews how notable functionalities or
properties of metamaterials, including topologically protected states, nonlocal elasticity, and temporal or spatiotemporal
varying properties, can be used to enhance wave control in flow environments. An outlook is provided on how these
distinctive metamaterials can open new possibilities and degrees of freedom in flow control by going beyond rigid-wall
assumptions and the limits of Cauchy elasticity.

These three key application and concept areas are illustrated in Figure 1. The schematics of the flow— and sound-structure
interactions have direct counterparts in real-world contexts. For instance, aircraft wings interact dynamically with surrounding
airflow, which influences lift, drag, and structural response, providing a classic example of coupled flow—structure interactions.
In addition, the aircraft engine inlets are sites of complex flow patterns that couple with rotating and stationary components.
These interactions are crucial in determining aircraft performance, fuel efficiency, and resilience to structural fatigue.

These examples illustrate the need for advanced theoretical and computational tools capable of describing and predicting
fluid-structure interactions. Therefore, the following sections present theoretical frameworks rooted in continuum mechanics,
fluid dynamics, acoustics, and materials science to model these rich and complex interfaces. Recent progress in fluid-flow
control using engineered material and surface/subsurface topologies is reviewed, and the status of metamaterial research in the
context of elastic, acoustic, and fluidic environments is discussed.

1.1 Theoretical framework for fluid—structure interactions in metamaterials

Fluid—structure interaction lies at the core of many physical phenomena, from flow-induced drag on ship hulls to acoustic
wave propagation in architected solids. Metamaterials enable novel control over such interactions but necessitate a deep
understanding of each physical problem. The governing equations for fluids and solids, and their coupling, form the theoretical
foundation for the remainder of this study. Figure 2 summarizes the governing equations for gases, fluids, and elastic solids,
along with the coupling conditions at their interfaces. Specifically, the figure highlights the linear acoustic wave equation in
gases, the Navier-Stokes and Cauchy momentum equations in fluids, the conservation of linear momentum, and the linear
elastic wave equation in anisotropic solids. Note that the Navier-Stokes and Cauchy momentum equations are applicable in
gases when transport and nonlinearities are non-negligible, as is the case in aeroacoustics. More complex elastic wave equations
may be necessary to capture motion in elastic microstructured metamaterials containing small-scale asymmetries, such as
chirality, to tailor the fluid-solid interaction' . This set of equations provides a unified framework for analyzing how structured
media interact with fluids and acoustic waves. The following sections will illustrate how this framework is applied to specific
problems.

In periodic media, such as phononic crystals or acoustic metamaterials, wave propagation is often analyzed using Bloch’s
theorem. This theorem states that the solution to a wave equation in a periodic medium can be written as a Bloch wave—a
plane wave modulated by a periodic function. As a result, the analysis can be confined to a single unit cell with Bloch-periodic
boundary conditions. Solving the corresponding eigenvalue problem yields the dispersion relation, which provides essential
information such as the phase and group velocities, as well as potential stop bands or complete band gaps. Fluid flows* are
typically characterized by the Reynolds number, defined as

pFVL
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where pr is the fluid density, v is a characteristic velocity, L is a characteristic length scale, and yr is the dynamic viscosity.
This dimensionless quantity helps distinguishing between different flow regimes: laminar flow dominates at low Reynolds
numbers (viscous forces prevail), while turbulent flow emerges at high Reynolds numbers (inertial forces dominate), with
a transient flow regime in between. Knowledge of the flow regime is critical for selecting appropriate models and analysis
methods.

The main numerical methods for modelling fluid—structure interactions can be grouped into two broad categories. The
methods in the first category, including the Finite-Element Method (FEM), finite-volume method, finite-difference method,
the arbitrary Lagrangian-Eulerian method, boundary- and immersed-element methods, solves the Navier—Stokes equations
directly.’ The second category comprises particle-based methods — the lattice Boltzmann method and the smoothed particle
hydrodynamics method — that are grounded in the kinetic theory.®
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Figure 2. Schematic representation of the theoretical formulation for fluid-structure interaction. The three main
dynamic equations for gas, fluid, and solid media, together with the interface boundary conditions for the three different
combinations. Note that phenomena discussed in this review can be adequately described by linear equations for structural
dynamics. The symbol n denotes the outward-pointing unit normal vector at a boundary or interface.

In summary, the equations presented in Figure 2 lead to three main sections in this review paper, organized by application
domain, and followed by a final Conclusion and Perspectives section.

2 Flow-structure interactions

laminar flow transition turbulent flow separated/unsteady flow
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Figure 3. Conceptualization of typical flow regimes interacting with engineered surfaces/subsurfaces. (Top) Schematic
representation of typical flow regimes in order of increasing unsteadiness. (Bottom) Structural solutions for flow control, (a)
Phononic Subsurfaces (PSubs),”"'? (b) fluidic resonators,'>~!> (c) compliant surfaces,'®~!° (d) riblets>*->? or patterns,”>~>° and
(e) porous walls.30-32

The ability to engineer the internal structure of materials at the interface with fluids in a manner that enables targeted,
desirable interactions opens a broad range of opportunities for controlling fluid flows, thereby potentially improving the



responses and overall performance of aero/hydrodynamic systems. Such improvements can manifest as a reduction in drag, an
increase in lift, and/or the attenuation of unsteady loads, thereby reducing fatigue. The plurality of flow regimes and available
concepts related to architected structures provides us with a wealth of flow-structure interactions. The salient details of such
fluid-structure interactions are specific to the particular combination of architected structure and flow regime, as conceptualised
in Figure 3.

2.1 Interactions with transitional flow instabilities
In many types of flows, the transition from the laminar to the turbulent state is primarily driven by the inception, development,
and growth of convective flow instabilities, also known as hydrodynamic instabilities.>> A prominent example in two-
dimensional (i.e., non-swept wing) flows are Tollmien-Schlichting (TS) waves. The initially linear behaviour of TS wave
modes has inspired active control strategies based on the principle of localised perturbation superposition, namely the conscious
creation of a “counter response” of the same amplitude yet phase-delayed by 180 degrees with respect to the original TS
wave.>* This can be achieved actively via oscillating surface actuation, creating a response normal to the vertical perturbation
component of a propagating wave. In the realm of passive flow control, the concept of phononic subsurfaces (PSubs) emerged
over the last decade to generate the desired phased interference in a responsive, functionally effective manner.” A PSub relies
on the excitation and management of elastic waves within a phononic material®> buried beneath the surface, nominally forming
a single-input, single-output system. These systems are typically constructed from periodic materials (phononic crystals)’-%36
or locally resonant materials (elastic metamaterials),®37-3% effectively forming a precisely engineered subsurface phonon
environment interacting with the flow instabilities. The wave dispersion properties of a PSub, as well as its frequency response
function as a truncated finite phononic structure,?*? can be tailored to generate precise control of the amplitude and phase,
thereby stabilising or destabilising the TS waves, depending on the target objective. An alternative to phase control, a PSub
may be tuned as a phononic diode to extract and trap undesired perturbations in the flow.!! A present challenge in exciting
PSubs using TS waves is the inherently low amplitude of the latter (typically, @ (10~ x U.,) during linear growth and &
(1072 x U..) when transition onsets), which in airflows produce pressure footprints of ¢(mPa). Such weak forcing results in a
large impedance mismatch at the fluid-structure interface, particularly when the fluid is a gas (e.g., air). This may potentially be
remedied by tuning the PSub properties to simultaneously exhibit a target compliance over and above the desired phononic
properties. The impedance-mismatch obstacle may also be handled using fluidic/acoustic single-input, single-output systems
such as Helmholtz resonators'>. In both PSubs and Helmholtz resonators, attenuation of TS instabilities has been demonstrated
when surface displacement is out-of-phase relative to the local TS wave pressure footprint. This leads to local stabilization in
the regions of the control surface. To achieve downstream transition delay, a multi-input, multi-output PSub system has been
demonstrated,'?, and recently the notion of a lattice of PSubs was shown to enable downstream stabilization as well.*®

Looking back from a historical perspective, early fundamental research on the passive mitigation of TS waves via flexible
walls was established in the 1960s*!:4> and comprehensively reviewed in the early 2000s.!” The interaction between the
near-wall flow and a compliant wall gives rise to a complex interplay of instabilities, which were first systematically documented
and categorised.*> Local stability analysis showed that the flexibility of a compliant wall tends to stabilise TS waves, whereas
the structural viscous effects introduce a slight destabilising influence.** In contrast, the fluid-structural interaction between
a compliant wall and the boundary layer was found to be destabilising, as the structural compliance can exacerbate coupled
fluid-structural instabilities of Rayleigh-Taylor type.*> Multilayered compliant wall configurations have been proposed to
engender additional control utility on both the elastic compliance and viscous effects.*® Recently, more advanced global stability
analysis methods, such as transient*’ and forced*® responses, led towards the optimisation of local material properties in the
compliant wall structure,'® uncovering streamwise quasi-periodic patterns that are reminiscent of phononic Bragg scattering
behaviour, paving the way to a concept that has been targeted in a recent study to tackle a TS wave and a flutter instability
simultaneously. '8

The use of structured materials to control flow instabilities was recently shown to extend beyond subsonic TS waves.
Periodic surface modifications in the form of shallow cavities have been suggested for stabilising hypersonic boundary layers,*",
achieving a near-zero impedance condition at the wall, thus effectively suppressing the growth of the dominant viscous
instability, namely the second Mack mode. In swept-wing boundary layers, the dominant mechanism of transition is crossflow
instabilities, which manifest as stationary, co-rotating vortices roughly aligned with the free-stream flow.’® Linear superposition
and attenuation of stationary crossflow modes was recently achieved by deploying arrays of periodic roughness elements on the
swept-wing surface.?*2>-31-32 Such periodic surface architecture can be designed to target specific amplitude, wavelength, and
phase characteristics to generate velocity disturbances that interact destructively, thereby attenuating the crossflow instabilities
and delaying transition to turbulence.

At low Reynolds numbers, hydrodynamic instabilities emerge as wakes behind solid objects in flowing fluids due to
frictional flow resistance. Frictional fluidic force can be reduced by implementing anisotropic mapping of the permeability
tensor to realize the cloaking through a porous structure®?, active hydrodynamic metamaterials®*, or passive cloaking>.



2.2 Interactions with unsteady and separated flows

Beyond the paradigm of laminar flows exhibiting steady behaviour and turbulent flows characterized by chaotic unsteadiness,
regimes of (quasi-)deterministic unsteadiness can occur under specific conditions. The emergence of these states is often
governed by the interplay between inertial and viscous forces, which is quantified by the Reynolds number. Depending on
this ratio, such unsteady regimes may either represent the asymptotic flow behaviour or constitute a transitional pathway
culminating in turbulence. Typical examples are wakes of bluff bodies, mixing layers and jets, and separated boundary-layer
flows. Separated flows often follow geometry-induced or externally imposed increases in pressure (i.e., an adverse pressure
gradient), during which the velocity in the boundary layer decelerates and eventually reverses. A direct consequence of flow
separation is a significant increase in boundary-layer thickness, leading to a loss of lift and an increase in drag. Furthermore,
separated shear layers are inherently unsteady due to their inflectional shape, leading key parameters like velocity, pressure, and
temperature to become temporally transient. The ability to postpone or mitigate separation in relevant engineering systems such
as aircraft, ground transport vehicles, or turbomachinery can significantly reduce drag, enhance lift, and minimise unsteady
structural loads>®.

Flow control methods to prevent separation typically involve increasing turbulent mixing at the wall near the separation
point by passive or active means (e.g., porous coatings or structures (Fig. 4, column ‘Patterned surfaces’), jets, slats or flaps,
plasma actuators, acoustic actuators, morphing architectures).>’-3® Separation can be passively prevented by using distributed
vortex generators to induce mixing between upper and lower stratifications within the boundary layer,’® by contouring a
structure to decrease the adverse pressure gradients that lead to separation, or by adding patterned surfaces (e.g., vanes or
riblets, Fig. 4, column ‘Patterned surfaces’) to the surface to increase mixing at the separation point. Plasma actuators based
on the dielectric barrier discharge mechanism have been used in various external-flow applications, from low to supersonic
speeds.®” Synthetic jets have been used to control flow separation by altering the local pressure and vorticity distributions.®!
Porous coatings have been applied to alter the wake structure and reduce drag on a bluff body,*> %2, and recently there have
been efforts on decoupling the effects of porosity and permeability for control over the flow structure and pressure drop around
porous structures (Fig. 4, column ‘Porous materials’).%3%4

PSubs, discussed in Section 2.1, are also applicable to separation control, in which the intervention occurs passively through
in-phase interference between the vibratory motion of an elastic surface and flow perturbations, causing destabilization.”-837
Some notable efforts for passive separation control include the introduction of microcavities near the leading edge under a
wing. These were found to inhibit the bursting of the laminar separation bubble, thereby delaying the onset of dynamic stall.®>
Kirigami sheets have been proposed, designed to create an array of tilted surface elements, which could suppress a separation
bubble.?® Inherent flow unsteadiness, with or without separation, can be unavoidable in certain scenarios. In such cases, the
primary objective shifts to mitigating oscillation amplitudes in the flow, thereby attenuating the periodic loads imposed on
the primary structure. Recent investigations have explored the potential of architected materials as effective control devices
for such applications. In particular, they have been used to attenuate downstream unsteadiness induced by backward-facing
steps,”0, and to stabilize oscillations arising from shock-wave interactions with boundary layers.'?

2.3 Interactions with turbulent flows
While the previous two sections addressed long-standing and recent developments in the control of transitional and separated
flows, the taming of turbulent boundary layers has received its extensive share of foundational and applied research over the
past several decades. °©-%% Despite extensive efforts to promote laminar flow, the high Reynolds number occurring in many
engineering systems (e.g., aircraft, gas/oil pipes, turbomachinery, etc.) entails a strong dominance of turbulent boundary
layers, which exhibit large momentum diffusivity, consequently increasing skin-friction drag and convective heat transfer
over surfaces.”> Upstream turbulent fluctuations are also a known driver of hypersonic shock waves, leading to the onset of
severe thermo-acoustic loads that can be detrimental to vehicle integrity as well as sources of acoustic noise. Efforts towards
controlling turbulent flows have ranged from passive to active approaches, both seeking to destructively interfere with the
self-regenerating energy production process driven by sweeps and ejections within a disordered turbulence sequence.’® In a
turbulent boundary layer, most of the energy production occurs very close to the wall, and as a result, most control efforts have
revolved around surface texture modifications or altering the fluid properties in the vicinity of the wall. For example, wall
riblets and grooves represent one of the earliest and most commonly studied techniques, showing at times skin-friction-drag
reduction of up to 10%%2. Other passive efforts have included superhydrophobic surfaces and polymer drag reducers,?! systems
of micro-canopies,”?, concepts of compliant tensegrity fabrics,?® and tribological metasurfaces.’® Similarly, active mechanisms,
such as streamwise-aligned plasma actuators for direct drag reduction through Stokes-layer formation, have been proposed.’!
The notion of utilizing structured materials that invoke concepts of permeability, resonance, and, potentially, wave dispersion
has recently gained attention due to rapid advancements in heterogeneous material fabrication technology, especially those with
tunable and graded properties. In this space, wall surfaces with anisotropic porosity, engineered perforations, microcavities,
fluidic resonators, baffles, and streamwise slots with a common plenum have all demonstrated promising results.!% 1331



Wave engineering principles, such as PSubs, have been lately investigated for the purpose of attenuating turbulent-induced
unsteadiness in high-speed flows.!?> Other studies have examined the impact of wall-normal blowing and suction on turbulent
drag in channel flows, simulating subsurface velocities and setting up the problem for subsurface phononic crystals that respond
to wall-normal fluid forces.”® Alternatively, since the shear force in a wall-bounded flow is directly related to viscosity, wall
heating (liquids) or cooling (gases) provides a different path to tackle the same challenge. Motivated by this aspect, wall-aligned
heat strips in compressible turbulent channel flows have recently been shown to achieve a notable drag reduction.?” In this
approach, “targeted” control, i.e., the intentional targeting of coherent vortical structures to inhibit turbulence production,
necessitates a selective spatial arrangement of streamwise heating strips.

2.4 Surface gravity waves

Another problem related to engineered interaction with fluid flows is the propagation of surface gravity waves, e.g., water
waves, in the presence of solid obstacles or structured boundaries.”®> For linear (small-amplitude) gravity waves, the fluid
particle motion is elliptical (circular in deep water, flattened in shallow water), and the particle velocity decays exponentially
with depth. Various effects have been demonstrated in this setting, including wave focusing, ’* cloaking, 7> superscattering, ’°,
and wave guiding.”” The main strategies adopted so far to manipulate water waves rely on periodically distributed submerged
or surface-emerging pillars or periodical depth variations, i.e., variable bathymetry. For example, band gaps for water waves
have been obtained using periodic arrays of immersed resonators such as vertical tubes, an effect that the authors compare
to a “negative gravitational acceleration”.”®7° Metasurfaces have been effectively used to generate band gaps, for example,
using a periodically drilled bottom,®° or activating Bragg scattering by arrays of floating plates and/or submerged trenches.?!
Numerical models have been adopted to describe the interaction of periodic structures with water waves, predicting refraction,®?
scattering, 3!, or rainbow effects in spatially graded arrays.®8* Other experimental studies have demonstrated reflectionless
waveguiding in curved channels realized with a layered metamaterial structure.®> On the other hand, relatively few studies have
considered the possibility of employing periodic arrangements of submerged resonators to control water waves, partially due to
the complexity of the problem involving resonator oscillations coupled with their motion in a fluid, with correlated surface and
viscous effects. Recently, the concept of an inverted subsurface pendula has been introduced to couple both local resonance and
Bragg effects and generate band gaps in water waves. 3087

3 Flow and acoustic interactions with metamaterials

In many practical applications (e.g., in aerospace, energy, and turbo-machinery systems) involving acoustic metamaterials, the
presence of background flows cannot be neglected. The interaction of acoustic waves with both the surrounding structures and
flow determines how sound is generated, transmitted, or suppressed. This section focuses on two main categories relevant to
acoustics and flow: noise generation and mitigation in the presence of grazing flow (Section 3.1), and particle manipulation in
fluids (Section 3.2).

3.1 Metamaterials interacting with grazing flows and/or acoustic waves

In aeronautics, acoustic metamaterials have been proposed as noise-control technologies to reduce surface pressure fluctuations
and suppress aeroacoustic sources.”* Applications include trailing-edge noise mitigation in wind turbines,”>~” noise due to
turbulence—surface interaction in engines and propellers,”®~'% and landing-gear noise reduction.'?!. Other fields of application,
in which metamaterials are often named as ventilated metamaterials,!?>~1%* are noise control in heating, ventilation, and
air conditioning systems for residential and office spaces, and sound generation of high-speed flows in piping of industrial
equipment!?. All these applications share the presence of a grazing flow.

Flow-permeable surfaces are common solutions when the control strategy aims to reduce the amplitude of the surface
pressure fluctuations via a pressure balance mechanism.!%% 197 However, their capability to mitigate noise depends on parameters
such as permeability and pressure-balance coefficients, which vary significantly under grazing flow conditions where convection
dominates.!%®-110 To assess the impact of the two coefficients separately and decouple the effect of the geometry on both
the aerodynamic and acoustic field, triply periodic minimal surfaces are often used.!'! These interactions between flow and
metamaterial structures (which are usually rough surfaces) generate vorticity and alter turbulence, thereby complicating both
prediction and design of improved acoustic surfaces!'? and can affect the aerodynamic performances.

On the other hand, if the goal is to reduce the amplitude of the acoustic waves generated by the fluid field, traditional
solutions to these problems, such as local resonators (Fig. 4, column ‘Resonators’), branch Helmholtz or quarter-wavelength
resonators, expansion and plenum chambers, mufflers' '3, and Herschel-Quincke tubes'!'#, space-coiling designs (Fig. 4, column
‘Space coiling’) and similar branching structures''> !¢ provide narrow-band noise isolation with minimal disruption to fluid
flow. These architected acoustic wave filters predate metamaterial solutions by many decades and may, in fact, be viewed as
precursors to recent metamaterial research. Broadband acoustic absorbers in current industrial applications primarily consist of
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Figure 4. Examples of metamaterials for controlling acoustic waves and flow regimes. Poroelastic metamaterials exhibit
effective negative compressibility when subjected to an increase in external air pressure.®® Porous inserts have be used for
decades to reduce internal flow turbulence, while triply-periodic minimal structures deliver more predictable turbulence
reduction.’® Local resonators: acoustic metamaterials with local resonators operate in subwavelength regimes by controlling
sound waves of wavelengths much larger than their dimensions (top image is from Ref.?’). Patterned surfaces, including
riblets, viscous coatings (top), and periodic inserts, are widely applied to mitigate turbulence in pipes.”® At the same time,
labyrinthine metasurfaces (bottom) are excellent broadband low-frequency sound absorbers.”! Space coiling: labyrinthine
metamaterials characterized by complex internal geometries that manipulate wave propagation through extreme path
lengthening.”>%3 Spatiotemporally-periodic bi-materials. (top): space-time property map with the properties (e.g., the mass
density and the bulk modulus) with wave-like periodic dependence on both space and time and modulation speed c,. (bottom):
asymmetric dispersion diagram presenting directional band gaps in the case of subsonic modulation (0 < ¢, < min(cy,¢2)).

acoustic liners constructed from porous media or micro-perforated structures, both of which provide reduced acoustic isolation
when compared to resonant structures and can restrict flow.!!3117.118

Ventilated acoustic metamaterials represent a merging of new scientific concepts and fabrication capabilities with classical
solutions to acoustical problems, addressing longstanding noise-control challenges.'?>!!° These solutions are generally con-
structed using two components: (i) one region that allows the flow of gas or fluid and (ii) another that contains subwavelength
geometries to generate high acoustic isolation via resonance.'!® They can be made geometrically compact by leveraging
space-coiling designs'?® with various form factors, including labyrinthine!?!~!>* and helical'>>-'?® architectures arranged at
duct boundaries or at interfaces between domains through which fluid flow is desired. This approach has been generalised to
create structures that surround acoustic sources in free space, providing acoustic isolation while allowing flow through the
volume.'?% 139 The key attribute of ventilated acoustic metamaterials is the ability to design performance in an acoustically
compact space, enabling tailored acoustic isolation for target broadband'?3126-131-133 and even tunable'3* 133 isolation. Venti-
lated acoustic metamaterials, therefore, represent a highly promising and practical solution for applications where flow is an
essential feature of system functionality and noise control is required.

To investigate these concepts, many research groups have developed dedicated test rigs that include fluid flows.
It has been found that the interaction between the acoustic field, the metamaterial and the fluid flow depends on several
parameters such as the sound pressure level, the boundary layer properties and the surface topology.'#! The drag penalty
associated with metamaterials has also become a central concern, which must be a key consideration for metamaterial solutions.
Experiments have confirmed that coatings with perforated resistive layers can increase viscous drag under strong acoustic
excitation, underscoring the need to balance acoustic benefits with acrodynamic penalties.'#> 143

136-140

3.2 Particle manipulation by acoustic field

Controlled manipulation of particles at the microscale and nanoscale is essential across a wide range of scientific and
technological fields, from particle physics to biomedicine. It plays a critical role in studying biological processes at the single-cell
or subcellular vesicle level, identifying protein biomarkers associated with specific diseases, assembling DNA, and understanding
fundamental particle dynamics.'** Microfluidic technologies have emerged as powerful tools for particle manipulation, enabling



transportation, separation, trapping, and enrichment through various mechanisms, including hydrodynamic, acoustic, electrical,
optical, and magnetic methods. However, due to the extremely small size of nanoparticles, direct mechanical manipulation
is often impractical. As a result, non-contact methods—typically involving dynamic control of external gradient force
fields—are preferred. Among different methods, acoustofluidics'“—the use of sound waves to exert forces within fluidic
environments—has gained significant attention. This approach is particularly attractive due to its non-contact, label-free nature,
high biocompatibility, and the ability to manipulate particles over relatively large volumes. These systems commonly employ
surface acoustic waves'*%147 or bulk acoustic waves,'*® which are typically employed to achieve precise control over particles
in acoustic tweezers.'*’ Acoustofluidic devices manipulate fluids and particles using acoustic radiation forces and streaming
(Fig. 4, column ‘Resonators’). When a traveling surface acoustic wave encounters a liquid, its higher viscosity causes part
of the wave to refract as a longitudinal wave, forming a “leaky” or “pseudo” surface or bulk acoustic wave. Reflections at
the liquid boundaries induce acoustic streaming—a nonlinear effect that converts wave attenuation into steady fluid flow,
enabling manipulation of suspended particles.'*® Although acoustic radiation forces enable precise control, their strength
is inversely proportional to both the fluidic channel dimensions and the acoustic wavelength.!> Consequently, achieving
high-resolution manipulation at the micrometer scale typically requires high-frequency interdigital transducers and complex
electronic systems, which are costly and technically demanding. Recent advances in additive manufacturing offer novel
solutions to these limitations,'>! allowing the fabrication of corrugated surfaces and phononic crystals for advanced particle
manipulation. 3% 133

In particular, acoustofluidic metasurfaces composed of subwavelength arrangements of inclusions, pillars, or other rationally
designed composites show strong potential for fluid manipulation, particle trapping and spectrally and spatially selective
droplet motion control at scales well below the acoustic wavelength in the plain medium'>*-15%. Parallel to this, the controlled
manipulation of particles by acoustic radiation forces enables the tuning of the acoustic properties of colloidal assemblies,
leading to three-dimensional colloidal phononic crystals that are reconfigurable in real time and capable of rapidly altering their
frequency-filtering characteristics'>’. Note that combining diverse metasurface geometries and tailored particle suspensions
will enable the generation of even more complex acoustic fields and fluid flows without relying on intricate arrangements of
interdigital transducers.

4 Exotic elastic metamaterials in fluid-structure interactions

Elastic metamaterials provide a powerful platform for controlling fluid-structure interaction by coupling structural vibrations
with pressure waves in gases and liquids. Their engineered architecture allows to create band gaps, local resonances, and
anisotropic responses that help suppress turbulence, reduce drag, and dampen flow-induced vibrations. Classical elastic materials
are modelled by Cauchy elasticity, where matter is treated as being composed of infinitesimally small volume elements that
can be described by purely translational displacements. This approximation holds when atomic dimensions are negligible
compared to vibration wavelengths. In contrast, metamaterials can have much larger unit cells, enabling vibrational resonances
at relevant frequencies'>® and Bragg scattering with phononic band gaps.'>® Unit cell deformations introduce behavior beyond
Cauchy elasticity?, requiring generalized frameworks such as micropolar elasticity.!%? Long-range coupling between unit cells
can induce nonlocal effects,'®!, and modulating material properties in both space and time enables symmetry-breaking and
non-reciprocal behavior.'>-1% Most mechanical metamaterials comprise solid matrices with internal voids often assumed to be
vacuum. In reality, these voids are filled with air or water, allowing weak but significant coupling between solid elastic and fluid
pressure waves.'® This interaction, though often neglected due to impedance mismatch, creates opportunities for wave control.
In airborne or waterborne media, rigid-wall assumptions'®® dominate, but poroelastic metamaterials (Fig. 4, column ‘Porous
materials’) demonstrate active fluid—structure coupling.®® 167 The following subsections explore how topological, nonlocal, and
time-varying metamaterials may be used to enhance wave control in flow environments.

4.1 Topological interactions

Acoustic and elastic topological systems, %% 16 like their electromagnetic counterparts,'’? exhibit bulk—edge correspondence,
where the periodic band structure determines the presence of robust edge or surface modes, insensitive to certain types of defects
and disorder, and immune to backscattering.!”!~!73 Underpinning the topological nature of the Bloch bands are associated
invariants, which characterize the geometric phase, that is, the phase change associated with a continuous adiabatic deformation
of the system; most notably, the Berry phase'’* and its one-dimensional counterpart, the Zak phase.'”> Many topological
insulators have been translated into wave physics using Lieb, kagome lattice,!’® or glide-reflection symmetric crystal interfaces.
These points enable the formation of edge states at interfaces between topologically distinct media and have been adapted for
waveguiding, localization, and sensing.!”® More recently, interest has shifted to so-called higher-order topological insulators
and semimetals, a novel class of structures where topologically protected modes emerge at lower-dimensional boundaries such
as corners or hinges, enabling robust control of sound and mechanical waves beyond conventional topological phases.!”%- 180
These materials are said to generalize the conventional bulk-boundary correspondence, recognizing that nontrivial bulk topology



can manifest not only at edges but at lower-dimensional features.'8!- 13> Many experimental demonstrations of topological
phononic systems have used acoustic waves propagating in the air, mostly neglecting the interaction with the solid skeleton
that surrounds the wave system.!'83-13 Topological edge states have also been considered in water wave systems that support
highly dispersive wave propagation, in the gravity capillary wave regime!®”- 188 In the case of crystal structures composed
of steel inclusions immersed in water, it was found that fluid-structure interaction must be taken into account to faithfully
describe the propagation of acoustic waves, and especially the frequency position of Dirac points.'®® To date, topological wave
systems have thus primarily been explored in single-phase media (solid or fluid), with limited understanding of the complex
interactions that can occur between a vibrating structure and fluid dynamics. One notable exception is the demonstration
of a novel approach to topological phononics by exploiting the interplay between fluid-borne and solid-borne sound waves,
leading to the experimental realization of type-II nodal rings in a simple three-dimensional phononic crystal. ' Through
combined theoretical and experimental analysis, the authors reveal that fluid-solid interactions enable strongly tilted drumhead
surface states, offering a robust and easily implementable platform to explore advanced topological phenomena in flow-coupled
systems. Another recent demonstration of on-chip topological acoustofluidics reveals the complex interplay between phonon
valleys, nonlinear fluid dynamics, and the crystallographic structure of the substrate within a microfluidic environment.'*!
The study reports the formation of topological pressure nanowells that enable DNA molecule concentration via confined edge
modes, offering a new approach to probing biological behavior in fluid and solid media. It also highlights the orientation
dependence of acoustofluidic edge states on substrate crystallography. In addition, flat bands with zero-group velocity have
recently shown the potential to localize energy at higher amplitudes, which offers an exciting avenue for engineering space-time
response or phase in flow dynamics.'> These findings are expected to open new avenues for the integration of topological
materials with various applications and the exploration of topological phenomena in complex media.

4.2 Local and nonlocal interactions

The Cauchy elasticity equations shown in the green part of Figure 2 are local: stress at one point produces strain only
at that point.'”> This assumption relies on modelling materials by infinitesimally small volume elements, which breaks
down in metamaterials with finite-sized unit cells. In contrast, nonlocal elasticity allows the strain at one point to depend
on stresses elsewhere, modelled through spatial dispersion in reciprocal space or convolution in real space.'®* Nonlocal
effects in metamaterials arise from higher-order interactions, soft modes, chirality, or time-dependent couplings, as reviewed
elsewhere.!%? In the static regime, they are linked to decaying Bloch modes or “frozen evanescent phonons”,'*> 1% whose long
decay lengths produce size effects that can exceed tens of unit cells. Under specific boundary conditions, such structures can
exhibit responses that deviate significantly from the assumptions of classical elasticity. Interestingly, static nonlocal elasticity
maps mathematically to Ohm’s law in incompressible electron fluids and laminar fluid flow in networks via Hagen—Poiseuille’s
law. This analogy has revealed the emergence of backward currents—flows that oppose the primary direction due to oscillating
solutions of the Bloch problem.'®” These induce laminar-scale vortices, mimicking effects normally associated with turbulence,
and may offer new pathways for fluid manipulation in metamaterial-based channels. In dynamics, nonlocal metamaterials
can produce roton-like dispersion with backward-propagating phonons,'® enabling precise wave shaping. Through Fourier
synthesis, arbitrary dispersion relations can be engineered by tuning beyond-nearest-neighbor interactions.'*>-2% Poroelastic
metamaterials, which incorporate fluid-filled voids in elastic matrices, are especially relevant here. They enable strong coupling
between pressure waves and solid deformation, unlike rigid-wall assumptions.53: 167

4.3 Space-time metamaterials

Space-time metamaterials or spatiotemporally modulated metamaterials are a class of metamaterials, the properties of which
are modulated not only in space but also dynamically in time, enabling unprecedented control over wave propagation. This
combined space-time modulation breaks reciprocity and gives rise to a range of exotic wave phenomena. These include
non-reciprocal wave propagation, where waves can travel in one direction but are blocked in the opposite one, asymmetric
transmission, unidirectional amplification, and frequency and wavenumber conversion. Notably, spatiotemporal modulation
enables these phenomena without the need for magnetic-field biasing or material nonlinearity. Such properties have opened
new frontiers in designing devices for wave manipulation in acoustics,”’!' elastodynamics,'6*20% electromagnetics,?’? surface
Rayleigh waves,?** diffusion, 29529 flexural waves,”?’ flexural-gravity waves,??® water waves,”? with potential applications
in isolation, sensing, communication, and vibration control. Many works have focused on the case of wave-like space-time
modulations of the physical properties>'%2!? as indicated in the space-time property map shown in Fig. 4, column ‘Space-time’.
Effective-medium models have been derived for this case, yielding non-reciprocal Willis coupling, or bianisotropic models, if
both the density and modulus are modulated in phase.?'3~2!3 As a result, waves propagating in space-time modulated media
break the k <+ —k symmetry. In parallel, other studies have explored the role of time-modulated boundary conditions,?!¢
time-modulated interfaces>!” or time-modulated resonators embedded in a quiescent background medium?'%2!° to achieve
similar symmetry-breaking effects. Additional uses of space-time modulation at domain boundaries or interfaces between



domains include non-reciprocal scattering, pseudo-Doppler effects, and space-time encoding of scattered fields as previously
studied in the context of electromagnetic metasurfaces.?*’

Another perspective on metamaterials concerns exotic wave manipulation achieved through unconventional constitutive
relations, in which the link between stress and the external field can be tailored to realise a desired acoustic mirage”'. This
extended continuum model, referred to as a metacontinuum, can be coupled with the space-time relativistic reformulation
of the governing equations >*>2?3, In this formulation, the non-uniform background flow plays the same role that the mass
has in general relativity, inducing a local intrinsic curvature of the space-time (see, e.g.,”>*). According to this analogy,
the intrinsic geometry of the acoustic space-time can be a precious tool for an alternative interpretation of the acrodynamic
convection. Following this approach, the governing equations are form-invariant, enabling straightforward application of
space-time transformations to directly embed the characteristics of the flow into the metacontinuum design ''°. This allows
for an easy correction of a metacontinuum conceived to operate in a quiescent media, to take into account a background
aerodynamic flow. This approach strengthens the theoretical understanding of wave-propagation phenomena and supports the
development of advanced aeroacoustic devices based on exotic continua. The performance and the limitations of this approach
have been extensively assessed through accurate numerical simulations 2%>2%%, making it sufficiently mature to be coupled to
inverse-design methodologies and optimization strategies.

At present, very few works combine the concept of space-time metamaterials and fluid flows, although it is notable that
there is a well-established community using active control and feedback to delay the transition to turbulence, lower drag and
wing loads, and optimise aerodynamic performance.??’-?% Nevertheless, introducing time variation into material properties
and boundary conditions seems to be the key to amplify the range of exotic wave manipulations. On one hand, the physical
symmetries breaking obtained with space-time modulated materials are beginning to be applied to flow control, e.g., using active
subsurface acoustic diodes to extract undesirable flow perturbations!!. On the other hand, recent works provide a methodology
for deriving space-time-corrected metacontinua able to preserve the efficiency in convective environments by including the
external aerodynamic flow directly into the device design. The combination of these two approaches could pave the way for the
derivations of an adaptive modulation strategy to enhance the flow capabilities of the device.

5 Discussion and Outlook

This review discusses the rich and multifaceted field of coupling between material architectures and fluid flows, highlighting a
range of distinctive metamaterial and wave manipulation principles and emphasizing recent advances in theory, experiment,
and applications. It examines how structured materials engineered at micro- to macro-scales can modulate, suppress, or amplify
flow-related phenomena such as boundary- or shear-layer instabilities, surface acoustic emissions, and flow-induced structural
vibrations. Across laminar, transitional, and turbulent regimes, phonon engineering of flow-bounded walls is showing great
promise for controlling boundary-layer development, delaying separation, and minimizing drag. In acoustics, flow-permeable
materials and aeroacoustic liners are being successfully adapted to reduce broadband noise and manage convective effects
in complex environments. Emerging metamaterial concepts are enabling localized vibration control and energy trapping,
particularly through resonant and topological mechanisms. The incorporation of engineered elastodynamic, porous, and
patterned interfaces has begun to shift the paradigm of flow control from empirical surface treatments to physics-informed
design of functional surfaces and subsurfaces.

What distinguishes metamaterials and phononic material engineering concepts from conventional materials in this context is
the capacity to enable wave-based control strategies—leveraging dispersion, periodicity, local resonance, impedance mismatch,
and anisotropy to manage fluid-solid coupling and flow instabilities at a fundamental level. Through approaches such as
phononic subsurfaces, diodic structures, and compliant phononic-crystal coatings, researchers have demonstrated unique
passive and semi-active methods for managing flow behaviour in various systems, including channels, aerofoils, inlets, cavities,
and underwater bodies. Although integration into large-scale applications remains challenging, the theoretical foundation and
proof-of-concept results offer a compelling path forward.

Looking ahead, integration of cutting-edge metamaterial principles promises to unlock powerful new fluid-structure
interaction capabilities. Expanding the use of nonlocal, anisotropic, and topological effects may enable control beyond the
current classes of surface interactions, targeting complex disturbance propagation within fluid or structural domains—including
in high-Reynolds-number flows. Programmable and reconfigurable metamaterials hold promise for creating flow-responsive
systems that adapt in real time to changing conditions, enabling active control of boundary layers, flow separation, and
acoustic noise. In addition, multiphase and poroelastic materials with graded impedance or compliance at the fluid-solid
interface could enable smoother, more efficient control strategies. Incorporating time-varying material properties may break
reciprocity limits and harness flow instabilities for energy extraction. To avoid degradation issues associated with compliant
metamaterials, topological mechanical metamaterials—such as Maxwell lattices?>*~23!— could be explored for their versatile
rigidity characteristics.

Realizing these opportunities will require tightly integrated modelling, fabrication, experimentation, and, critically, close



collaboration between the fluids and structural dynamics communities. A future prospect is to move beyond passive structures
toward metamaterials that actively shape fluid behaviour with machine learning—enhancing performance and efficiency in
aerospace, marine, energy, biomedical applications, and other systems.
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