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Active acoustic metamaterials are one path to acoustic properties difficult to realize with passive structures, especially8

for broadband applications. Here, we experimentally demonstrate a 2D metamaterial composed of coupled sensor-9

driver unit cells with effective bulk modulus (κeff) precisely tunable through adjustments of the amplitude and phase10

of the transfer function between pairs of sensors and drivers present in each cell. This work adopts the concepts of11

our previous theoretical study on polarized sources to realize acoustic metamaterials in which the active unit cells are12

strongly interacting with each other. To demonstrate the capability of our active metamaterial to produce on-demand13

negative, fractional, and large κeff, we matched the scattered field from an incident pulse measured in a 2D waveguide14

with the sound scattered by equivalent continuous materials obtained in numerical simulations. Our approach benefits15

from being highly scalable, as the unit cells are independently controlled and any number of them can be arranged to16

form arbitrary geometries without added computational complexity.17

Acoustic metamaterials expand the accessible acoustic18

properties beyond what is offered by conventional materials,19

enabling enhanced wave manipulation. One strong motivator20

for improving our capacity in this domain is the impressive21

devices derived from transformation acoustics, which require22

extreme properties and steep gradients1–3. Numerous passive23

metamaterial unit cells have been designed that leverage res-24

onant behavior to exhibit bulk moduli and mass densities far25

from those of their constituent materials, even into the nega-26

tive regime4,5. Additionally, techniques involving the modi-27

fication of feature dimension and orientation have been used28

to produce spatially varying and anisotropic properties6–9.29

However, the passive metamaterial design paradigm thus far30

has some major limitations. Given a set of property speci-31

fications, there is no clear procedure for fabricating a cohe-32

sive metamaterial from the catalog of archetypal unit cells.33

For example, placing resonating unit cells in close proxim-34

ity changes the acoustic properties of these resonators due35

to their mutual near-field coupling, which suggests that each36

cell needs to be redesigned depending on the metamaterial37

geometry. Moreover, relying on resonance restricts operation38

to narrow frequency bands not suitable for typical engineer-39

ing applications.40

Active metamaterials, specifically those that are pro-41

grammable and generate a coherent response to an im-42

pinging wave, are a promising alternative10–26. Because43

active metamaterials derive their functionality from elec-44

tronics/computation between sensor and driver components45

rather than a static physical structure, they have great flexi-46

bility in operation and achievable properties. One approach47

to programming active unit cells is by feedback control10–16.48

This has been very successful, but there are some disadvan-49

tages associated with a controls approach, such as delays50

that reduce bandwidth, stability restrictions, and challenges51

in scalability.52

In our work, we focus on active metamaterials founded53

on a polarized source-driven model of the acoustic behav-54

ior of materials, such as that detailed by Sieck et al.27. Unit55

cells of this type are configured to sense the local pressure or56

particle velocity and act as proportional monopole or dipole57

sources17–22. We refer to these as sensor-driver unit cells and58

their programmed transfer function as the sensor-driver gain.59

Each unit cell has independent behavior and resultant prop-60

erties, so in theory, any number of them can be arranged to61

form a metamaterial of arbitrary geometry and scale. For an62

ideal realization, the properties of the metamaterial could be63

prescribed in both time/frequency and space by simply ad-64

justing each cell’s sensor-driver gain.65

Experimental realizations of these sensor-driver meta-66

materials have demonstrated adjustable effective bulk67

modulus17, mass density17, Willis coupling parameters20,21,68

non-reciprocal behavior18,21, and anomalous reflection22.69

However, these studies were limited to a single unit cell17,18
70

or an arrangement of a few non-interacting cells19–22 because71

the implications of the near field effects on neighboring cells72

were not well understood. Additionally, the presented sensor-73

driver gains were typically chosen iteratively to achieve a74

specific result rather than by a clear procedure that would75

enable precise tuning. The effective properties, when deter-76

mined through a two-port scattering matrix characterization,77

were complex and variable across the investigated frequency78

range with hard to control loss and gain bands. One more79

active metamaterial approach, which shares many character-80

istics with sensor-driver metamaterials, are known as virtu-81

alized meta-atoms23–26. These are programmed via a convo-82

lution kernel to tailor the unit cell response, and like sensor-83

driver metamaterials, have only been realized in limited ge-84

ometries (1D waveguide and up to three cells).85

Motivated by the shortcomings of existing active metama-86

terials, we recently developed a theory on the design and ef-87

fective properties of a bulk medium composed of interacting88

polarized sources, which are the model for sensor-driver unit89

cells28. In that work, we represented the scattering from a90

homogenized medium of periodically arranged fluid cylin-91

ders with the response of identically arranged monopole and92

dipole sources. The amplitudes of these sources were set as93
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2

proportional to the local acoustic field. The factor of propor-1

tionality (polarizability) for each source, which becomes the2

sensor-driver gain in a physical realization, depends on the3

material properties of the cylinder that the source represents.4

We found closed-form expressions for how the cylinder ef-5

fective bulk modulus relates to the monopole polarizability6

and the effective mass density relates to the dipole polariz-7

ability. In a physical active metamaterial, these expressions8

will provide the sensor-driver gains necessary to realize de-9

sired effective properties. Because each unit cell represents a10

fluid cylinder, they are programmable independent of neigh-11

boring cells and can interact with each other just as the scat-12

tering from one cylinder would impinge on another. How-13

ever, ideally, sensors should not be influenced by drivers in14

the same cell because a cylinder would not be affected by its15

own scattering.16

In this Letter, we will show how to incorporate the effects17

of same cell sensor-driver interactions into the general theory18

and will leverage these results to design and experimentally19

demonstrate a 2D active metamaterial of multiple interact-20

ing cells with highly tunable bulk modulus. For validation of21

the effective properties, the 2D scattering of the active meta-22

material from an incident pulse will be compared to that of a23

simulated continuous material in both the time and frequency24

domains. The metamaterial will be programmed for several25

bulk moduli, including negative, fractional, and large rela-26

tive to air. A benefit of active metamaterials is their ability27

to control the bulk modulus and mass density independently28

whereas in passive structures they are coupled, i.e. a large29

change in one typically results in changing the other as well.30

We demonstrate this benefit here by maintaining the same31

mass density as the background for all configurations.32

An active unit cell capable of tuning the bulk modulus33

must be configured to produce a monopole response to the34

locally sensed pressure. This can be achieved with a single35

speaker and microphone pairing. Any passive response gen-36

erated by supporting structure is undesirable, as it would im-37

pact both the effective bulk modulus and mass density. The38

former could possibly be compensated for, but to avoid this39

complication, we chose to embed our metamaterial in the bot-40

tom plate of a waveguide such that it does not perturb the41

external wave. This is shown for a single unit cell in the42

diagram of Fig. 1(a). In this unit cell, the local pressure43

sensed by the microphone is related to the speaker output by44

the gain g. This gain includes the built-in transfer functions45

of the speaker and microphone as well as a microcontroller46

gain of programmable amplitude and phase. The reflected47

and transmitted fields produced in a purely active response to48

an incident wave are equivalent to those of a unit cell of con-49

tinuous material with some effective acoustic properties. The50

effective bulk modulus of the metamaterial κeff depends on g,51

while the relative effective mass density is constant ρeff = 1,52

namely the same as that of air.53

These active unit cells can be tiled in an array of arbitrary54

size and geometry in the bottom plate of a 2D waveguide,55

as shown in Fig. 1(b). A zoom-in of a few cells shows that56

the pressure sensed by a unit cell microphone is the combi-57

nation of the contributions of any external sources, other unit58
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FIG. 1. (a) Equivalence of the scattered field of an active unit cell

with gain g to that of a block of continuous material with bulk mod-

ulus κeff. (b) The local field sensed by an active unit cell in an array

is a combination of contributions from external sources, other unit

cells (inter-cell), and the driver within the same cell (intra-cell). (c)

Plot of the relationship between the imaginary part of the monopole

polarizability and the effective bulk modulus, distinguishing prop-

erty regions of interest. Experimentally demonstrated points are

marked with an x.

cell speakers (inter-cell interactions), and the speaker within59

the same cell (intra-cell feedback). While the inter-cell in-60

teractions are already accounted for in the polarized source61

model, the intra-cell feedback should also be considered in62

any physical realization as discussed below.63

When setup in a waveguide, each unit cell speaker is mod-64

eled in the frequency domain as a line source that produces65

an acoustic pressure ps(r) = A(m)H
(2)
0 (k0r), where A(m) is the66

monopole amplitude, H
(2)
0 is the Hankel function of the sec-67

ond kind, k0 is the wavenumber in the background fluid, and68

r is the distance from the speaker. According to theory28,69

we would like to have A(m) = α(m)ploc, where α(m) is the70

monopole polarizability and ploc is the pressure sensed by71

the microphone excluding the intra-cell feedback. However,72

in reality we have A(m) = gpm, where pm is the total pressure73

sensed by the microphone. To find the necessary open-loop74

gain g for the desired closed-loop gain α(m), we analyze the75

closed-loop transfer function where ploc is the input, A(m) is76

the output, and H
(2)
0 (k0rm) is the feedback, with rm being the77

distance from the speaker to the microphone. This results in78

the desired gain of our physical implementation as79

g =
α(m)

1+α(m)H
(2)
0 (k0rm)

. (1)
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From the polarized source model28, the relationship between1

the monopole polarizability and the effective bulk modulus2

for a square array of unit cells is3

α(m) = j (k0a)2

(

1−
1

κeff

)

, (2)

where a is half of the cell width.4

Equations (1) and (2) provide direct relationships between5

κeff and g. Moreover, Eq. (2) gives key insight into the nec-6

essary phase of the response and the sensitivity of the bulk7

modulus with respect to the sensor-driver gain. A plot of8

the effective bulk modulus is shown in Fig. 1(c) as a func-9

tion of an arbitrarily scaled imaginary α(m), with sign empha-10

sized by a vertical dashed line. Notably, the required phase11

is frequency invariant. In a real system, the phase delay will12

increase with frequency, causing the effective bulk modulus13

to deviate from the desired value. Also in Fig. 1(c), hori-14

zontal dashed lines separate the negative, positive fractional,15

and > 1 sections of the effective bulk modulus. Together,16

these lines distinguish three regions of interest in which we17

will demonstrate our active metamaterial’s performance, with18

each specific κeff marked by an "x".19

Fig. 1(c) shows that κeff near zero are challenging because20

they require greater |α(m)| and thus greater gain g. Counter-21

intuitively, high |κeff| require only moderate monopole polar-22

izabilities, but the exact value is more sensitive to variations23

of α(m). These trends are parallel to those relating the ampli-24

tude of scattering from a fluid cylinder to its relative proper-25

ties.26

Now we return to considering the intra-cell feedback,27

which is neglected in the theoretical polarized source28

model28. Ideally, the microphone in one cell would be un-29

able to sense the response of the speaker in the same cell,30

preventing the possibility of instability resulting from feed-31

back. However, both hardware and software solutions to de-32

coupling the speaker and microphone come with drawbacks.33

It is difficult to design a physical separating structure that34

does not also alter the field that the microphone should be35

sensing. An active control approach would require commu-36

nication between unit cells and a precise model of their inter-37

actions, which would make the metamaterial no longer scal-38

able. Instead, we chose to only employ sensor-driver gains39

up to a stable limit, such that there are no poles in the sensor-40

driver transfer function. Additionally, we used a digital band-41

pass filter to remove frequencies outside the band of the ex-42

ternal excitation. Because the desired speaker response is out43

of phase, the range of stable gains is greater than there would44

be for purely positive feedback. Nonetheless, the intra-cell45

feedback restricts the bandwidth and accessible range of κeff.46

As a potential alternative route to decreasing intra-cell feed-47

back not explored in this work, Eq. (2) shows that the polar-48

izability magnitude required for a fixed κeff decreases with49

the unit cell size. This is promising if smaller cells can be50

manufactured and this effect is more impactful than the in-51

crease in feedback from the resultant increased proximity of52

the speaker and microphone within a cell.53

Moving onto the actual physical implementation, a pho-54

tograph of the experimental setup can be seen in Fig. 2(a),55

(a)

(b)

(0,0)

(-10,-10)

(10,10)

Speaker

Microphone

Metamaterial

x

FIG. 2. (a) 2D waveguide experimental setup with the scanned mea-

surement region outlined in blue. (b) Zoom-in of the metamaterial,

outlined in red, mounted into the bottom plate of the waveguide.

Sample locations for time-dependent measurement plots are marked

with blue points and labeled with coordinates in cm.

along with a zoom-in of the metamaterial in Fig. 2(b). We56

chose to use a 2x3 array of unit cells to form our demon-57

stration metamaterial, outlined in red in Fig. 2(b). In this58

geometry, there clearly will be interactions between cells and59

a significant amount of scattering will be produced to differ-60

entiate between effective properties. Experiments were con-61

ducted inside a waveguide of parallel square plates of 1.2 m2
62

area with a gap of 3.5 cm. A 15 cm2 square plate contain-63

ing the unit cells, each 3.7 cm2, was fit into a cutout in the64

center of the bottom waveguide plate without any gaps. This65

allowed for the metamaterial speakers and microphones to66

be flush with the surface, while all other components were67

placed underneath, minimizing the passive response. Each68

unit cell was assembled in a modular style, consisting of a69

speaker (CUI Devices, CDS-25148), a microphone break-70

out board (Adafruit, SPH0645LM4H), a speaker amplifier71

breakout board (Adafruit, MAX98357A), and a microcon-72

troller (PJRC, Teensy 4.0). The assemblies were externally73

powered through the USB port of the microcontroller and74

communication between the microcontroller and audio de-75

vices utilized I2S interfacing. The audio was sampled at a76

rate of 96 kHz and processed with an IIR elliptic bandpass77

filter, a number of samples delay, and a scalar gain. Each78

unit cell was programmed independently, so they could have79

had different gains and resultant properties, but we chose to80

demonstrate homogeneous materials for ease of interpreting81

the results. Custom 3D printed PLA cases for the speaker82

and microphone were used to press fit them into the also 3D83

printed metamaterial mounting plate. An external speaker at84

the center of the edge of the waveguide interior and oriented85

perpendicular to the metamaterial was used to generate the86

background field. This took the form of a Gaussian pulse87

centered at 1500 Hz and with a width of 7 periods for which88
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the amplitude was greater than 1% of the maximum value.1

At this frequency, the unit cell dimension was slightly under2

λ/6, satisfying the subwavelength criterion. An even smaller3

relative cell size would be desirable, but a lower frequency4

was not chosen because the scattered field would be insignif-5

icant compared to the background and the wavelength too6

large such that waveguide edge reflections would reach the7

metamaterial before the trailing end of the incident pulse.8

For each experiment, measurements were taken inside the9

waveguide in a 1 m2 array of 2 cm resolution centered on10

the metamaterial. This was accomplished with a microphone11

magnetically affixed to the upper plate and positioned in12

plane with a motorized rail system. At each measurement13

point, ten samples were taken and averaged with the meta-14

material turned off and ten with it turned on. This enabled15

separation of the background field, including the small pas-16

sive response of the metamaterial structure, from the scat-17

tered field purely attributable to active behavior.18

A comparable experimental setup was modeled in the fi-19

nite element simulation software COMSOL Multiphysics,20

but the active metamaterial was replaced with the target21

equivalent continuous material. The scattering was simulated22

in the time and frequency domains. The background field23

was generated by a line source and the domain was bounded24

with a perfectly matched layer to prevent reflections. Sam-25

ples were taken at the experimental locations and similarly26

processed for ease of comparison.27

One method of evaluating the metamaterial performance28

in 2D space is by comparing the experimental and simu-29

lated scattering in the time domain at several sample loca-30

tions. We chose to demonstrate this for homogeneous mate-31

rials of desired κeff = 3 and κeff = 0.4. These properties were32

achieved in the metamaterial by programming each unit cell33

with the gain g prescribed by Eqs. (1) and (2). The results34

are shown in Fig. 3 at three locations specified by their co-35

ordinates from the center of the metamaterial in cm, labeled36

in Fig. 2(b). Here, a negative y-coordinate specifies a sam-37

ple in the reflected region, while positive is in the transmitted38

region. The background waves are plotted in blue and the39

scattered waves in red, with the experimental lines solid and40

simulated dashed. The time windows of the plots were cho-41

sen to cut off reflections from the waveguide boundaries at42

the trailing end of the pulses. For the experimental samples,43

the scattered wave was shifted left one period for κeff = 344

and two periods for κeff = 0.4 to account for processing de-45

lays. This delay translates into a phase of κeff linearly vary-46

ing with frequency and thus the metamaterial is moderately47

dispersive. Importantly, the proper phase was maintained at48

the nominal frequency 1500 Hz. The results as shown are49

in strong agreement, with some possible sources of error be-50

ing the frequency dispersion, intra-cell feedback, differences51

in the physical components between the unit cells, and large52

cell size compared to the theory. On the last point, it should53

be noted that in our work on the polarized source model we54

mainly examined unit cells of dimension λ/50, yet the non-55

ideal experimental cells shown here still perform well at λ/6.56

An alternative performance evaluation approach is to com-57

pare the amplitude and phase of the scattered fields over the58

= 3 eff = 0.4
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5

whole 2D waveguide domain at the pulse center frequency of1

1500 Hz. Experimental and simulated plots for a test material2

with effective bulk modulus of κeff =−3 are shown in Fig. 4.3

The experimental plots were generated from the fast Fourier4

transform of time-windowed scan data. The trailing ends of5

the scattered pulses far from the metamaterial are cut off to6

avoid boundary reflections, resulting in a steep decrease in7

amplitude not indicative of the actual field. The simulations8

were done in the frequency domain at the center frequency9

and normalized by the background field at the center of the10

test material. It can be seen that the amplitude directivity and11

phases of the scattered fields are in excellent agreement.12

To conclude, we have demonstrated an active metamaterial13

with acoustic behavior equivalent to a slab of continuous ma-14

terial with tunable effective bulk modulus. The metamaterial15

was composed of strongly interacting sensor-driver unit cells16

and was programmed to realize large negative, positive, as17

well as fractional bulk modulus. The self-contained unit cell18

design enabled easy adjustment of the response magnitude19

and phase, as well as diminished unwanted intra-cell feed-20

back. The general architecture shown here could be scaled to21

a high number of cells in an arbitrary geometry, programmed22

to realize a material with inhomogenous bulk modulus, as23

well as modified to also influence the effective mass density.24
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