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ABSTRACT

An acoustic dimer composed of two electronically con-
trolled electro-acoustic resonators is presented in view of
exploring one dimensional topological phenomena. Ac-
tive control allows for real-time manipulation of the meta-
material’s properties, including its mechanical mass, re-
sistance, compliance and internal coupling. The lat-
ter enables active tuning of topological phase transi-
tion in the effective acoustic Su—Schrieffer—Heeger sys-
tem. The electronic control scheme used for simulta-
neous impedance synthesis and dimerisation of the unit
cell is presented. Band structures derived from finite el-
ement simulations and the experimental data consistently
demonstrate control of band-folding Bragg gap size by the
user-tunable dimerisation parameter.
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1. INTRODUCTION

This study presents an actively tuneable acitve metamate-
rial capable of exhibiting prescribed topological features
similar to those found in the Su—-Schrieffer—-Heeger sys-
tem [1] - a one dimensional chain of coupled dimers that
can host topological modes owing to its two coupling-
dependant regimes. We demonstrate an actively tuneable
dimer composed of two electronically-controlled Active
Electro-acoustic Resonators (AERs) [2]. We present the
active control scheme used to tune dimerisation of the unit
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cell and experimentally measure the bulk meta-crystal dis-
persion. Fidelity of the measurement is supported by finite
element simulations.

2. TAILORING THE DISPERSION THROUGH
ACTIVE CONTROL

Suppose a crystal unit cell composed of a duct segment
loaded with two identical and equally spaced AERs that
are fixed in place as shown in Fig la.
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Figure 1. Active dispersion shaping using two iden-
tical and equally spaced AERs. Black dots in the unit
cell are control microphones.

A periodic array of these cells with coupling would
form a SSH-like chain along the x axis. In order to achieve
active impedance control, the experimental unit cell is
equipped with microphones placed in front and in between
of the lined AERs as shown in Fig. 1b. The system is tuned
via an active feedback control scheme which is split in
two parts - each of which aims at altering the gaps present
in the dispersion of the coupled resonator meta-structure,
namely a band folding Bragg gap and a locally resonant
gap, highlighted in Fig. 2.
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Figure 2. Typical dispersion of a lossless coupled
resonator system. There are with two gaps: a Bragg
gap (light grey) and a locally resonant gap (dark
grey).

2.1 Shaping the locally resonant gap

The band-folding locally resonant gap results from the
coupling of a continuum of propagating waves and a lo-
cal resonance which can be described by a polariton-like
dispersion [3] - albeit folded for a doubled unit cell. Its
position and size can be shaped at the experimenter’s dis-
cretion by altering the AER’s resonance frequency and
quality factor [4-6]. The desired mechanical impedance
(st 1s specified by control parameters fias, Ur, pc € R :

Cst(8) = par Mops - s + ppRms + pe/(Cre - 8) - (1)
Where:
* s = jw: Laplace variable
* M,,s: diaphragm mass (kg)
* R,,s: mechanical resistance (kg.s~!)
e C,,c: diaphragm + cabinet compliance (m.N—1)

(st synthesis is achieved by multiplying a transfer
function ®({,;) to the real-time front pressure resulting
in the current required to drive the AERs [2].

2.2 Shaping the Bragg gap

The band-folding Bragg gap opens when dimerisation is
introduced in the crystal [1]. Here we show that a gap
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Figure 3. Block diagram of the proposed control
scheme wired to the experimental unit cell. From left
to right, the acoustic pressures in front of and in be-
tween the AERs (- p+ and pg respectively) are used
as inputs of the F}, function which serves to achieve
the ¢ shift. The impedance is synthesized with the de-
sired mechanical parameters specified by the transfer
functions ® ... The output currents 75 are carried out
to the respective AERSs in the unit cell.

forms when the coupling is enhanced via active control.
Fig. 3 shows the proposed block diagram of the control
scheme. Knowing the operating wavenumber k in the
waveguide, the pressure ps+ between an AER and the cen-
tre microphones can be estimated using the function:

p+ - sin(+k(a/4 — 0)) + po - sin(£kd)
sin(tka/4)

F (pi7p0)
(2)

where § is the dimerisation parameter.
The virtual control current required to synthesize a
target impedance Zg; is:

ist = Pos - Py 3)

where @ is the aforementioned transfer function. Notice
that ¢ appears twice in the control scheme block diagram
as the AERs mechanical parameters are synthesized sepa-
rately.

Finally, the control current ¢54 used to drive the AERs
are:

S‘i} +isx 4

is+ = (D+ — Ds+) - {Bl
+

3. DIRECT BAND STRUCTURE MEASUREMENT

The experimental meta-crystal bulk band structure or
dispersion is obtained by direct measurement of the unit
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cell transfer matrix M.;; by means of a Kundt tube and
four pressure microphones as shown in Fig. 4 (according
to the ASTM E2611-09 standard [7]).
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Figure 4. Characterisation of the transfer matrix of a
sample using a loaded Kundt duct and four pressure
microphones. Spatial separation of the microphones
on both sides of the sample allows for the determina-
tion of the forward (a,c) and backward (b,d) complex
field amplitudes.

The transfer matrix M ..;; is directly obtained from the
scattering matrix which links the outgoing complex field
amplitudes (b, ¢) to the ingoing (a, d):

So1 — S22511  Saa2
Mcell = —S11 12 5112 (5)
S12 Sl2

where, for a symmetric and reciprocal system:

ABeike — O De—1ka

Sll = 522 =

Aerka _ D2e—jka
6
AC — BD ©)
Si2 = S21 = A2¢ika _ D2g—jka

Finally the experimental band structure is obtained by
applying the Floquet-Bloch theorem the the latter yield-
ing:

qr (k) = arccos (;Tr(Mce”(k))> /a @)

where g is the Floquet-Bloch wave number.
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4. RESULTS AND DISCUSSION

One active SSH-like unit-cell was successfully designed,
3D-printed and assembled. The experimental AERs are
off-the-shelf Vistaton FRWS 5 8Q drivers. Character-
ization of the mechanical parameters of the latter was
achieved by direct measurement of the impedance fol-
lowing methods described by E. Rivet [2] using quarter-
inch PCB microphones and a single-point Polytec laser
vibrometer for simultaneous pressure and velocity mea-
surement respectively. The mass, resistance and compli-
ance were characterised and actively tuned as summarised
in the Table 1. The goal was first to decrease the resonance
frequency and second, to increase the quality factor of the
resonators. The former effectively increases the locally
resonant gap and Bragg gap frequency separation and the
latter decreases system losses (see Fig. 2).

Table 1. Impedance synthesis. The passive mechan-
ical parameters of the AER are multiplided by the re-
spective tuning parameters ()7, g,c to obtain the de-
sired synthesised mechanical parameters.

Mass  Resistance Compliance

Passive 5.29¢g 0.297 kg/s 175 pm/N
HM,R,C 0.5 0.09 0.42

Synthesized 2.65g 0.0267 kg/s  73.5 ym/N

Active control is carried out by a commercial Speed-
goat machine equipped with the 10334 module. Experi-
mentally measured dispersion curves are plotted in Fig. 5b
for various dimerization parameter values 6. Moreover,
COMSOL Multiphysics finite element simulations were
performed enabling design optimization and experimental
validation. Using the “Pressure Acoustics, Frequency Do-
main” module, each lined speaker is modelled using the
experimentally obtained lumped parameters. Electronic
control feedback delay (= 50us) is taken into account to
reliably capture the physics. The scattering matrix ele-
ments S11 and S12 - consequently M,.;; - are obtained
using ports at the extremities of the simulated unit-cell
yielding dispersion curves shown in Fig. 5a.

Remarkable consistency can be noticed throughout
both the ideal finite element simulations and the experi-
mental results reflecting the efficacy of the proposed ac-
tive control scheme. In particular, the Bragg gaps open
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Figure 5. Active control on the band gap size. The
dispersion diagrams of the acoustic SSH-like for five
values of the dimerisation parameter § derived from
the finite element simulation (a) and measured ex-
perimental data (b). Solid lines and dashed lines
represent the real and imaginary parts of the Bloch-
Floquet wave number g respectively. The largest
Bragg gap is indicated by the light grey bar and the
locally resonant gap by the dark grey bar (c.f Fig. 2).

as a function of the user-defined electronic dimerisation
parameter §.

5. CONCLUSION

An active dimer composed of two electronically con-
trolled AERs was presented. We demonstrated a current
control scheme that enables shaping of both the locally
resonant and the Bragg gaps. One active unit-cell was
built and characterized by measuring its transfer matrix
and subsequently deriving the dispersion curve by apply-
ing Bloch theorem. The experimental meta-crystal dis-
persion curves closely matched those obtained from finite
element simulations. Most notably, we showed that the
locally resonant gap and the Bragg gap could be easily
shaped via speaker impedance synthesis and dimerisation
parameter tuning § respectively. Owing to the wide tun-
ability and reconfigurability, the presented active unit cell
opens up a new path to seek out novel physical phenom-
ena such as those involving time-modulated interaction,
time reversal symmetry breaking or non-linearity.
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