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We report the discovery of super-resonance—a new regime of resonant behavior in which a mode’s
out-of-phase response persists far beyond its classical bandwidth. This effect emerges from a coiled
phononic structure composed of a locally resonant elastic metamaterial and architected to support multiple
internal energy pathways. These pathways converge at an effectively single spatial location, enabling
extended modal dominance and significantly broadening the frequency range over which a resonant phase
is sustained. We demonstrate by direct numerical simulations the implications of this mechanism in the
context of flow instability control, where current approaches are inherently constrained by the character-
istically narrow spectral bandwidth of conventional resonances. Using a super-resonant phononic
subsurface structure interfacing with a channel flow, we show passive simultaneous suppression of four
unstable flow perturbations across a frequency range more than 5 times wider than that is attainable with a
standard resonance in an equivalent uncoiled structure. By enabling broadband control of flow instabilities,
super-resonance overcomes a long-standing limitation in laminar flow control strategies. More broadly, it
introduces a powerful new tool for phase-engineered wave-matter interaction. The ability to preserve out-
of-phase modal response across wide spectral ranges establishes a fundamental advance in the physics of
resonance, with far-reaching implications for suppressing fully developed turbulent flows and beyond.

DOI: 10.1103/766t-tqsy Subject Areas: Condensed Matter Physics,
Fluid Dynamics, Metamaterials

I. INTRODUCTION

The harmonic oscillator is one of the most fundamental
constructs in physics, serving as a building block across
classical mechanics, quantum theory, solid-state physics,
and wave dynamics [1–5]. Its resonance behavior—marked
by usually a sharply peaked amplitude response and an
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associated narrow out-of-phase spectral region—underpins
our understanding of modal systems, from phonons and
photons to acoustic and electromagnetic cavities. In both
isolated and coupled forms, harmonic oscillator modes are
intrinsically limited in bandwidth; for coupled systems, the
phase response is tightly overridden by the presence of
nearby resonances or antiresonances. This long-standing
narrow-band constraint has limited the scope of resonance-
based control strategies across physics and engineering. In
this work, we introduce super-resonance: a new regime
of modal behavior in which a structural mode sustains an
out-of-phase response that persists far beyond its classical
resonance bandwidth, despite the nominal presence of
adjacent resonant peaks or antipeaks. This behavior is
achieved through a uniquely architected coiled phononic
structure featuring multiple internal elastic energy path-
ways that converge at an effectively single spatial location.
This configuration enables extended modal phase persist-
ence, laying the foundation for broadband control in
systems traditionally constrained by narrow-band reso-
nance dynamics—including the passive suppression of
multiple unstable flow perturbations, which is the focus
of this investigation.

A. Flow control

Fluid-structure interaction is a dynamical process that is
central to managing skin-friction drag in vehicles operating
in air, water, or on land, as well as in applications like
turbomachinery [6,7]. The magnitude of skin-friction drag,
particularly for streamlined bodies, is a key factor in
determining fuel efficiency—lower drag results in higher
efficiency. A significant reduction in skin-friction drag can
be achieved by delaying the transition from laminar to
turbulent flow. Minimizing or delaying this effect is there-
fore a primary objective in flow control. This fundamental
flow transformation is tied directly with the behavior
of unstable flow disturbances, or perturbations, that occur
naturally in a flow [8]. Among the most studied are
Tollmien-Schlichting (TS) waves [9]. The linear modal
nature of these waves provides an opportunity to apply
phased control with a prescribed external stimulus to inhibit
their growth by wave superposition [10]. Numerous studies
have explored the implementation of this active control
approach using various techniques [11–16]. However, these
methods require energy input and intricate sensing and
actuation systems for feedback control [17,18]. Even a
single instability necessitates closed-loop phase locking
based on real-time sensing to track and counteract the
evolving disturbance [16]. The presence of multiple,
simultaneously evolving instabilities would require high-
bandwidth, spatiotemporally resolved sensing, and corre-
sponding actuation across a continuum of modes, rendering
such control strategies effectively intractable.
To overcome these limitations, the concept of phononic

subsurfaces (PSubs) has been introduced as a passive

intervention approach capable of precise and responsive
control of flow instabilities [19]. A PSub comprises a
finite phononic structure that is placed beneath the fluid-
structure interface. Given its finite size, it represents a
truncated [20–22] phononic material [23–26], such as a
phononic crystal that exhibits Bragg scattering [19,27–30],
or a locally resonant elastic metamaterial that exhibits
resonance hybridizations [28,31]. The unit-cell and finite-
structure characteristics of a PSub may be designed to
passively force incident flow instability waves to encounter
out-of-phase conditions. This causes a decrease, near the
surface, in the production rate of the kinetic energy of the
continuously incoming flow perturbation waves, and sub-
sequently their attenuation across the region covered by
the PSub. The outcome is a local reduction in skin-friction
drag where the PSub unit is installed [31]. Recent develop-
ments extended the concept to downstream control, by
either adopting a multi-input, multioutput (MIMO) con-
figuration [32], employing a lattice of PSubs [33], or using
PSubs tuned to intermediate phase values [34]. The tuning
of a single PSub structure depends on knowledge of the
frequencies and wavelengths of the relevant flow instabil-
ities, including incidents involving multiple coexist-
ing modes.
While this passive phonon-enabled approach has

shown great promise, in areas ranging from transition
delay [32,33] to control of unsteady flows [35], and
recently extending to disturbance attenuation in laminar
hypersonic flows [34], its effectiveness to date remains
limited by the characteristically narrow-band nature of the
modal response in the interfacing structure. This limitation
also applies to other conventional resonators such as
Helmholtz resonators [36]; and other wall-based flow
control approaches suffer the same constraint [37].
Extensive investigations have been done on various
PSub configurations, but due to this constraint are all
confined to spectrally narrow phase response—whether, for
example, due to a truncation resonance [38] located within
a band gap [19,27,29] or a subwavelength structural
resonance influenced by the presence of local resonators
[28,31]. This narrow-band restriction constrains the viabil-
ity of PSubs to realistic settings, such as aircraft flight,
where flow instabilities emerge over a relatively broad
frequency range [39]. In this paper, by introducing super-
resonance, we present a new PSub concept that facilitates a
significant broadening of the frequency range of operation.

B. Super-resonance

Numerous studies across the physical sciences have
investigated different forms of enhanced resonant behavior,
often highlighting superior properties. Examples include
acoustic superscattering from elastic shells [42], strong
plasmonic field enhancement and lasing [43], high-Q
supercavity modes enabled by bound states in the con-
tinuum in subwavelength dielectric resonators [44], and
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intensified Mie resonances in dielectric microspheres [45].
In each case, the response is elevated through distinct
means—boundary-induced coherence, material gain, non-
radiating interference effects, or structural symmetry,
respectively. However, the underlying mechanisms remain
rooted in conventional resonant behavior: a spectral peak
that is fundamentally restricted in frequency bandwidth.
In contrast, the current work enables the broadening of the
phase bandwidth of a target resonance beyond its natural
limits. The core premise is to intervene in key energy
pathways that govern the mechanistic formation of the
resonance as it is observed at the response location.
In any resonant system, a peak response arises due to an

excitation at a specific spatial location (or domain), and,
similarly, there is a distinct spatial location (or domain)
where the response may be probed. For a grounded simple
harmonic oscillator, there is only a single point of excitation
and a single response point, creating a resonant peak with
its characteristic narrow bandwidth [46]. Such character-
istic narrow band also holds for modes in a coupled
oscillator system. Here we consider a multi-degree-of-
freedom system composed of coupled oscillators. But
we reconfigure the spatial topology to allow multiple
pathways for the energy within the structure to converge
toward an effectively single response point in space,
selected to coincide with the excitation point. In this
manner, the modal response of the system may be tuned
to exhibit an effectively reconstructed mode with a sig-
nificantly widened bandwidth, exceeding the fundamental
bandwidth associated with a conventional resonant mode.
For application to the flow stabilization problem, the

concept is realized in the form of a PSub architecture
composed of a coiled beam structure, configured such that
more than one location along the structure interfaces with a
single point on the surface from the perspective of the flow.
The coiling is done by a series of full 180° turns, incorpo-
rating rotational locking at the turning junctions—an
approach that fully preserves the phonon band structure
compared to the uncoiled configuration [47]. By following
this design strategy, we observe remarkable broadening of a
performance metric that governs the strength and spectral
extent of intervention with the flow [19,28,31].

II. RESULTS AND DISCUSSION

A. Unstable channel flow and coiled PSub

To establish the design conditions for the super-resonant
PSub, we begin by describing the flow problem. Governed
by the three-dimensional (3D) Naiver-Stokes equations,
our analysis involves a series of direct numerical simu-
lations (DNSs) for incompressible channel flows. The
velocity vector solution is expressed as uðx; y; z; tÞ ¼
ðu; v; wÞwith components in the streamwise x, wall-normal
y, and the spanwise z directions, respectively, where t
denotes time. We run the DNS for a Reynolds number of

Re ¼ ρfUcδ=μf ¼ 7500 based on a centerline velocity
Uc ¼ 11.484 m=s and a half-height of the channel
δ ¼ 6.53 × 10−4 m. Liquid water is considered with a
density of ρf ¼ 1000 kg=m3 and dynamic viscosity of
μf ¼ 1 × 10−3 kg=ms [48]. All subsequent quantities in
this paper, unless mentioned explicitly, are normalized by
the channel’s centerline velocity Uc and half-height δ,
representing the outer velocity and length scales, respec-
tively. Computational details on our DNS scheme are
presented in Appendix A 1.
The channel size is 0≤x≤30, 0≤y≤2, and 0 ≤ z ≤ 2π

for the streamwise, wall-normal, and spanwise directions,
respectively. Flow simulations are initialized by super-
imposing a fully developed Poiseuille flow with unstable
spatially developing TS modes obtained from linear
stability analysis governed by the Orr-Sommerfeld equa-
tion [49,50] and solved for the same Re. We select four
unstable eigensolutions within the nondimensional fre-
quency range 0.205 ≤ ωTS ≤ 0.283, as frequencies outside
of this range represent stable TS modes. Each spatial
eigensolution corresponds to a complex wave number
αi ¼ αReal;i − iαImag;i. The four eigensolutions selected
have complex wave numbers α1 ¼ 0.9014 − i0.002576,
α2 ¼ 0.9508 − i0.005579, α3 ¼ 1.0004 − i0.006171, α4 ¼
1.0502 − i0.004131 and real nondimensional frequencies
ωTS;1¼0.214, ωTS;2¼0.232, ωTS;3¼0.250, ωTS;4 ¼ 0.268,
respectively. Following dimensional analysis (based on Uc
and δ), the frequencies of these TS modes are ΩTS ¼
ωTSUc=2πδ, where ΩTS;1 ¼ 600 Hz, ΩTS;2 ¼ 650 Hz,
ΩTS;3 ¼ 700 Hz, and ΩTS;4 ¼ 750 Hz. To ensure outgoing
waves on the other side of the channel, the disturbances are
smoothly brought to zero by attaching a nonreflective
buffer region at the outlet [51–53]. Periodic boundary
conditions are applied in the spanwise direction. At the
top and bottom walls, no-slip and no-penetration boundary
conditions are applied, except within the control region
from xs to xe in the streamwise direction where the
rigid wall is replaced by a coiled PSub at the bottom wall.
Within the control region, the fluid-structure coupling is
enforced by means of transpiration boundary conditions
[19,28,54,55] (see Appendix A 1). These boundary
conditions are valid if the PSub motion is only in the
wall-normal direction and ηint ≪ δ where ηint is the total
wall-normal displacement of the flow-interfacing junctions
of the PSub (see below). Hence, throughout the DNS, the
roughness Reynolds number is monitored and maintained
below 25. This ensures that the flow remains hydraulically
smooth [56], justifying the use of static grid points in DNS.
A variety of flow quantities are calculated for an in-depth
analysis on the effects of the PSubs; these are defined and
described in the Appendix A 1.
In its nominal uncoiled form, the PSub considered

comprises a finite linear elastic metamaterial consisting
of 10 unit cells, where each is formed from three central
voided beamlike segments with two distinct branching
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cantilever beams in between, serving as local resonators;
see illustration with geometric details in Fig. 1. To make
extensive coupled fluid-structure simulations feasible, this
phononic structure is modeled as an elastic rod with two

mass-spring resonators attached per unit cell, similar to the
configuration of Ref. [28]. The underlying reduced-order
modeling is facilitated by a combined homogenization and
machine-learning algorithm [57,58]; see Appendix A 3 for

FIG. 1. Super-resonant coiled PSub design. A schematic of the concept of a coiled phononic subsurface with multiple structural
connectivity. The physical model, shown in (a), features a central voided beam that is rotationally locked at the turning junctions, leading
to a full preservation of the phonon band structure [47]. The beam “trunk” has an array of branching resonators in the form of small
cantilevered beams—this configuration in its entirety is amenable to fabrication. The dimensions of the PSub unit cell are as follows
based on the parameters shown in (a): LUC ¼ 20 mm, wc ¼ 1.44 mm, hc ¼ 4.63 mm, lh ¼ 1.17 mm, wh ¼ 1.12 mm, l1 ¼ 18.23 mm,
w1 ¼ 2.06 mm, l2 ¼ 12.93 mm, w2 ¼ 4.68 mm, and wf ¼ 1.025 mm. The central beam component is composed of acrylonitrile
butadiene styrene (ABS) polymer with density ρABS ¼ 1200 kg=m3 and Young’s modulus EABS ¼ 1 GPa. The resonant branches are
made from aluminium with density ρAl ¼ 2700 kg=m3 and Young’s modulus EAl ¼ 68.8 GPa. In our computational investigation, this
3D structure is modeled in the form of a 1D rod, as shown in (b), with effective Young’s modulus Eeff ¼ 0.2 GPa and density
ρeff ¼ 450 kg=m3, containing an array of spring-mass resonators attached based on the following parameters: LUC ¼ 20 mm,
kres;1 ¼ 2.6 × 1010 N=m, kres;2 ¼ 7.11 × 1011 N=m, mres;1 ¼ 1.62 g, and mres;2 ¼ 4.2 g. Material damping is introduced to the rod
component in the form of viscous proportional damping with constants q1 ¼ 0 and q2 ¼ 6 × 10−8 [28]. Given that our interest is in only
the longitudinal motion, the rod model provides a good approximation of the coiled PSub response, owing to the rotational locking applied
at the junctions. The selected simple model parameters deviate less than 2% from the actual unit-cell equivalent configuration. With one
coiling cycle, we have two structural points that are simultaneously interfacing with the flow, labeled junctions 1 and 3. With two coiling
cycles, junctions 1, 3, and 5 are in contact with the flow, and so on in an odd-number progression. We find that with three coiling cycles,
comprising junctions 1, 3, 5, 7, super-resonant behavior emerges (see Fig. 2). For any of the coiled PSub configurations, the flow and PSub
experience SISO and MIMO interactions, respectively, as marked. While the coiled PSub design is confined to a specific finite dimension
along the spanwise direction, its response can still be considered one-dimensional when normalized by the surface area interacting with the
flow, marked in red and denoted byA. The excitation of the structure is marked byF and the corresponding input into the flow is marked by
Σηi. In this work, we consider only a single coiled PSub covering the full span of the channel. However, application to longer spanwise
distances (e.g., for wider channels or boundary-layer flows) may be realized by installation of a periodic arrangement of the coiled PSub
along that direction (side view). Additional rows may also be added along the streamwise direction to form a PSub lattice setup [33].
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details. The PSub is free to deform at the edge interfacing
with the flow (top) as well as all other intermediate
locations throughout its structure, but is fixed at the other
end (bottom). The PSub elastic domain is allowed to
deform in complete independence from the adjacent rigid
wall, thus the flow “experiences” a deformation across a
given fluid-PSub interface junction [19,28]. The length of
the unit cell along the wall-normal direction is LUC ¼ 2 cm
(i.e., total uncoiled PSub length is 20 cm). The resonator
frequencies are set to Ωres;1 ¼ 5000 Hz and Ωres;2 ¼
20000 Hz by tuning their point masses to be 3 and 5 times
heavier than the total mass of the unit-cell base, i.e.,
mres;1 ¼ 3ρLUC and mres;2 ¼ 5ρLUC, where ρ is the
base material effective density. Hence, the stiffnesses
of the resonator springs are kres;n¼mres;nð2πfres;nÞ2,
where n ¼ 1, 2.
The PSub coiling protocol is done as follows. A full 180°

turn is applied to each unit cell, starting with the second
one, and up to twice the number of coiling cycles. Thus,
with n coiling cycles, 2n full turns are applied at the
intersections of the first 2nþ 1 unit cells. In order to
guarantee that the phonon band structure is preserved,
rotationally rigid junctions are placed at these intersections
to lock the rotation degree of freedom [47]. On the top side,
these junctions converge to a nþ 1 points in contact with
the flow, with the ability to interact independently with it.
At each of these points, the flow represents the excitation
source from the viewpoint of the coiled PSub. Since these
points are collectively confined within a small control
region along the streamwise direction compared to the
perturbation wavelength(s), from the flow point of view
they are effectively perceived as a single response point.
This means that the rotationally rigid junctions transmit
and distribute the total wall-normal force equally from
the flow to the coiled PSub, and the coiled PSub’s axial
response is the cumulative contribution of all the points
in contact with the flow. In this manner, the fluid-
structure interaction takes a MIMO form for the PSub
and a single-input, single-output (SISO) form for the
flow. It should be emphasized that each of the coiled
PSub’s junctions interfacing with the flow is rigid only
from the point of view of beam rotation [47]; the elastic
axial motion at each of these junctions represents an
unconstrained degree of freedom that freely vibrates due
to excitation from the flow. See Fig. 1 for a schematic
and geometric details.
Finally, the interface between the coiled PSub junctions

and the flow is designed such that the total interface area wf
is on the order of one-quarter of the wavelength of the TS
wave closest to the center of the target unstable frequency
range [31]. Specifically, we select wf ¼ λTS;3=4, where
λTS;3 ¼ 2πδ=αReal;3 (recalling that the third TS wave among
the four selected has a frequency of 700 Hz). Upon
evaluation, wf ¼ 1.025 mm.

B. Coiled PSub response characteristics

The results shown in Fig. 2 are obtained by finite-
element (FE) analysis, separate from the subsequent fluid-
structure simulations we discuss later. The coiled PSub
turning junctions at which the rotational locking is applied
are denoted junctions i ¼ f1; 2; 3;…; 10g in Fig. 1(b). The
dispersion curves for longitudinal motion for the resonant
elastic PSub as a wave propagation medium as well as the
frequency response of its finite structural version are
calculated and shown in Fig. 2(a). We again emphasize
that the dispersion curves are immune to the coiling
because of the rotational locking [47]; see Appendix A 2
for further details on this aspect. The longitudinal response
at a given junction in the coiled PSub is denoted ηi. When
analyzing the coiled PSub as a stand-alone structure,
uncoupled to the flow, a complex-valued frequency
response function (FRF) is obtained (see Appendix A 1).
This quantity contains information about the displacement
amplitude jηij and phase ϕi of the structure’s response at
each junction i. In the case of an uncoiled structure
(0 coiling cycles), the harmonic excitation is applied at
the first junctions (i ¼ 1) and the complex response is
likewise measured at the first junction. For all subsequent
coiling configurations (e.g., 1, 2, and 3 coiling cycles), the
harmonic excitation is distributed uniformly among the
junctions that will be interacting with the flow upon
installation; thus, its magnitude is divided by the number
of junctions excited. For instance, in the case of three
coiling cycles, the junctions 1, 3, 5, and 7 are each excited
so the magnitude of the harmonic force is F=4 for each of
these junctions. To obtain the complex frequency response
of the coiled cases, the transfer functions for each combi-
nation of excited and responsive junctions are calculated
and superimposed. For instance, in the case of only 1
coiling cycle, we excite the structure at junctions 1 and 3,
and register the response also at junctions 1 and 3; so the
set of transfer functions here is (1,1), (1,3), (3,1), (3,3),
where the first entry of (*,*) represents the junction of
input (excitation) and the second entry represents the
junction of output (response). In the case of 3 coiling
cycles, 16 transfer functions are computed and super-
imposed, yielding a total response of ηint ¼ Σiηi, where
the index i represents the node numbers of all the coiled
PSub’s interfacing junctions, e.g., 1, 3, 5, and 7 in the
three-cycle example. The amplitude and phase of each
coiled PSub configuration are then calculated by taking
the absolute value and angle, respectively, of this complex
superposition of transfer functions.
The super-resonance phenomenon is directly evident in

the frequency response function of the version of the PSub
with three coiling cycles, as shown by the amplitude and
phase responses in Figs. 2(b) and 2(c), respectively. Note
that the phase here is defined for the displacement relative
to the force. This can be examined in reference to the
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lowest-frequency resonant peak shown in Fig. 2(b), which
is at 278 Hz. Wewill identify the lowest-frequency resonant
peak at 278 Hz as the target resonance. Compared with the
reference uncoiled case, the three-cycle coiling shifts the
first antiresonant trough following this resonance from 555
to 826 Hz, thereby increasing the out-of-phase band from
ΔfOoP ¼ 277 Hz to ΔfOoP ¼ 548 Hz, i.e., almost dou-
bling it. Thus, the coiling and multiple connectivity
operation outlined above transforms the target resonance
into a super-resonance [59]. Notably, the new 826-Hz
antiresonance trough practically overlaps with the second
resonance peak, both aligning closely with the second
resonance peak in the original uncoiled structure’s FRF.
Further inspection shows that the next antiresonance
trough of the coiled PSub occurs at 1737 Hz. Thus, the
out-of-phase band associated with the 278-Hz target
resonance is effectively extended to ΔfOoP ¼ 1459 Hz.
We refer to this further widened band characteristic as a
quasi-super-resonance, since it practically exhibits super-
resonance behavior yet stretches the out-of-phase band-
width further. Compared to the original configuration,
the quasi-super-resonant out-of-phase band is more
than 5 times larger. For brevity, we will use the term
“super-resonance” to refer to both the super-resonant and

quasi-super-resonant cases, since the singular spike
observed at 826 Hz has negligible effect.
Figure 2(d) shows the performance metric P for the

uncoiled and coiled structures. This quantity is calculated
as the product of the displacement amplitude and phase
[19]. Regions where the P function is negative (green)
indicate TS wave frequencies that would be stabilized
by the PSub once it is employed for flow control, while
regions where the P function is positive (red) indicate TS
wave frequencies that would experience destabilization. As
observed in Fig. 2, as the number of coils increases in the
PSub, the regions of stabilization are widened while, in
contrast, the destabilization regions are narrowed—which
is an exceptionally favorable outcome for broadband flow
stabilization. Furthermore, we observe that the negative P
function broadening occurs in both the width (frequency
range) and intensity (magnitude), and, when the PSub is
coiled three times we have entirely avoided two P > 0
windows within the frequency range of interest (from
250 to 1500 Hz) that would have otherwise caused flow
destabilization. Thus, effectively, the new coiled PSub
design has with three cycles seamlessly broadened the
bandwith of flow stabilization by a factor greater than 5,
as dictated by the quasi-super-resonance response.

(a) (d)

(b)

(c)

FIG. 2. Evidence of super-resonance: Coiled PSub dispersion and vibration characteristics. (a) Dispersion, (b),(c) harmonic frequency
response, and (d) performance metric for the coiled PSub with multiple structural connectivity. The dispersion is unchanged with the
number of coiling cycles since the design of the unit cell is the same in all cases and band structure preservation is maintained due to the
rotational lockings [47]. The amplitude and phase frequency dependency for the uncoiled (0 coils) and three-cycle coiled configurations
are shown in (b) and (c). Positive (red) and negative (green) regions of P represent destabilization and stabilization, respectively, upon
employment of the PSub for flow control. Zero coiling cycles represent a PSub with 1 point of contact with the flow, while 3 coiling
cycles represents the same PSub but with 4 points of contact with the flow, as demonstraed in Fig. 1. As the number of coils is increased
from 1 to 3, the destabilization and stabilization regions across the frequency domain are narrowed and broadened, respectively. With 3
coiling cycles, super-resonance emerges yielding a perfectly contiguous stabilization band that is nearly 2 times larger than that of the
uncoiled reference case. A quasi-super-resonance regime also emerges, one that is effectively contiguous and nearly 4 times larger than
that of the reference configuration.
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C. Broadband flow stabilization

The broadband three-cycle PSub configuration of Fig. 2
is installed into our channel-flow model and examined
by coupled fluid-structure simulations. Figure 3(a) displays
the stability map for the channel obtained by Orr-
Sommerfeld stability analysis [49,50]. The plot shows that
at Re ¼ 7500, the unstable regime spans the frequency
range 573–762 Hz. For our selected Re number we identify
four frequencies corresponding to the four TS modes we
consider for the subsequent coupled fluid-PSub simula-
tions. As listed earlier, these frequencies are 600, 650, 700,
and 750 Hz, respectively. These values are specifically
selected to span the entire unstable domain at the chosen
Re number. In Fig. 3(b), we enlarge the portion of the
performance metric plot that we target and identify the
same four frequencies. In Figs. 3(c) and 3(d), we analyze
the impact of the coiled PSub on the velocity perturbation
field in the flow as obtained by DNS. The velocity vector
field is decomposed into u ¼ hui þ û, where hui is the
mean flow component obtained by averaging u over a time
range and û is the perturbation (instability) component.
Figure 3(c) shows the streamwise-dependent perturbation
kinetic energy, averaged over time and over the wall-
normal and spanwise directions, KpðxÞ ¼

R
2π
0

R
2
0

1
2
ðhû ûi þ

hv̂ v̂i þ hŵ ŵiÞdydz. We show this quantity for a case where
a three-cycle coiled PSub is installed beneath the channel
covering a streamwise range of xs ≤ x ≤ xe, where xs ¼ 13
to xe ¼ 14.6. In this case of 3 coiling cycles, the PSub has 4
points of contact with the flow; thus, the pressure-induced

force exerted by the flow on each contact junction is F=4.
The combined (superposed) PSub’s temporal response
is then obtained by direct superposition, similar to the
offline frequency-domain PSub characterization analysis
described earlier. Dashed lines represent Kp in the
absence of a PSub, while solid lines represent Kp when
the flow is interfaced with the coiled PSub. We use this
same PSub for all the following cases. The four selected
distinct TS waves are simulated individually, revealing
flow stabilization by the coiled PSub in all cases, with
stabilization levels consistent with the performance met-
ric predictions of Fig. 3(b). Recall, for each TS wave, the
streamwise growth rate is given by the imaginary part of
the streamwise wave number and the strength of stabi-
lization by the magnitude of P for the three-cycle coiled
PSub at the corresponding frequency. The results of DNS
are consistent with these predictions. We then run a
simulation where all four TS waves are introduced to
the flow simultaneously, with the results demonstrating
stabilization of the entire set within the region of
application of the coiled PSub. It is shown that for this
multifrequency case, the total rigid-wall growth rate of
Kp is much greater, as expected, than of each individual
instability; and given that four instabilities are stabilized,
the level of the total local drop in Kp exhibited by the
coiled PSub is greater than any of the individual cases.
Finally, Fig. 3(d) contrasts the performance of the three-
cycle coiled PSub versus the nominal uncoiled configu-
ration for the 700-Hz instability case—confirming the

(a) (c) (d)

(b)

FIG. 3. Super-resonant coiled PSub time-averaged performance by DNS. (a) Stability map in the frequency-Reynolds number domain
obtained by solving the Orr-Sommerfeld equation [49,50] for the channel. (b) Enlargement of the performance metric plot for the super-
resonant three-cycle coiled PSub, with frequencies of the four unstable TS waves marked. (c) Time-averaged perturbation kinetic energy
in the flow as a function of streamwise position in the channel, after averaging over the wall-normal and spanwise directions. The results
of five separate simulations are shown: four in which a distinct TS instability wave is controlled (left-hand axis) and one where all four
TS instability waves are controlled simultaneously (right-hand axis). In all cases, the three-cycle coiled PSub successfully causes local
stabilization in the flow, with stabilization strength consistent with the corresponding value of the performance metric. The all-modes
case demonstrates broadband stabilization spanning the entire unstable region for the given value of Re [shown in (a)] with an intensity
that matches the “additive” effect of the P values over the four instability frequencies [shown in (b)]. (d) Kp plot for the 700-Hz
instability case showing contrast in performance when the three-cycle coiled Psub is installed versus using the nominal uncoiled PSub.
The results confirm the transformation from destabilization to stabilization due to the coiling.
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transformation from the red destabilization zone to the
green stabilization zone shown in the performance metric
in Fig. 3(b).
From the DNS, the maximum amplitudes reported

for the streamwise velocity perturbations, wall-normal

velocity perturbations, and dynamic pressure are
u0 ¼ �1.0 × 10−2 m=s, w0 ¼ �5.4 × 10−3 m=s, and
pD ¼ �249.8 Pa, respectively. The coiled PSub’s max-
mum displacement observed in the DNS is 0.45 nm=N,
close to the value of 0.4 nm=N predicted in Fig. 2(b) for the

(a) (b)

FIG. 4. Super-resonant coiled PSub temporal performance by DNS. (a) Time progression of all-modes perturbation kinetic energy in
the flow for rigid-wall case. (b) Time progression of the difference between all-modes perturbation kinetic energy in the flow for three-
cycle PSub case and rigid-wall case, with the PSub location indicated by two vertical lines. Both results are spanwise averaged and
plotted as a function of streamwise and wall-normal positions in the channel. A wave packet features in (a) because of the modal
superposition. In (b), the blue contour within the PSub-influenced region is indicative of local stabilization. The time-averaged version
of this effect is shown in Figs. 3(c) and 3(d).
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stand-alone structure. Figure 4 provides direct temporal
observation of the Kpðx; yÞ field for the all-modes case,
with only spanwise averaging and no time averaging.
Having all four perturbation modes simultaneously propa-
gating in the flow produces a wave packet, as shown in
Fig. 4(a) where no PSub is installed. In Fig. 4(b), we show
the difference between Kpðx; yÞ for the three-cycle coiled
PSub case and the rigid-wall case, also for the all-modes
simulations (see video animation in Supplemental Material
[60]). The dominant appearance of negative contour
values [depicted in blue color in Fig. 4(b)] within the control
region is indicative of flow stabilization. In summary, the
results of Figs. 3(c), 3(d), and 4(b) confirm that the proposed
super-resonant PSub concept is capable of stabilizing TS
modes covering the entire spatial instability region of
Fig. 3(b).

D. Manipulation of turbulence production mechanism

A practical analysis tool to evaluate the performance
of flow control schemes is through an integral equation
[61,62]. To quantify the impact of the three-cycle coiled
PSub-based flow control on the flow field, we employ the
Fukagata-Iwamoto-Kasagi (FIK) identity—an integral
analysis tool derived from the second moment of the
streamwise momentum equation for internal flows. This
identity has been widely used to study complex internal
flows and assess the effectiveness of flow control strategies
[61,63]. The extended FIK identity is analytically derived

in this paper for spatially developing channel flows with
nonzero wall boundary conditions. The skin-friction coef-
ficient Cf in terms of this identity is expressed as
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U2
B

−
4

ReB

Ut þUb

UB

�
þ fIxg; ð1Þ

where ReB ¼ 2UBRe is the Reynolds number based on
bulk velocity UB ¼ 1

2

R
2
0 huidy, and the superscripts “t” and

“b” refer to the top and bottom walls, respectively. The first
and second terms on the right-hand side of Eq. (1) quantify
the contributions of laminar and turbulent effects to the
skin-friction coefficient, respectively. Similarly, the third
term quantities the effects of wall boundary conditions due
to the presence of the coiled PSub. Finally, the term Ix
denotes the dimensionless contribution of streamwise-
developing flow features to the skin-friction coefficient.
Equation (1) is written in a normalized form usingUc and δ.
The derivation and detailed discussion of this identity,
and its application to our coiled PSub flow control problem,
is given in Appendix A 5.
In the controlled cases with the PSub, the wall-shear

stress is asymmetric between the top and bottom walls,

FIG. 5. Super-resonant coiled PSub behavior by FIK integral analysis. Evaluation of various key flow parameters when the super-
resonant three-cycle coiled PSub is installed versus the rigid-wall case. (a) Streamwise distribution of the averaged skin-friction
coefficient Cf , (b) streamwise evolution of the “turbulent enhancement” to Cf computed by the FIK equation, (c) streamwise variation of
the wall-normal integral of the total perturbation production rate Pr, and (d) wall-normal variation of Pr at streamwise positions
corresponding to the leading (station 1) and trailing (station 2) edges of the control surface.
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which justifies using the averaged skin-friction coefficient
on the left-hand side of Eq. (1). Figure 5(a) presents this
averaged skin-friction coefficient Cf as a function of the
streamwise position for the four-mode simulation scenario
showing results for both the controlled (super-resonant
three-cycle coiled PSub) and reference (rigid-wall) cases.
While about 98% of Cf is generated by the viscous
laminar effects, Fig. 5(a) exhibits a localized reduction in
Cf within the control region, confirming that the PSub
interacts with the near-wall flow structures and reduces
the wall-shear stress.
This interaction manifests through manipulation of the

Reynolds shear stress (hû v̂i velocity correlation) as
shown in Fig. 5(b). This plot demonstrates the quantified
“perturbation enhancement” to friction based on the
second term in Eq. (1). At the leading edge of the control
region, the coiled PSub reduces this enhancement by
approximately 15%. This weakening is strongest near the
wall, where the linear weighting function (distance from
the wall) in the FIK identity amplifies the contribution
of near-wall perturbations. Midway through the control
surface, the Reynolds shear stress recovers and eventually
surpasses the reference rigid-wall case at the trailing
edge, suggesting a reenergization of flow instabilities
downstream of the control.
Figure 5(c) further supports this behavior by showing

the streamwise variation of the wall-normal integral of the
total perturbation production rate

R
2
0 Prdy. The production

rate Pr, defined as Prðx; yÞ ¼ −hû v̂ið∂hui=∂yÞ, represents
the energy transfer from the laminar base flow to the
instabilities. Since the base flow remains largely unaltered
by the coiled PSub (i.e., ∂hui=∂y is constant), changes
in Pr are attributed directly to manipulations in hû v̂i.
Figure 5(d) further explores how the coiled PSub manip-
ulates Pr; it demonstrates the wall-normal variation of the
production rate at two streamwise positions: the leading
edge of the control surface (station 1) and the trailing
edge of the control surface (station 2). At station 1, a
reduction of the production rate is observed. In contrast,
the reduction of Pr is reversed at station 2, explaining why
Kp (shown in Fig. 3) recovers to the reference rigid wall.
These results align with prior findings. Such production
rate behavior has been observed in flow stabilization by
nominal uncoiled PSub configurations [28,31].
Finally, for further analysis of the FIK idenity,

Appendix A 6 provides a budget-type quantification of
the contribution of the various flow features to the skin-
friction coefficient.

III. CONCLUSION

In conclusion, this work presents the concept of super-
resonance—a new fundamental regime in resonance phys-
ics characterized by the persistence of out-of-phase modal
response across a broad spectral range, despite the presence
of adjacent resonant modes in the nominal configuration.

In this regime, the narrow-band limitation of a target mode
is effectively lifted, and the associated phase-flipping
behavior with nearby modes is prevented. This unique
behavior is realized by a mechanism of multiple structural
energy pathways converging to a single narrow spatial
region where the response is measured. This conceptual
advance opens new directions in wave-matter interaction
and phase-based control strategies across physics, materials
science, and engineering.
Within this broader framework, we demonstrate a super-

resonant PSub designed to significantly widen the fre-
quency range over which TS instabilities are attenuated
within a laminar channel flow. This entails the generation
of responsive vibratory motion, at an effectively single
location interfacing with the flow, whereby the phase is
contiguously negative over a frequency range that exceeds
the characteristic bandwidth of a conventional structural
resonance. The PSub is formed from a coiled configuration
with periodic rotational locking. By enabling multiple
interaction points along the coiled structure to influence
that single region at the flow interface, defined to be smaller
than the wavelengths of all the instability modes to be
controlled, we achieve passive stabilization across a fre-
quency range more than 5 times broader than that is
attainable with a corresponding uncoiled PSub [Figs. 3(c)
and 3(d)]. Across this entire range, the rate of production of
the perturbation kinetic energy in the flow is suppressed at
the leading edge of the PSub [Fig. 5(d)]. This broadened
control window is shown to be sufficiently wide to fully
cover, for a given Reynolds number, the unstable frequency
band predicted from linear stability theory [Fig. 3(a)]. This
approach thus greatly enhances the utility of PSubs by
enabling broadband flow control—a key trait lacking
across existing passive and active flow-instability control
technologies [6]. As a bonus, the total height of the
structure beneath the surface is reduced, which is critical
for practical implementation. Upon integration with PSub
concepts for downstream control [32–34], super-resonant
coiled PSubs will provide a robust and tunable mechanism
for delaying transition to turbulence in real-world channel
and boundary layer flows. Most significantly, the concept
offers a pathway toward controlling fully developed tur-
bulent flows, whose broadband spectrum has long resisted
effective control. Reaching this target will be accelerated by
further enriching the design of the constituent components
of super-resonant PSubs, drawing on the extensive body of
knowledge in phononic crystals and elastic metamaterials
[23–26], including the emerging themes of topological
[64,65], nonlocal [66,67], nonlinear [68,69], and AI-
assisted [70,71] phononics, to enable additional broadening
of the out-of-phase frequency range.
The present finding marks a crucial step in the flow-

phonon interaction paradigm [19] which targets incorpo-
ration of phononic principles into industrial flow control
strategies—with far-reaching implications for air, sea, and
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ground vehicle performance, among a wide range of other
applications [72]. More generally, coiling-inspired archi-
tectures analogous to those introduced here offer a pathway
toward broadband super-resonant behavior across physical
domains extending beyond flow control.
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APPENDIX

In this appendix, additional modeling information
and analysis of the results are provided to support the
main sections. In Appendix A 1, we provide supplementary
modeling information pertaining to the coupled fluid-
structure simulations. In Appendix A 2, we overview the
phononic subsurface (PSub) coiling protocol and associ-
ated beam model kinematics. Appendix A 3 details the
homogenization scheme and machine-learning calculations
used in the design of the 3D version of the three-cycle
coiled PSub. These are done so the coiled PSub complex
three-dimensional model is represented by a simpler one-
dimensional model to enable the execution of extensive
coupled flow-PSub simulations. Appendix A 4 overviews
key flow and PSub quantities obtained by postprocessing
the simulation data. Finally, in Appendix A 5, we detail the
derivation of the flow integral analysis framework that
allows us to decompose the various components of the
skin-friction coefficient for a channel flow controlled by a
coiled PSub.

1. Flow-PSub modeling information

The flow simulations conducted in this investigation are
direct numerical simulations of the 3D incompressible
Navier-Stokes equations in plane channel flow configura-
tions that read

∂ui
∂xi

¼ 0 ðA1Þ

for continuity, and

∂ui
∂t

þ ∂ujui
∂xj

¼ 2

Re
δij −

∂p
∂xi

þ 1

Re
∂ui
∂xjxj

ðA2Þ

for momentum conservation, respectively. The quantity
Re ¼ Ucδ=νf is the Reynolds number based on the center-
line velocity Uc, the half-height δ of the channel, and the
fluid kinematic viscosity νf. The first term in the right-hand
side of Eq. (A2), 2δij=Re, represents the mean pressure
gradient driving the flow. In the above equations, p is the
pressure and uðx; y; z; tÞ ¼ ðu; v; wÞ is the velocity vector
with components in the streamwise x, wall-normal y, and
the spanwise z, directions, respectively, where t denotes
time. Note, Eq. (A2) is in dimensionless form scaled by Uc
and δ.
Within the coiled PSub control region, the coupling

fluid-structure boundary conditions are specified as

uðxs ≤ x ≤ xe; y ¼ 0; z; tÞ ¼ −
ηðs ¼ 0; t�Þ

δ

dub
dy

; ðA3aÞ

vðxs ≤ x ≤ xe; y ¼ 0; z; tÞ ¼ η̇ðs ¼ 0; t�Þ
Uc

: ðA3bÞ

These are imposed to ensure the stresses and velocities
match at the interface [19]. In Eq. (A3), ub denotes the base
laminar streamwise velocity (i.e., the Poiseuille profile),
while ηðs; t�Þ and η̇ðs; t�Þ represent the (dimensional)
displacement and velocity of the coiled PSub, respectively,
with s indicating the structure’s axial spatial coordinate and
t� denoting the dimensional time. Referred to as transpira-
tion boundary conditions [54,55], Eqs. (A3a) and (A3b) are
obtained by keeping the interface location fixed and
retaining only the linear terms following a Taylor series
expansion of the exact interface compatibility conditions.
Equations (A3) are valid if the coiled PSub motion is only
in the wall-normal direction and ηðs ¼ 0; t�Þ ≪ δ. Hence,
during DNS the roughness Reynolds number is monitored
and maintained below 25 [56].
The Navier-Stokes equations are integrated using a time-

splitting scheme [51–53] on a staggered structured grid
system. A two-node finite-element model is used for
determining the coiled PSub nodal axial displacements,
velocities, and accelerations [73] where time integration is
implemented simultaneously with the flow simulation
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using an implicit Newmark algorithm [74]. The FE dis-
cretization is such that each unit cell is modeled by three
finite elements. Since the equations for the fluid and the
PSub are advanced separately in the coupled simulations, a
conventional serial staggered scheme [75] is implemented
to couple the two sets of time integration schemes. This
approach has been extensively verified and produced
excellent agreement with the experimentally validated
linear theory, giving a maximum deviation of 0.05% in
the predicted perturbation energy growth [53]. More details
on the computational models and numerical schemes used
are detailed in Ref. [28].
As detailed in Appendix A 2, the full-range coiling of the

PSub along with the application of rotational locking at
the turning segments preserves the phonon band structure.
Therefore, since we are interested only in longitudinal
motion along the axial coordinate of the PSub structure,
it suffices to model the coiled PSub as a rod model in our
simulations. Thus, the coiled PSub axial displacement,
velocity, and acceleration are obtained by solving the
governing equation for a 1D linear elastic slender rod
structure with a periodic array of spring-mass resonators.
The elastodynamic equations for the backbone elastic
rod are

ρsη̈ ¼ ðEη;s þ Cη̇;sÞ;s þ f; ðA4Þ

where ρs ¼ ρsðsÞ, E ¼ EðsÞ, and C ¼ CðsÞ, respectively,
represent density, elastic modulus, and damping.
Equation (A4) is modified appropriately to incorporate
the spring-mass resonators distributed in the manner
described earlier. The external forcing f is applied either
artificially in the presimulation coiled PSub characterization
analysis or imposed by the dimensional spanwise-spatial-
average flow pressure within the control region during the
coupled fluid-structure simulations. In Eq. (A4), the differ-
entiationwith respect to position is indicated by ð:Þ;s, and the
superposed single dot ˙ð:Þ and double dot ð̈:Þ denote the
first- and second-time derivatives, respectively. Free-fixed
boundary conditions are applied on the coiled PSub,with the
forcing applied to the free (top) end at s ¼ 0 where the
structure interfaces with the flow.
During the coupled fluid-structure simulations, the

pressure field acting on the surface over the coiled PSub
is identified at each time step to yield a value for f. This
forcing value is applied as an input to the coiled PSub and
the model is solved at each time step to produce the
responding velocity as a function of s within the domain of
the coiled PSub. The appropriate velocity is then applied to
the flow across the region where each junction of the coiled
PSub interfaces with the flow, as described earlier.

2. PSub coiling with periodic rotational locking

The PSub coiling with full 180° turns not only enables
multiple points of interaction with the flow—which

ultimately leads to the enhanced broadband performance—
but it also allows us to characterize its response with the
simple model of the uncoiled configuration as stated earlier.
To demonstrate this, we can examine the dispersion
diagram of a periodic substructure of the PSub composed
of two unit cells at different degrees of coiling as shown in
Fig. 6. As shown, a full 180° turn corresponds to an angle of
ϕ ¼ 90° when considering the rotation angle of the coiling
elements relative to the initial configuration. In order to
take into account the two-dimensional response of the
partially coiled cases, a standard finite-element beammodel
is considered, in which a nodal rotation degree of freedom
θ, associated with bending deformations, is admitted in
addition to the nodal displacements in the longitudinal and
transversal directions η and ζ, respectively. The bending
response in the transversal direction is driven by

ρsζ̈ þ ðEIθ;sÞ;s ¼ 0; ðA5Þ

where θ ¼ ζ;s, and I is the area moment of inertia
normalized by a reference cross-sectional area. To make
the analysis consistent with the PSub design proposed in
the main text, the same properties have been considered
here. With the cross-sectional side length defined as wc, the
area moment of inertia is defined as I ¼ w2

c=12, under the
assumption that Eq. (A5) has been normalized by the same
reference area as Eq. (A4).

FIG. 6. PSub coiling. PSub periodic unit cell with different
degrees of coiling: (a) uncoiled case, (b) partially coiled case,
(c) fully coiled case. The periodic unit-cell size for the dispersion
analysis scaling [47] is taken as a ¼ 2LUC cosϕ.
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In Ref. [47], it was demonstrated that the phonon band
structure in the uncoiled and fully coiled cases is preserved
when the rotation degree of freedom is locked at the coiling
junctions, i.e., θ ¼ 0 at the associated nodes. The same
principle applies to the PSub design described in the
present work, as it can be observed in Fig. 7, which shows
the full phonon band structures obtained for different
degrees of coiling, with and without rotational locking.
By comparing the uncoiled (ϕ ¼ 0°) and fully coiled
(ϕ ¼ 90°) cases, it can be seen that when rotational locking
is applied (1) the resulting dispersion diagrams are exactly
identical and (2) the longitudinal and transversal degrees
of freedom are uncoupled. Details on how the rotational
locking can be realized experimentally in practice can be
found in Ref. [47].
As a consequence of this result, as long as rotational

locking is applied at the coiling junctions, one can
assess the PSub’s performance metric of the fully coiled
case through a model of the uncoiled configuration.
Furthermore, since the frequency response function is
obtained for longitudinal excitations of the PSub struc-
ture (in both the uncoiled and fully coiled cases),
Eq. (A5) is not necessary and one can simply consider
Eq. (A4).

3. Homogenization and machine-learning approach for
design and reduced-order modeling of coiled PSub

The proposed coiled PSub unit-cell design depicted in
Fig. 1 of the main article has been obtained following an
inverse design approach that utilizes a homogenization
scheme in combination with a genetic algorithm (GA)
optimization process enhanced by machine learning. Each
unit cell has been split into 5 layers along the wave-
propagating dimension, as depicted in Fig. 8. Layers 1, 3,
and 5 represent the base rod component, and each contains
a hole extending along the spanwise dimension to reduce
the effective stiffness and total mass of the structure. Layers
2 and 4 are very thin (e ¼ 0.5 mm) and each one supports
two pillars extruding along the spanwise dimension. These
pillars can vibrate as cantilevered beams at specific (dis-
tinct) frequencies, acting as internal resonators that add
local resonance effects to the PSub structure. Considering
that the relevant dynamic and deformation phenomena
occur along the direction of wave propagation, the homog-
enization framework in Ref. [57] can be applied to this
configuration to obtain an equivalent 1D model capable of
reproducing the unit-cell response in terms of the displace-
ments. The resulting homogenized model is composed of
standard rodlike elements—with effective elastic modulus

FIG. 7. Conservation of phonon dispersion with coiling. Phonon and structure of PSubs for different degrees of coiling ϕ resulting
from applying rotational locking at the coiling junctions (solid blue curves) versus leaving the rotation degree of freedom free (dashed
orange curves). At the extreme cases, for ϕ ¼ 0° (uncoiled) and ϕ ¼ 90° (fully coiled), the phonon band structure is preserved only
when rotational locking is applied.
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and density properties—and spring-mass units attached to
account for the local resonance effects (see Fig. 8). As a
result of this homogenization process, for a given 3D unit
cell design, one can use Eq. (A4) to study the PSub
response in terms of the effective 1D properties. The
mathematical details of the homogenization scheme can
be found in Ref. [57].
Once the 1D PSub model, under full coiling and periodic

rotational locking, is designed to produce the broad
frequency response function shown in Fig. 2, an inverse
design problem is solved to obtain a corresponding 3D
coiled PSub design. This process utilizes the homogeni-
zation mapping and is conducted by means of an opti-
mization process. For this purpose, we utilize the
methodology presented in Ref. [58]. First, the homogeni-
zation model is applied to each distinct unit cell configu-
ration to build databases linking their main geometrical
features to the resulting effective properties. In the case of
the base component, this is the effective modulus Eeff ,
while for the layers with resonators, these are the equivalent
mass mres;i and the resonance frequency fres;i. The effective

density of the base material ρeff has been considered the
average density of the central “trunk” of the whole unit cell
(thus including the mass of layers 1, 3, and 5 and also the
mass of the nonresonating layers 2 and 4). To obtain the
correct effective values, the area used for normalization is
not the actual cross-sectional area of the PSub central rod
component, but the area of the surface in contact with the
flow, denoted A in Fig. 1. Such area is defined as A ¼ wfLz,
where Lz is the spanwise dimension of the PSub-fluid
interface region, and can be chosen arbitrarily; in the
present study its value is obtained from the optimization
process to enable us to get the required effective properties
from the PSub 3D design. In our example configuration,
the PSub size in the streamwise direction is taken as
wf ¼ λTS;3=4 ¼ 1.025 mm and the spanwise length
obtained is Lz ¼ 16 mm. It is worth noting that any
spanwise length can be accommodated by compatible
arrangement of the PSubs utilizing the space available.
Each database is built considering 15 000 sample points

scattered according to a quasirandom Sobol sequence.
Then, a deep neural network (DNN) is applied to obtain

FIG. 8. Schematic representation of the homogenization and machine-learning-based inverse design approach. (a) The coiled PSub
unit-cell design (left) is split into different layers, distinguishing between the base component (layers 1, 3, and 5) and the resonators
(layers 2 and 4). Each layer is parametrized with relevant geometrical features. For a given set of parameters, the response of the coiled
PSub unit-cell design can be studied with the equivalent 1D rod model on the right, in terms of the depicted effective properties obtained
from the homogenization scheme. (b) For a target set of properties that provide the intended broadband performance, the inverse design
approach allows us to obtain a set of geometrical parameters of the coiled PSub unit cell that trigger the equivalent response. The process
involves building databases for each type of layer with randomized combinations of parameters, then the use of deep neural networks to
create surrogate models that enable interpolation within the databases. These models are used in a GA optimization algorithm to
minimize the L2-norm of the relative error between the interpolated and target effective properties.

ADAM R. HARRIS et al. PHYS. REV. X 16, 021045 (2026)

021045-14



surrogate models of each layer enabling an interpolation of
the effective properties for any given input set of param-
eters. The layers with resonators are modeled using a
feedforward neural network comprising five hidden layers,
each containing 40 neurons and employing the swish
activation function. In contrast, the base component is
represented by a deeper architecture with seven hidden
layers, where the first three layers consist of 50 neurons
each, while the remaining four contain 30 neurons, all
utilizing the swish activation function to ensure smooth
nonlinearity across the surrogate model. All surrogate
models are trained using MATLAB’s built-in Adam opti-
mizer to minimize the mean squared error loss function,
considering L2 weight regularization. Training is per-
formed using mini batches of 256 samples, with a piece-
wise constant learning rate schedule, starting at 0.01 and
reduced an order of magnitude every 10 epochs. The
dataset is partitioned with 85% of the samples allocated
for training and the remaining 15% reserved for validation
to monitor performance during training.
The last step consists of employing an optimization

algorithm to find the combination of geometric features that
provide the closest point in the surrogate model to the
specified target effective 1D parameters. The geometric
variables include the width of the structure w, the thickness
of the base component h, the fractional dimensions of the
internal hole in the base component γl ¼ 3lh=ðLUC − 2eÞ
and γw ¼ wh=w, the length of the two resonant cantilever
beams l1 and l2, and their respective thicknesses w1 and w2.
The values of LUC and e are fixed to 20 and 0.5 mm,
respectively. A hybrid two-stage optimization strategy is
employed, combining first a standard GA used to explore
the design space globally and identify a promising candi-
date solution, followed by a local refinement using a
constrained sequential quadratic programming algorithm
to improve convergence toward the optimum. The GA
operates within specified bounds for each design variable,
defined as x ¼ fw; h; γl; γw; l1; l2; w1; w2g. To account for
manufacturing amenability, lower and upper bounds for
each of the input parameters are set to xmin ¼
f1 mm; 1 mm; 0.1; 0.1; 5 mm; 5 mm; 0.75 mm; 0.75 mmg
and xmax¼f5mm;25mm;0.9;0.9;50mm;50mm;5mm;
5mmg, respectively. The optimization objective is to
minimize a cost function that quantifies the discrepancy
between the surrogate model’s prediction and the target
effective parameters, defined as

J ðxÞ ¼
X6
i¼1

�
yiðxÞ − ŷi

ŷi

�
2

; ðA6Þ

where yðxÞ ¼ fEeffðxÞ, ρeffðxÞ, μres;1ðxÞ, μres;2ðxÞ,
fres;1ðxÞ, fres;2ðxÞg are the values obtained from the
DNN surrogate model for a given set of parameters x,
with μres;i ¼ mres;i=ρeffLUC. Setting the target properties to
the ones providing the desired outcome, in terms of the

performance metric of the equivalent 1D model, i.e.,
ŷ ¼ f0.2 GPa; 450 kg=m3; 3; 5; 5000 Hz; 20 000 Hzg, the
PSub design proposed in Fig. 1 is obtained.
While the GA manages to obtain a practically exact

match between y and ŷ, it does so using the DNN surrogate
models’ predicted values. This means that the actual
effective properties corresponding to the optimal set
of geometric parameters are not strictly the same as the
target values. For this case, the actual values would be
yhomog¼f0.205GPa;449.99 kg=m3;2.983;4.981;4996.68;
20524.19g. This represents a relative deviation of only
1.4%, which is an indication of the high effectiveness of the
DNN-based interpolation.

4. Flow and PSub quantities obtained
by postprocessing the simulations data

Throughout this study, several quantities of interest are
calculated by postprocessing the time-dependent data
emerging from the coupled fluid-structure simulations.
On the flow side, we decompose the velocity vector in

Eqs. (A1) and (A2) into u ¼ hui þ û, and the pressure
field in Eq. (A2) into p ¼ hpi þ p̂, where ðh·iÞ and ðb·Þ
represent time-averaged and perturbation quantities,
respectively. With this decomposition, we calculate the
streamwise position-dependent integral of the perturbation
kinetic energy, which is defined as

KpðxÞ ¼
Z

2π

0

Z
2

0

1

2
ðhû ûi þ hv̂ v̂i þ hŵ ŵiÞdydz: ðA7Þ

Along the surface, we are interested in the wall-shear stress.
The wall-shear stress normalized by the fluid density ρf is
defined as

τw
ρf

¼
�
νf
∂hui
∂y

− hû v̂i
�
y¼0;2

; ðA8Þ

in which on the right-hand side the first term represents the
(molecular) viscous shear stress, and the second term
represents the perturbation (Reynolds) shear stress at the
wall. Note that the second term is naturally zero for the
rigid wall, whereas within the control region, even though
substantially smaller than the viscous shear stress, it is
nonzero due to the coiled PSub’s motion. We also compute
the rate of production of perturbation kinetic energy
[76,77], which in dimensionless form is

Prðx; yÞ ¼ −hû v̂i ∂hui
∂y

: ðA9Þ

On the PSub side, a relevant quantity is the elastody-
namic energy within the PSub elastic domain, which is
specified as
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Ψðs; tÞ ¼ 1

2
½Eðdη=dsÞ2 þ ρsη̇

2�: ðA10Þ

This quantity has been evaluated in prior work [28].

5. Derivation of integral analysis: FIK identity for
spatially developing channel flows

This section presents the full derivation of the Fukagata-
Iwamoto-Kasagi identity [63], with an emphasis on extend-
ing the formulation to spatially developing internal flows
interacting with a coiled PSub (or any type of phononic
subsurface in general), featuring nonzero wall boundary
conditions (i.e., wall transpiration).
The FIK identity is derived by performing a wall-normal

integration of the second moment of the governing equa-
tions, equivalent to a triple integration under Cauchy’s
formula [78],

R
2δ
0 ðy − δÞ2½·�dy. Applying this procedure to

the statistically stationary, Reynolds-averaged Navier-
Stokes streamwise (i ¼ 1) momentum equation for plane
channel flows gives

Z
2δ

0

ðy− δÞ2
�
τw
δ
−
∂huihvi

∂y
−
∂hû v̂i
∂y

þ νf
∂
2hui
∂y2

þ Ix

�
dy¼ 0;

ðA11Þ

where Ix represents the streamwise development terms,
defined as

Ix ¼ νf
∂
2hui
∂x2

−
∂huihui

∂x
−
∂hû ûi
∂x

:

Note that the wall-normal integration is carried out from
y ¼ 0 to y ¼ 2δ, thereby relaxing the assumption of
centerline symmetry typically used in canonical FIK
derivations.
The following provides a detailed evaluation of the

integrals in the bracketed terms of Eq. (A11). The first
term corresponds to the (constant) mean pressure gradient
that drives the flow. Since the wall-shear stress τw generated
by the mean pressure gradient is a constant, this integral
simplifies to

Z
2δ

0

ðy − δÞ2 τw
δ
dy ¼ τw

δ

Z
2δ

0

ðy − δÞ2dy ¼ ðδ2U2
BÞ

Cf

3
;

where UB ¼ 1
2

R
2δ
0 huidy is the bulk velocity and

Cf ¼ 2τw=ρfU2
B is the skin-friction coefficient.

The second term represents the contribution from mean
advection. Applying integration by parts gives

Z
2δ

0

ðy − δÞ2 ∂huihvi
∂y

dy ¼ ðδ2U2
BÞ

UtV t −UbVb

U2
B

;

where the subscripts “t” and “b” refer to the values of hui
and hvi at the top and bottom walls, respectively.
The third term accounts for the influence of the Reynolds

shear stress on wall-normal momentum transport. Similar
integration of the second moment yields

Z
2δ

0

ðy− δÞ2 ∂hû v̂i
∂y

dy

¼ ðδ2U2
BÞ
�hû v̂it − hû v̂ib

U2
B

þ 2

δ

Z
2δ

0

�
1−

y
δ

�
−hû v̂i
U2

B
dy

�
:

It is important to note that the Reynolds shear stress at
the walls, hû v̂it and hû v̂ib, are not necessarily zero,
depending on the wall boundary conditions. For example,
low-amplitude vibration of the control surface in the coiled
PSub configuration induces nonzero hû v̂i at the bot-
tom wall.
The fourth term in Eq. (A11) represents viscous dif-

fusion. Evaluating its integral using integration by parts
twice yields

Z
2δ

0

ðy − δÞ2
�
νf
∂
2hui
∂y2

�
dy

¼ ðδ2U2
BÞ
�

8

ReB
− Cf −

4

ReB

�
Ut þUb

UB

��
;

where ReB ¼ 2δUB=νf is the Reynolds number based on
the bulk velocity [79]. This expression highlights the
explicit contributions of the wall-shear stress (through
Cf ) and the bulk flow scaling (through ReB), thereby
offering a physical rationale for taking the second moment
of the streamwise momentum equation in internal flows, as
done in the FIK identity [63].
The final term on the left-hand side of Eq. (A11)

accounts for contributions from spatial development of
the flow. Taking the wall-normal integral of the second
moment of this term yields

Z
2δ

0

ðy−δÞ2Ixdy¼U2
Bδ

2

Z
2δ

0

�
1−

y
δ

�
2 Ix
U2

B
dy¼ðδ2U2

BÞIx:

Here, Ix denotes the dimensionless contribution of
streamwise-developing flow features. While Ix vanishes
in the limit of fully developed internal flows, it is nonzero in
spatially evolving configurations. For example, in this
work, the flow exhibits growth of instability waves (e.g.,
Tollmien-Schlichting modes) along the streamwise direc-
tion. Moreover, passive actuation via the coiled PSub
control mechanism further amplifies spatial variation in
the flow field. Accordingly, the extended FIK identity
presented here explicitly retains this contribution to ensure
a comprehensive and robust integral analysis.
By gathering and rearranging the integrals of all the

terms described above and normalizing by the square of the
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outer length and velocity scales ðδUBÞ2, the FIK identity
takes the form

Cf ¼
�

12

ReB

�
|fflfflfflffl{zfflfflfflffl}

ILam

þ
�
2

δ

Z
2δ

0

�
1 −

y
δ

�
−hû v̂i
U2

B
dy
�

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ITurb

þ fIxg|ffl{zffl}
IStream

þ
�
UtV t − UbVb

U2
B

−
hû v̂it − hû v̂ib

U2
B

−
4

ReB

Ut þ Ub

UB

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

IPSub

;

ðA12Þ

where each term in braces f·g corresponds to a distinct flow
feature contributing to the skin-friction coefficient Cf on
the left-hand side. The left-hand side form of Eq. (A12)
assumes equal skin friction at the bottom and top walls.
This assumption can be further relaxed by substituting the
left-hand side with 1

2
ðCt

f þ Cb
f Þ, as presented in the main

text by Eq. (1). This decomposition provides a quantitative
mapping of how various flow features impact the overall
skin-friction coefficient.
The following provides a physical interpretation of each

term in the FIK identity with respect to their assigned
number in Eq. (A12).

(i) ILam—Laminar friction: This term is inversely
proportional to the Reynolds number and quantifies
what the skin-friction coefficient would be if the
flow was laminar at the same Reynolds number.
While the actual flow might be transitional or
turbulent, this provides a baseline for comparison.

(ii) ITurb—Turbulent (or perturbation) friction: This
term quantifies the explicit contribution of Reynolds
shear stress to friction drag. Its linear weighting by
wall-normal distance reflects the use of the second
moment in the integral formulation.

(iii) IStream—Streamwise-development friction: This
term accounts the flow effects due to spatial develop-
ment in the streamwise direction, i.e., nonhomoge-
neity in the streamwise direction.

(iv) IPSub—Wall boundary-condition friction: This term
captures the influence of imposed nonzero boundary
conditions—both mean and fluctuating—at the
walls. For example, in flows controlled by coiled
PSub vibrations, surface-imposed velocity fluctua-
tions contribute to this term.

6. Budget of the extended FIK identity

This section quantifies the contribution to the skin-
friction coefficient of all the flow features characterized
by the extended FIK identity given by Eq. (A12).
Figure 9 shows the relative error associated with the FIK

identity along the streamwise direction for the case involv-
ing multiple TS waves controlled by the three-cycle coiled
PSub (see Fig. 5). This relative error is defined as

ε ¼ jlhs − rhsj
lhs

× 100; ðA13Þ

where lhs and rhs refer to the sum of the left- and right-hand
sides of Eq. (A12), respectively. The error remains below
2% throughout the domain, with an average of less than
0.5%. This small discrepancy confirms the accuracy and
robustness of the extended FIK identity, particularly in
quantifying the influence of coiled PSub vibrations on the
flow field and hence the skin-friction coefficient.
Given the demonstrated accuracy, Fig. 10 presents the

complete budget of the extended FIK identity for both the
uncontrolled (rigid-wall) and controlled (super-resonant
three-cycle coiled PSub) cases. This figure explicitly
illustrates the contributions of individual flow features in
the extended FIK identity, Eq. (A12), to the left-hand side,
i.e., the skin-friction coefficient.
The first observation reveals that the order of magnitude

of these contributions is extremely disparate. For instance,
the base “laminar friction” is on the order of 10−3 and
approximately equal to the average of the top and bottom
wall skin-friction coefficients [left-hand side of Eq. (A12)].
In contrast, the explicit contribution from flow instabilities
(i.e., the perturbation enhancement) is on the order of 10−6.
This disparity is consistent with the flow regime examined.
Although subjected to unstable TS waves, the flow is still in
the early stages of transition and behaves predominantly as
a laminar channel flow.
Figure 10(a) shows the variation of the laminar friction

term along the streamwise direction, with the inset pre-
senting its normalized contribution relative to Cf . This term
is inversely proportional to the bulk velocity, consistent
with analytical relations [79]. The plot indicates a weak
but monotonic increase in UB downstream as instabilities
amplify. The presence of the coiled PSub control does not
alter this trend. As shown in the inset, the laminar
contribution accounts for nearly total friction drag.

FIG. 9. FIK error analysis. Relative error in the extended FIK
identity along the streamwise direction for the multimode TS
wave case. The dashed lines denote the bounds of the super-
resonant three-cycle coiled PSub control surface.
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The direct contribution of instabilities is depicted in
Fig. 10(b), identical to the plot shown in Fig. 5(b). The
perturbation-induced wall-normal momentum transport,
and hence its contribution to friction drag (i.e., perturbation
enhancement), is minimal. Moreover, whereas the coiled
PSub did not impact the laminar friction, it visibly affects
the flow perturbations, particularly hû v̂i, within the control
region. The strength of the coiled PSub response is
anticipated to correlate with the strength of the flow
perturbations: Stronger fluctuations would elicit more
significant control effects.
Figure 10(c) presents the contribution from the stream-

wise-developing term, which comprises several subterms.
Among these, ∂hû ûi=∂x, representing the streamwise veloc-
ity rms gradient, is the dominant component. Although the
streamwise inhomogeneity terms are small (on the order
of 10−6 due to the imposed fully developed Poiseuille
base flow), their contribution is comparable to that of the
“turbulent enhancement” term. Similar to its effect on
Reynolds shear stress, the coiled PSub also interacts with
hû ûi, resulting in an approximately 80% reduction in Ix
within the control region. Downstream of the control surface,
Ix recovers to values observed in the rigid-wall case.
As discussed in Appendix A 5, the extended FIK identity

includes an explicit term that captures the effect of nonzero
wall boundary conditions on the skin-friction coefficient. In

this study, the coiled PSub imposes such conditions along the
control surface region; this contribution is denoted by IPSub
and shown in Fig. 10(d). Following the fluid-structure
simulation conditions from Ref. [19], the roughness
Reynolds number at the control surface is monitored to
ensure a hydraulically smoothwall. That is, the coiled PSub’s
vibrations in response to flow forcing remains infinitesimal.
Consequently, IPSub contributes negatively to Cf (indicating
stabilization), but its magnitude is negligible relative to other
terms. Larger coiled PSub displacements would likely lead to
more significant contributions from this term.
Overall, this section provides a complete budget analysis

of the extended FIK identity derived in this work
[Eq. (A12)], quantifying the absolute and relative contri-
butions of distinct flow features to the skin-friction coef-
ficient. The minimal error observed in the integral
formulation confirms the extended FIK identity’s validity
in capturing the influence of the coiled PSub vibrations on
the dynamics of unstable channel flows, particularly
through its interaction with flow perturbations.
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