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PublishiBgperimental demonstration of one-dimensional active plate-type acoustic

metamaterial with adaptive programmable density

X

=~

Ahmed Allam,>2'® Adel Elsabbagh,}3 and Wael Akl 3

Y Group for Advanced Research in Dynamic Systems, Ain Shams University,

Cairo 11517, Eqgypt /\%\

2 Mechatronics Department, Ain Shams University, C. 0715

Egypt
3) Design and Production Engineering Departmen ﬂjz, ms University,
Cairo 11517, Egypt.

(Dated: February 26, 2017)

A class of active acoustic metamateria, 1\@ with a fully controllable effective

density in real-time is introduced, m@dele né‘experlmen‘cally verified. The density

of the developed AMM can be pro m d to any value ranging from -100 kg/m?

to 100 kg/m? passing by near z Mty conditions. This is achievable for any

frequency between 500 and 1 . 'The material consists of clamped piezoelec-

\ ckground fluid. The dynamics of the diaphragms
c

tric diaphragms with air

are controlled by conn osed feedback control loop between the piezoelec-

tric layers of the

outer adaptivefe ckVoop that is implemented by the real-time evaluation of the

a
iaphragm The density of the material is adjustable through an
f:\

density u the' 4- m rophone technique. Applications for the new material in-
clude prcg\ active acoustic filters, non symmetric acoustic transmission and

progr ble agoustic superlens.
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Publishihg INTRODUCTION

Acoustic metamaterials (AMMs) have been the focus of a lot of theoretical and experi-
mental work in the past few years. The ability to construct materials with properties that
are not available in nature has opened the way to the fabrication6f acoustic devices that
were once thought impossible to achieve. Acoustic superlens!? Mc cloacks* ", non

8,9

reciprocal transmssion®?, extraordinary sound absorption!®'? a Qansmissionl?’ are all ex-

amples of once thought impossible devices. Ever since 1 have realised the first

et
AMM in the form of rubber coated lead balls, a lot of diff ugbd@sses of AMMs have been

proposed and analyzed. This includes space coiling MMslg AMDMSs based on phononic

crystals'® 2% and resonant AMMs?!23,

Elastic membranes and plates have bee!&%:y }sed to design resonant AMMs?*.
for

Membrane- and plate-type AMMs are k)O\\( ving a simple structure and for being

lightweight. They can normally obtaingmegative effective mass density at low frequencies?!

10,11 25,26

enabling them to achieve extraordi d absorption and insulation®*" especially
at low frequencies®”?®. They c ls clﬁ'eve near zero effective density, a phenomenon
with many interesting applic tlon régarding the control of sound propagation”™'29. The
resonant nature of membrane-t IMS however, limits their extraordinary properties

to narrow frequency b dsﬁe material has to be carefully manufactured and tuned to

target a particular band.
£
ies of AMMs can be manipulated by embedding active elements in-

The materlal ope
side their stru Lu} tive AMMSs). This manipulation of properties is done by an external

voltage signa is hardly available in any natural material. This enables the construction

9,30

of interestingdacoustic reconfigurable and programmable devices”". Different types of ac-

tive s have been proposed. This includes using Helmholtz resonators with piezoelectric

diaphragms3Y, acoustic cavities with piezoelectric diaphragm at both ends3? 34,

magnetorhe-

ical ’;jdstomer membrane®, layered piezoelectric material®® 3%, decorated membrane con-
l y an electric field*?, elastic membranes tensioned by direct current electromagnets?’

composﬂze piezoelectric-lead plates*'. All these approaches however are limited to tun-

ing the original properties of the material by shifting the dispersion plots. Popa et al.*?

suggested a design for a tunable active AMM consisting of a piezoelectric diaphragm and a

unidirectional electret transducer. The signal measured from the transducer is used to drive
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Publishitig piezoelectric diaphragm after passing by a reconfigurable electronic circuit, they later
modified this design to include sensing element in the piezoelectric diaphragm®*3. Through
manipulating the electronic circuit, they were able to control the frequency dependent prop-
erties of the cell and use it in the design of a reconfigurable beam steering device and acoustic
lens**. As with the previous designs, although Popa et al. used ?/feedback circuit to ma-
nipulate the properties of the device, they didn’t show a way te’directly set the properties
of their cell to a particular value; moreover, their design is OQoop nature in the sense

ot

that their effective properties can be changed, but they directly guaranteed in a

closed loop sense. ~~

—-—

In the current work, an active one-dimensional ( A}JIM is proposed. Its effective
density can be controlled and programmed t azd;sixﬁg set value. The material unit cell
consists of a circular composite piezoelectrig pla lémped in air. The diaphragm consists
of two piezoelectric layers with a brass r m_the middle. The dynamic properties of
the material are manipulated by cons%\?\t“ﬂ'%\a feedback loop by measuring the voltage
generated by one of the layers and }1711{5‘

acoustic analytic model is devel&%t analyze the behavior of the proposed AMM. A

b

single cell of the proposed A%r cated and an experimental setup is constructed to

verify the material properties of thes’AMM. Several designs for the control system of the cell

%ance is evaluated. The effective density of the cell is then

control signal to the other layer. A vibro-

are proposed and their

controlled using an Qutep'control loop with an adaptive control algorithm that estimates the
density of the m% ial a
value. 5\
This werkdis ‘d/l ided into eight sections. In Section II, the structure of the unit cell
of th(ﬂ’i/l introduced. In Section III, an analytic model for the prediction of the
iakpro

teri ;erties of the introduced AMM is discussed. In Section IV, the stability of

t AMM cell under closed loop operation is discussed. In Section V, a test setup for

%e&perimen’cal evaluation of the material properties of the suggested AMM is introduced
a

{pplies a control voltage to the cell to achieve the desired density

the experimental and analytic results are compared. In Section VI, several types of
controllers for the AMM cell are discussed and their performance is evaluated. In Section VII
a closed feedback loop for controlling the density of the AMM cell through an adaptive

control algorithm is introduced.
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PUbIIShmg Table 1. Properties of the materials used in the construction of the AMM cell.

Property Unit PZT-4 Brass Silver

p kg/m?® 7500 8750 10490
Chy GPa 139 169 125

C12,Co3 GPa 78 \

C33 GPa 115 Q

es1 C/m? -5.2 - \

€33 C/m? 15 - Qﬁ“
-~

€11 1475 - 5

-.

€33 -

II. MATERIAL CONSTRUCTI&&Q\

\ S
The suggested onedimens@ etamaterial consists of an array of clamped piezo-

P

~
}

electric diaphragms (piezoelectriesbuzzers) with air as the background material. The ma-
terial is formed by rep tfl@\Se unit cell shown in Figure 1 along the shown propagation
(x) direction. The ufiit cellsgomsists of circular piezoelectric diaphragm clamped along the
circumference at 4 dia ete;/of 38 mm and the unit cell has a total length of 10 mm along

the propagati

U}Ziwn. This corresponds to a homogenization limit around 3400 Hz,

assuming thelength of the unit cell (a) is, at least, an order of magnitude less than the

wavelen of incident waves in air. The diaphragm consists of three layers; a brass disk
of thifkness 140/m in the middle with two piezoelectric layers, each of thickness 140 pm,
d ited_onseach side. The piezoelectric layers are made from PZT-4 material and they
haye a d’ymeter of 30 mm. They are covered with silver electrodes of thickness 10 pym from
\f‘hﬁexternal sides. The electrodes cover a circle of diameter 28 mm. The material properties
ofithe different components of the cell are summarized in Table I, where the subscript 3
denotes to the polarization direction of the piezoelectric layers which is normal to the plane

of the diaphragm and the subscripts 1 and 2 denote to the properties in the plane of the
diaphragm.
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Figure 1. Schematic for the const tion of the suggested 1D AMM with one unit cell of the

Piezoelectric
Amplifier

material highlighted.

III. THEORE L F MULATION
A. Two-pgrt %
The ulig ¢l i 1s odeled and homogenized using the acoustic two-port theory commonly

used inz the propagation of plane sound waves in ducts. The propagation of the
tic

in an acoustic element with two ports a and b can be described by the
sfer atrix T

\\ Pal _p | (1)

Uq, Up
where p,, vq, P, Vp are the acoustic pressure and particle velocity at ports a and b. The AMM
unit cell will be considered as a network of acoustic elements consisting of two homogeneous

air layers, with the piezoelectric diaphragm as a third layer in the middle. The transfer

5
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Publishimgirix of the cell T¢. is calculated by multiplying the transfer matrix of each of its layers.
Tcell = TaieriaTair (2)

where T,;, is the transfer matrix of each air layer and Ty, is the transfer matrix of the

diaphragm. T..; can be used to calculate the scattering matri/ the cell S..;*'. The

scattering matrix has the from: Q
S S
g |Pn o \ 3)

So1 Sao ')
. . H
where the elements of the scattering matrix S7; and “Seo resent the complex pressure

reflection coefficients for waves incident from both stdes. $milarly S12 and S represent
the complex pressure transmission coefficients. (The S?l and Sjs of the cell can be used
to evaluate the effective material properties of deéveloped AMM. This is done using an

inverse program based on the retrieval r&int oduced by Fokin et al.**. The results

of this method could be misinterprete examined carefully**7 and other retrieval

methods exist*®**°. While they can p'xiﬂze results which are less prone to misinterpretations,
formut

o
1las and are difficult to be used in practice. Using

they are usually limited to analy(\
Fokin’s retrieval method, th cctivesimpedance Z.¢; and refractive index n.sy of the
material can be calculated from**:

PoCod (4)

Te - ) Ze =
where k,, po, o éﬁ ively the wavenumber, density and speed of sound in air, m is
the branch nfimber, j is the engineering complex number assuming the fields has a time

<! and:

4 1—5% 4+ 5%+

q
Q§ 1= £/(Sh— Sh— 17 - 48], o= R (5)
ﬁ

e effestive density and the effective bulk modulus of the AMM (p.sf, Besy) can be calcu-

\l@tv Zeff,Nesy from:
T

dependengé of e

D

NeffZeff
Pefr = —"— ,Bepr = ners
(o} €

Zeffco

(6)

The effective material properties of the cell are controlled by manipulating the dynamics

of the diaphragm through the voltage signals applied to the piezoelectric layers. Since the
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Publishi'rl‘g< kness of the diaphragm is very thin compared to the total thickness of the cell, it will

be considered as a lumped acoustic impedance (Zg;,) and Ty, is then given by:

1 Zdia
Tdia - (7)
0

1
In the following section the active acoustic impedance of the di %@q\is estimated from

"N

B. Acoustic impedance of the piezoelectric diap ‘agm-...
_-—

the deflection of the diaphragm.

The piezoelectric diaphragm is considered as.a 1&@)(1 plate. The laminae of the
investigated diaphragm are transversely isotro ig.&averjhe same orientation, and their dis-

tribution about the mid-plane is symmetric. ;Also 4 id'enly subjected to axisymmetric loads.
The equations of motion of the dlaphragm\iw nsverse and the in-plane directions are

hence given in polar coordinates by

(Duv* - Q = nlt) + F(0) 0
N%} oo ulr. 1) = £ (1) 9

where V* is the bi-ha oﬁbiserator, V2 is the Laplacian operator, w is the transverse
184 h

deflection of the plafe, u in-plane deflection in the radial direction, r is the radial

position measur% fro /tM center of the plate, NI are the in-plane forces, p;(t) is the
acoustic pres Mlt on the diaphragm, A;; are the extensional stiffnesses and D,
are the bendi ‘Eciffnesses, m, is the mass per unit area of the plate. The terms fI are
determined from } resultant forces N¥ and moments M* induced by the piezoelectric

effect

U ;P =N, = —viMP (10)
Wh&lﬂ}, MP are the resultant forces and moments due to the piezoelectric effect:

N~ o
P:Z/ eMe qy (11)
k=1"7%k

N ey
= Z/ égi Sék)zdz (12)
k=1 "%k
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Publishifgere S?Ek) is the traverse electric filed applied to layer k. When the electric potential applied

to the piezoelectric layers is uniform across the area, the terms f and f1 are reduced to zero
except at the lateral boundaries of the electrode. Assuming rest initial conditions, Equations
(8) and (9) can be converted to the frequency domain by the aid of Laplace transform. The

transformed equation is given by:

A
(D, V* — NPV2 + [,SHW HéQ\
(ALV? — = — [,S*)U Q}

The solutions of Equation (13) have the form: gy
W(r,s) = <S>Jo g1(S)f +

it Q\
(14)
Dllg S\
SJS@»& + Bs(S)Yi(g,(S)r)

where Jy(), Io(), Y are‘\ 7€ th order Bessel and modified Bessel functions of

(13)

the first and second kind, ¢ i Ve umber of the flexural waves traveling through the

—m,,S?
‘\ g4 — Dll (15)

diaphragm and is given

—NF + 4D2 g4 +NF
) g = 5 DH“ (16)
/ —NF _ 4D2, g4 F
\/ gt+ N
gf is'de 5S'
—m,,S?
) g = (18)

S A11
~
.. g are constants to be determined from the boundary conditions of the plate.

From this point forward, the dependency of the variables on S will be omitted for brief-
ness. Assuming the diaphragm consisting of N, uniform annular sections. Equation (13)

can be solved for each section [ and the transverse and in-plane deflections at section [ are

8
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Publishitigh given by:
Wi(r) = EvyJo(gur) + EoYo(gur)

P
+ Es1lo(g27) + Ea1Ko(g27) — Droyger? (19)
Ui(r) = Es1J1(gpr) + Ee1Y1(gp7) (
The constants Ey; ... Eg are determined by the boundary condit

Rs%he diaphragm, in
addition to the continuity conditions between each two neighb i@ectio s. The boundary
and continuity conditions are hence given by: \

D: 1mite

0)<f7

1(Fy) = @ (Ry)
58Wz+1

W1 (0) = finate,
M(Ry) = My (Ry),

(20)

where M;(r) is the moment at sect B.L% is the shear force at section [, N;(r) is the
harmonic in-plane force. Equatiéx(%ca?be reorganized in matrix form:
% A (21)

where 1 is a 6N, X 6N, rix which is only dependent on the diaphragm properties re-

gardless of the excitationy £ i3 a 6N, x 1 vector of all the unknown constants, 77 and

7 are 6N, x 1 Qt:}s caused by the piezoelectric and the pressure excitations on

the diaphmgm.zD piez@electric loads depend on the electric circuits connected to the

piezoelectric@:%electric charge generated on the piezoelectric layer k in section [ is
5

given in pblar form by”!:
¢ £ i T ou,
. Qg’”) = 27‘(‘6:())’;)/ {r—l + Ul(r)} dr
5 Ri_1 87“
ﬁ

Ry
b +2meld) P rdr (22)
Ry
BT 92w, oW,
k l l
S ~ —27T€§1)20(k) /Rl_1 {7’ a2 + W} dr

where eé? is the electric permittivity under constant stress of piezoelectric layer k£ and z

is defined by:

0(k)

zg(k) _ Zk+12+ 2k (23)
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PublishiBg the part of the piezoelectric layers that is fully covered with electrodes, 5§k) could be

written in terms of the potential difference applied to the layer Vp(k):

k
) _y®
3 h(k)

(24)

where h®) is the thickness of layer k. Rewriting Equation (é\'\ﬂ%rms of V},(k) and
generated electric current Ie(k)(S ): 5

R 8Ul T— Ry 82W oW
(k) (k 0 l l
[r o +Ul(r)] dr — C{ SVPQWS sz/RH {T—aﬂ + 5 ] dr

IM(S) = SQM(S)
= 2mez1 S

Ry

(25)

where C,(,k) is the electric capacitance of layer k.

Equation (25) can be used to constructthe equivalent electric circuit model for piezo-
electric layer k, which is shown in Figure \h“K

\

Ry Ry 2
{r@ / { calll +%} dr  (26)

} -2 0
or @\)Pr T2 R, " or? or

1 ék) only depends on the deﬂemhe diaphragm and not the external circuit, it can be

written in matrix form s:‘\
) I =a®E (27)

where @ is a 1 X640V, v 01/ whose elements are evaluated from Equation (26).The value of

I(S) = 2mes S /

Ry

by nature of the circuit connect to each layer. Considering Thevenin’s

equivalent£ircuif shown in Figure 2 the value of V},(k) could be determined from:
V.

/ k k k k k k
_— 3 ‘/()_Gg)z()l()_i_Gg)‘/s() (‘38)
-—

ere:
1

€

A (29)
e k) ~(k
S 1+ Z2PcWg
r the diaphragm shown in Figure 1. The voltage generated by one of the piezoelectric lay-

ers (sensing layer) is measured and fed to a network of reconfigurable electronics (G.) which

Q

is connected to a voltage amplifier (G,). The amplifier applies excitation voltage on the

other layer (actuating layer). The presence of the reconfigurable electronics (reconfigurable

10
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Publishing 7k

k
\A Ié( P
VI(I:(
k
X C

D — vE
A

Figure 2. An electrical circuit model for piezoelectric layer k cted to an arbitrary circuit

represented by its Thevenin’s equivalent )\

—
controller) in the loop allows for programming the dymamicsef the cell in an arbitrary man-

ner, as long as the stability of the loop is maintained aud thepnaximum allowable excitation

voltage is not reached. Applying Equation (28) Qhe.sensing layer results in:

v A\QX,“' (30)

Where the superscript (s) indicates th ine piezoelectric layer. Similarly, for the actu-

ating layer:

\&7“;};[5 +Gove (31)
where Rj is the output impe@ piezoelectric amplifier. The applied voltage on the
actuating layer V" can be.calculated, from:

Q“ = GGV, = GGG R, (32)
Thus: / &/
)\ V=GR + GeG.G.GIR I (33)

Substitutifig /for ;. and I using Equation (27) in Equation (33) and combining it with
1241)

Equat; , the piezoelectric load vector is then:

= ) I = ¢ GRaE + §"G*RaE + 4"G.G,G G:R:a°E (34)
&\@and ¢ are 6N, x 1 vectors constructed by substituting by Equations (11,12,24) into

W
\}\j\z?ﬁons (20). They represent the effect of the applied voltage on the two piezoelectric
layers on the boundary conditions of the diaphragm. Substituting by Equation (34) in

Equation (21) and reorganizing, gives:
nE = ¢' GGG G RaE+ L (35)

11
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Publishiwfere n, represents the dynamics of the cell with no control action applied on the actuation

layer.

no=mn-¢ G:R:&'E + G'Ria"E (36)

The dynamics of the closed loop cell are summarized in the block di?ram shown in Figure 3.

N

E= (no - E“GgGaGCGgR;aS) g (37)

The unknown coefficients are then given by:

Now that the unknown coefficients are determined, th ngﬂ displacement of the di-
aphragm W is given by:

matrix form %
o Oplet Y (39)

Where @, is a 1 x 6N, vector of t coeﬁems resulting from Equation (38) and ~ represents

the feed through terms that don’t nd on the boundary conditions. The impedance of

—~

(40)

[ =

Y
N % W(S) P,
Mo Ay Po Co 2 mics |—»

Controller

T—G2,<-Gc<J

______________________________________________________________________

Figure 3. A block diagram representing the dynamics of the closed loop cell with adaptive control

12


http://dx.doi.org/10.1063/1.4979020

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record.

Publishifg. STABILITY OF THE CELL

The controller transfer function GG, can be chosen to set the effective material properties
of the AAM to arbitrary values. However, this must be done while keeping the cell stable and
avoiding any self-sustained oscillations. This is done by examinit?the open loop transfer

won of the cell can

Gor = GGG GE RS 4 (41)

function of the system Gpr. From Figure 3, the open loop transfe

be calculated from:

Since the diaphragm is a continuous structure, the estimat Me stability of the system
is not straight forward. The estimated open loop transfer gmctlon (Gor) is not rational,
hence, it is difficult to estimate the stability of he cell and ytically. It is possible however

to determine the stability margin of the systengraphically by examining the Bode plot of
Gor around the frequency region targete%he controller (G.). Thus, in order to ensure

the stability of the system, G. shouldKQl to have a decaying response outside the

targeted frequency region.

V. CHARACTERIZAT X‘ HE AMM CELL

The test setup show 111.(51: 4 is used to characterize the effective material properties

of the cell using the #wo sotwce/method®®. The setup has an inner tube diameter of 25 mm.
Three PCB modgl 3 /10 /%” IEPE microphones are flush mounted to each tube. Two
SEAS W18EX0 1W speakers powered by a Yamaha P3500S audio amplifier are used
to provide aip ém and downstream acoustic excitation. The signals of the microphones
are connégted’ to the channels of a NI PXI-4472 eight channel input module mounted on
a NI 0 data acquisition system. The sensitivity of each microphone is calibrated
&( 4231 sound calibrator. The relative phase between them is calibrated using a
se caybrator The control circuit of the cell is constructed by connecting the signal of
ensmg PZT layer to an input channel of an NI PXI-7854R multifunction reconfigurable
The output channel of the NI PXI-7854R is connected to a Piezodrive MX200 200V

1A Piezo Driver, which supplies the voltage signal to the actuating PZT layer.
A single AMM cell is constructed by clamping a AB4113B commercial bender (piezoelec-

tric diaphragm) using the mechanical clamp shown in Figure 4. The diameter of the designed

13
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P u b I is h i n g (a) Holes for conecting the wires 6 bolts for clamping the diaphragm
15—~ 15—
> Reconfigurable Data acquisition system 9 =
/0 (PXI)
Output module Input module Output module =
ZTS Piezoelectric diaphragm
+ A A A T
Power -~ ¢
Amplifier f?wer
d d p plifier
s a s
j —
\4 Micl Mic2 Mic 3 ‘lvj 4 \/
Semi Semi
anechoic ) > AMM anechoic
termination Cell termination
_—
Upstream impedence tube Downstream
L \)
Piezoelectric ”
Power Amplifier /)

Microphones

Speakers amplifier

&y

Piezoelectric amplifier §

F

"

hlmsél. (a) Schematic for the test setup connections and the construction of the AMM cell (b)

Photo of the actual test setup.
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Publishieg] (38 mm) is different from that of the impedance tubes (25 mm) so the clamp was de-
signed with a cone adaptor to connect the cell to the upstream and downstream impedance
tubes. The effective material properties of the cell are determined by exciting the cell with
band limited white-noise excitations up to 2000 Hz. For each measurement 100 readings are

recorded and averaged to reduce the measurement noise. With the controller gain set to

baﬁy and compared to the
analytic results obtained from the developed model (FigureS\).d*
stuelle

zero, open loop cell, the effective density is estimated experim
excellent agreement is

observed between the predicted and measured values over requency range, even

b2'étn'tsl-facturing techniques were

though a commercial diaphragm is used and that no speci

used to ensure its properties. Figure 5 shows that the value of‘the real component density

approaches zero near the first resonance freque y, around-1100 Hz. It changes from large
negative values for frequencies below the resbuance t‘)large positive values for a certain
frequency range above the first resonance. e Tra smission Loss (TL) of the cell is shown

in Figure 5(c,f). The TL of the cell is ne

10 10 (42)

812

The TL of the material is mipi X\ he resonance frequency of the diaphragm, which
is expected since the deﬂectlon aplitude of the diaphragm should be maximum near its

i um)for the density and TL was repeatedly observed for previous

resonance. Similar dist

membrane—type AMMs withdifferent configurations®*5%:54,

first réson J lower or higher frequencies would allow for controlling the effective density

VI. CONQw TRANSFER FUNCTION

The rélati reen the effective density and the frequency suggests that shifting the
anc

Wlthln hm&ed frequency range near the resonance of the cell. This shift could be done

using a ISad—lag controller with the following transfer function:

 K(S+2)
S\ GC_(S+p1)(S+p2) (43)

The value of the gain K, controls the amount of the shift and its sign controls its direction,
where the locations of the poles (pi, p2) and the zero (z;) are chosen to maximize the allow-

able frequency shift before the system becomes unstable. This controller approach however

15
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ve AMM characterized analytically and experimentally. The results obtained without any

tra applied to the cell are compared to those obtained (a,b,c) using controller 1 (Equation (43))

with K. = —1000 and K. = 2500 and (d,e,f) using controller 2 (Equation (44)) with f. = 700 Hz
and K. = 4 x 10° and controller 3 (Equation (45)) with f. = 1300 Hz and K, = —120.
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PUbliShih]gl ts the controllable frequency range to a small region around the open loop resonance of

the diaphragm. The effect of applying this controller to the cell is shown in Figure 5(a,b,c).

The parameters of the controller were set to z; = 1000, p; = ps = —4500 and K set to 2500

for negative shift and —1000 for positive shift of the resonance. Good agreement between

the predicted and measured effective density was observed for b?’ﬁ negative and positive
frequency shift controller configurations.

An alternative approach would be to set the transfer functio the controller so that it

adds an additional resonance frequency to the closed loo CBu\fu ction. This induces a

similar behavior to what happens near the open loop 5 n'tb-at the selected additional

frequency. For frequencies below the open loop reson nce, this could be done by setting the

transfer function of the controller G, to: ( -

(44)

where w. = 27 f. and f, is calculated fr@get resonant frequency of the controller in

Hz, (. is damping ratio of the contr 1%1 <. is the controller gain. In order to control the

density of the cell around a certa\?&r

to match this frequency. By shiftin to'higher or lower values, the effective density could

tdfrequency, w. of the controller could be initially set

be fully controlled within the re ha e limits of the controller. These limits are bounded

by the values of K, an Ccmssh maintain the system’s stability. If the target frequency is

above the open loop esonamce,/ the transfer function could be set to:

KC(S — Zl)
R 2¢w.S + w?

C

(45)

where (z1) s ddltlonal zero, used to tune the phase of the open loop transfer function
of the sy$temdo en re its stability. Figure 5(d,e,f) shows the effect of setting the controller
transfer functi to the resonant controllers (Equation (44) with (. = 0.04, K. = 4 x 10% and

f ﬂ.\g@ nd Equation (45) (. = 0.04, K. = —120 and f. = 1300 Hz) on the effective
dénsity 85 the cell. The analytic model succeeds in the estimation of the general behavior of
\p\opertles cell under the effect of the two controllers. The resonant controllers achieve
ir target objective by adding an additional zero-crossing frequency (additional resonance)

near the frequency which they are targeting. The value of the imaginary component of the
density shown in Figure 5(b,d) is negative for the studied frequency range in the uncontrolled

case. This condition must be present to ensure that the used homogenization technique did

17
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PubliShiinE violate any passivity conditions found in the material. For the controlled cases the
imaginary component of the density is positive at certain frequency ranges, which indicates
that the material is no longer passive at these regions (gain medium) and that the energy

supplied to the system by the control action is greater than the losses inside the material.

VII. ADAPTIVE CONTROL OF THE CELL DEN Y)\

ejllo for adapting the param-

eters of the controller transfer function to achieve a e‘s_ge {lensity at a specific frequency.

The ability to measure the density of the cell in real-ti

This first requires the density of the cell to be estimated inS‘eal—time. A density estimator

is developed based on the same two-source metfod®? uséd“in the measurements. Two mi-

crophones at each side of the cell are used to ‘ompgszche acoustic waves passing through
the cell and estimate its real-time reflection*and transmission coefficients. The two source
method however requires the cell to b ew east once from each side to evaluate the
4 elements of the scattering matrix¢ To overcome this limitation, the fact that the cell is
symmetrical in the propagation i:ek?\v?ﬂl be used to reduce the number of excitations
to one. This means that the elein\}t%) the scattering matrix could be evaluated in the
presence of incident acoustic Wa\sﬁ'em any direction. The signals acquired from the mi-
crophones are sampled itﬁﬁ)nstant sampling time (7) until a predetermined number of

samples, time windoW (73, )% are acquired. The window is then converted to the frequency

domain, and the tfansfer fuyctions between the microphones are determined and converted

to the reflection andstransmission coefficients of the cell®®. These coefficients are then fed

to an inverse program which is based on the retrieval method developed by Fokin et al.** to

estimate4he réal-time effective density of the cell. An adaptive control algorithm is designed

to us¢ the fre eécy content of the incident waves to determine the dominant frequency of

~
dback controller (G.). A discrete PID controller is used to tune the parameters of the

feedback controller. The resonant controller frequency w, is determined from the following

relation:

We = wCo + ch (46)
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Publishiﬁ\gi ere w,, is the detected frequency of the incident excitation and Aw, is the output of the

PID controller.

KiTwz K N(z—1)
-1 (1+NT,)z—-1

Where K, K; and K, are the proportlonal integral and differential gams of the controller, z

Aw, = K, + (47)

is the z-transform variable and NV is the cutoff frequency of the low filter of the derivative

“ijon controller (K.),
are determined based on the incident frequency (w.,) from A\tb’:uned values which are

term. The gains of the PID controller, as well as the gain of
determined offline for each frequency range separately. ng of the controller ((.)
is kept constant for all controllers.

In order to realize the adaptive controller, the signals d; the microphones used in the
measurement process are branched and connect@o a second NI PXI-4472 eight channel
input module mounted on the data acquisitiokgjeg_l_. The readings from the first input
module are used in the measurement proqes\,lwhil those of the second input module are

used in the control process. This W&S%he hardware level to ensure the complete

separation between the two process

The adaptive control algorithi is ﬁe?n‘ented as a standalone C program using the NI
Labwindows/CVI libraries to%&:r\ ith the microphones’ signal from the input module

and to set the parameters of thesgontroller. The flow of the adaptive control algorithm is

summarized in Figure §. %der to test the performance of the adaptive controller the
cell is excited using upstrea d downstream stepped sine excitations between 500 Hz and
1500 Hz. Each singl /eqyéncy excitation is applied on the cell for 10 seconds, so that
the response of twro ler completely settles before recording the measurement data.
The effect of ing the adaptive control algorithm on the effective density of the AMM
cell is showndn Figure 7(a,b). It shows that the controller is able to achieve any desired
densify value befween —100 kg/m®and 100 kg/m? including near zero density conditions.
This js ‘aghievable for any single frequency between 500 Hz and 1500 Hz. For most of the
studied f)equency range, the controller was able to change the dynamics of the AMM cell

NG e within 10% of the desired density set-point regardless of the open loop density
value at the targeted frequency. An exception to this are frequencies near 1500 Hz, for
a set value of 100 kg/m?3, the error reaches about 30%. This error appeared because the

control effort is not able to drive the AMM cell to the desired set point at this frequency.

Thus, the frequencies around 1500 Hz represent the boundary of the controllable region of
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Figure 6. Flo cﬁﬁh\me procedure of the adaption of the cell density based on the incident

excitation.

£
the adaptive {roller. The effect of the controller on the bulk modulus of the AMM is
shown W Figure 7(c,d). While the controller was able to vary the density between large
n ative&and positive values, the real component of the bulk modulus remained almost
hy?st\an around that of air B, &~ 10° N/m?. This is expected, since membrane-type and
plate-type metamaterials are mainly known for unusual effective density®!. This is also
desirable. The control effort only affects the effective density of the AMM and has minimal
side effects on the real component of the effective bulk modulus. An AMM material with

fully controllable material properties could be constructed by implementing a hybrid design,
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Publishiwgi ch incorporates another active element to control the bulk modulus. The TL of the
closed loop cell under the effect of the controller is shown in Figure 7(e). The TL of the
cell was minimal when setting p = 0 kg/m3, while it was generally higher when setting
p = —100 kg/m3. This further verifies the validity of the homogenization technique used,
since p = —100 kg/m? should correspond to a stop band in the material while p = 0 kg/m?
indicates a transmission with zero phase and minimal impedancednigmatel with the air. The

could be easily achieved

achieved performance of the AMM cell opens the door to a get ossible applications for
the developed material. Asymmetric transmission of acou ;v\mei

?ghﬁxided nature, the material

for single tone excitations. Given that the excitation is of
_—

could be programmed to detect the propagation diregtion of the incident waves and adjust
its density accordingly. The material could be Q"gram to work as an active acoustic
filter with arbitrary stop (negative density) afid pass Lg&ar zero density) bands within the
material’s controllable frequency range. Thb\;Kte; ] could be also programmed to achieve

any desired density gradient, given th number of cells is used.

al a sufficie
\
\

VIII. CONCLUSION \\

A design for a one—dimensiomive acoustic plate-type metamaterial is introduced.
The material consists o claﬁpﬁd composite piezoelectric diaphragms suspended in air. The
i

effective density of the I,I}a is manipulated by adjusting the dynamic properties of the
diaphragms through asglosgll loop feedback controller. An analytic model based on the
acoustic two- Jtpm and the composite laminated plate theory is developed to predict

the behavigr ofthie AMM. Three different types of controllers for manipulating the material

propertiés offthe cell are introduced. An experimental test setup for the evaluation of
the niaterial perties of the AMM is constructed to verify the analytic results. Good
a, re;gr‘%sobserved between the measured and predicted values for the open loop cell.
proﬁ)sed resonant feedback controllers are verified to add an additional predetermined
%?r&nce frequency to the cell and thus add a new zero-crossing point for the effective
1sity of the material. An adaptive control algorithm is developed to achieve a closed loop
control over the density of the AMM. The algorithm estimates the density of the AMM in
real-time and adjusts the feedback control transfer function to reach a predetermined value

for density of the material at the frequency corresponding to maximum incident acoustic
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ure 75 e adaptive controller is tested under three different set points for the density which

e pPaesired = —100 :7%, Pdesired = 0 % and pgesireqd = 100 7%% The effect of the controller on
e (a\) real and (b) imaginary components of the effective density, the (c) real and (d) imaginary
components of the bulk modulus and (d) the TL of the closed loop AMM cell are demonstrated.

The measured open loop parameters are also plotted as a reference.
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Publishimgssure amplitude. The adaptive controller was proven experimentally to set the density
of the cell to values ranging from —100 kg/m3 up to 100 kg/m? for acoustic waves with
frequency between 500 and 1500 Hz. Potential applications for the developed material
include controllable asymmetric sound transmission, programmable active filters and in the

manufacturing of a programmable acoustic superlens. /
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