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ABSTRACT

We propose an electroacoustic transistor enabled by recon-
figurable topological insulators (Tls). The underlying structure
of the device is a hexagonal lattice with a unit cell consisting of
piezoelectric disks bonded to an aluminum substrate. First, we
study the dispersion of flexural waves in the reconfigurable TI
to identify Dirac cones in the band structure of a unit cell pos-
sessing Cg,-symmetry. A topological bandgap can be opened by
breaking inversion symmetry in the unit cell. This is achieved
by altering the elastic response of one of the affixed piezoelec-
tric disks using a negative impedance shunt circuit. Next, we
analyze various topological states formed by interfacing mirror-
symmetric unit cells. Sublattices with interface states are then
combined to construct a transistor supercell which hosts at least
two topologically protected channels for wave propagation. The
amplitude of an incoming acoustic signal propagating in one of
the topological channels, referred to as the ‘Gate’, is used to
switch on or off a second topological channel between a wave
source and receiver, mimicking the behavior of a field effect tran-
sistor in electronics. We employ finite element analysis to study
the harmonic response of the transistor structure demonstrat-
ing the OFF and ON states of the device. Further, we present
a mock-up of an electrical circuit which enables the switching
of the topological channel between a wave source and receiver.
The design of the proposed wave-based transistor promises the
advantage of topological protection and may find applications in

*Address all correspondence to this author.

wearable devices, edge computing, and sensing in harsh environ-
ments.

NOMENCLATURE

a Unit cell length.

a  Ratio of negative capacitance to the capacitance of piezo-
electric disk.

Cop Capacitance in the feedback loop of shunt circuit.

C, Capacitance of piezoelectric disk.

C,ee Effective negative capacitance of shunt circuit.

k31 Piezoelectric electromechanical coefficient.

p Polarization of eigenmode.

Ry Bias resistance.

R{,R, Resistors used in shunt circuit.

displacement in x-direction.

displacement in y-direction.

volume of the unit cell.

displacement in z-direction.

Coordinate along the length of the structure

Coordinate along the width of the structure

N R T o< o= R

Coordinate perpendicular to the plane of the structure (thick-
ness direction).

Yo Short circuit modulus of piezoelectric disk.

Y  Shunted modulus of piezoelectric disk.
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INTRODUCTION

Recent need for low-power high-speed computing solutions
for applications such as the Internet of Things (IoT) and wearable
electronics has led to a renewed interest in practical acoustic and
mechanical logic devices [1]. Of particular interest are devices
which can perform logical operations while being an integral part
of a structure or robot deployed at the end of a network or per-
haps in extreme environments [2, 3]. Acoustic/mechanical logic
devices operate continuously and can handle analog input signals
better while avoiding the need for analog-to-digital converters.
Further, by adding an electrical degree of freedom, these me-
chanical devices can replace or augment existing electronics to
produce hybrid technologies with improved speed, performance
and energy efficiency.

The basis of computing is a functionally complete set of
logic gates which can be used to construct any truth table. For ex-
ample, AND and NOT are one set of functionally complete logic
gates. Some of the recent research efforts in the area of mechani-
cal computing are aimed at developing such logic gates based on
multistable soft structures [4, 5] and mechanical metamaterials
[6,7]. Other hybrid approaches have used conductive mechanical
materials [8,9], microelectromechanical systems (MEMS) or na-
noelectromechanical systems (NEMS) [10, 11] to leverage elec-
trical stimuli/response as an extra degree of freedom appended to
the mechanical system. A major advantage of mechanical logic
gates is that these devices utilize mechanical energy and have
small to no electromagnetic signature. These can process in-
formation through mechanical interactions and store digital data
without requiring electrical power. However, recently proposed
mechanical logic devices suffer from one or more limitations
such as functional-incompleteness (i.e. one or more truth tables
can not be constructed), inability to return to their original state,
and lack of reconfigurability. For the designs which overcome
such limitations, speed and scalability are significant challenges
which need to be addressed to realize practically useful imple-
mentations.

Researchers have also explored wave-based platforms to
achieve boolean logic. In the past decade, acoustic logic gates
have been proposed using phase modulation [12], self-collimated
beams [13], density-near-zero metamaterials [14] and nonlinear-
ity in granular media [15]. A need for different underlying me-
chanical structure for each gate and lack of reconfigurability are
some of the major limitations of these approaches. Incorporat-
ing electrical stimulus into the acoustic systems is one way to
enable reconfigurability. Researchers have demonstrated elec-
trically tunable acoustic metamaterials [16—-18] which may be
leveraged to develop electroacoustic logic.

Topological acoustics has attracted attention in recent years
owing to the robustness of edge and interface modes exhibiting
scattering-free wave propagation. First identified as electronic
states in condensed matter [19, 20], such phenomena have now
been established in photonic [21], classical electromagnetic [22]

and acoustic media [23-25]. Topological edge modes found in
acoustics are analogs of quantum effects such as the quantum
Hall effect (QHE) [26], quantum spin Hall effect (QSHE) [27]
or quantum valley Hall effect (QVHE) [28]. While the quantum
Hall effect requires breaking time reversal symmetry in the sys-
tem, the other two only require spatial inversion symmetry to be
broken. Amongst the three, QVHE-analogs are the simplest to
achieve as they do not require external bias, like QHE-analogs,
or strong coupling of modes, like QSHE-analogs.

A valley Hall topological insulator (VHTI) is designed by
first identifying a unit cell with mirror symmetry (termed spatial
inversion symmetry or SIS) possessing Dirac cones in its band
structure. Then, mirror symmetry is broken to open a topological
bandgap at the vertex of the Dirac cone. At frequencies within
the gap, topologically protected waves propagate along an inter-
face with mirrored SIS-broken unit cells on either side. QVHE
was first predicted in graphene [29] and subsequently observed in
solid-state devices [28,30]. VHTIs have also been demonstrated
using photonic [31, 32] and phononic metamaterials [33-35].
More recently, QVHE-based reconfigurable topological insula-
tors [36] have been demonstrated which allow for modification
of wave propagation paths within the structure. VHTIs can be
miniaturized to manipulate elastic waves on chips [37] and tai-
lored to perform operations such as multiplexing [38]. Thus,
topological insulators are attractive candidates for acoustic logic
devices [39] offering the advantage of scattering-free lossless
wave propagation through topological channels.

In this work, we propose an electroacoustic transistor by
leveraging switchable states in a reconfigurable topological in-
sulator. The electroacoustic transistor mimicks the function of a
field effect transistor (FET) in electronics where an input volt-
age at a ‘gate’ terminal enables a current flow between a ‘source’
and a ‘drain’ terminal. Figure 1(a) illustrates the idea of an elec-
troacoustic transistor where an incoming wave of energy above
a threshold value at the gate terminal opens a wave propagation
channel between a wave source and receiver (referred to as drain
in analogy with electronics). The proposed transistor offers two
stable states (ON and OFF). Multiple instances of the transistor
can combine to form logic gates, similar to digital electronics
and may find several applications to include sensors for harsh
environments, analog acoustic computers for edge computing
in IoT networks, and multiplexers and demultiplexers in next-
generation communication. We organize the paper as follows -
first, we describe the unit cell of the reconfigurable topological
insulator lattice and present its band structure wherein we iden-
tify a topological bandgap for flexural waves. Then, we interface
mirrored versions of the symmetry-broken unit cell and show the
presence of energy localized states within the topological gap.
Next, we construct a transistor supercell by combining suitable
interfaces and discuss a method to switch one interface based
on wave energy in the other. Finally, we demonstrate the binary
states in the transistor and conclude with some remarks on ex-

Copyright © 2023 by ASME



(a) Gate Drain

ource

(b)

FIGURE 1. (a) ILLUSTRATION OF THE ELECTROACOUSTIC TRANSISTOR IN OFF (LEFT) AND ON (RIGHT) STATES. (b) UNIT CELL OF
THE RECONFIGURABLE TOPOLOGICAL INSULATOR WITH NEGATIVE CAPACITANCE SHUNT CIRCUIT. CYAN DISKS ARE SHUNTED
WHILE GREY DISKS ARE SHORT CIRCUITED RESULTING IN ASYMMETRY IN THE UNIT CELL.

perimental validation.

RECONFIGURABLE TOPOLOGICAL INSULATOR UNIT
CELL

The reconfigurable topological insulator which forms the ba-
sis of the proposed electroacoustic transistor is a hexagonal lat-
tice with a unit cell consisting of piezoelectric disks attached to
an aluminum substrate as depicted in Fig. 1(b). We consider
an aluminum plate of 0.635 mm (0.025”) thickness and lead
zirconate titanate (PZT) disks of 15 mm diameter and 0.9 mm
thickness. Typically, a thin layer of epoxy adhesive is used to
vacuum bond the piezo disks to the substrate enabling an accu-
rate transmission of displacement between them. The unit cell
distance is @ = 0.045 m and the specific geometry is obtained
by maximizing the area overlap between the host and piezoelec-
tric disks. Shunting of piezoelectric materials is known to vary
their elastic response and has been studied as a means to damp
vibrations [40-42]. Specifically, the negative capacitance circuit
shown in the Fig. 1(b) consists of an operational amplifier, a ca-
pacitor Cy, and resistors Ry, R; and R, and is used to reduce
the effective elastic modulus [43,44]. The circuitry results in
an effective negative capacitance C,ee = —CoR2/R1 connected
to the piezoelectric disks. For stable implementation of the cir-
cuit, the disk capacitance C, should be less than the magnitude
of Cpee. The bias resistor Ry also serves to keep the circuit sta-
ble at high frequencies. The effective modulus of elasticity of a

shunted piezo is obtained, following [43], as

Y=Yy |1 K B 1
0[(1+a>] W

where Y| is the short circuit Young’s modulus of the piezo disk,
k31 is the electromechanical coupling coefficient [42] of the piezo
disk and & = Cpe/C), is the ratio of negative capacitance to the
unloaded disk capacitance. With k3; = 0.37 and C, = 3.5 nF
for the piezo disk (STEMiNC part no. SMD15T(09S411) consid-
ered in the design of our unit cell, we obtain a shunted modulus
Y =45 GPa for oo = —1.2. The required C,,e = —5.6 nF can
be constructed with any combination of the passive components
of the NC circuits. For instance, Cy = 1.6 nF, R = 1 kQ and
R, = 3.5 kQ can be used for this purpose.

In order to compute the band structure, we solve the eigen-
value problem formulated by applying Floquet-Bloch boundary
condition to a single unit cell, using a commercial Finite Element
(FE) package [45]. We use effective properties of the piezoelec-
tric disks, thereby avoiding electrical degrees of freedom and
exclude the negligibly thin adhesive layer to reduce the overall
computational cost. For the inversion symmetric unit cell we
consider an elastic modulus which is the average of the short
circuited and shunted elastic modulus, such that one half of the
unit cell is softened while the other is stiffened to break SIS. The
material properties used in the numerical simulations reported in
this paper are listed in Table 1. Figure 2(a) depicts the band struc-
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FIGURE 2. (a) PHONONIC BAND STRUCTURE OF THE RECONFIGURABLE UNIT CELL WITH (LEFT) AND WITHOUT (RIGHT) IN-
VERSION SYMMETRY. (b) MAGNITUDE AND (c) PHASE OF THE z-DISPLACEMENT FIELD ACROSS THE UNIT CELL AT K (TOP) AND

K~ (BOTTOM) POINTS MARKED IN (a) .

ture of the reconfigurable unit cell with (left) and without (right)
inversion symmetry. The colorbar indicates the polarization of
the mode which is computed as

1 w?
p_V///u2+v2+w2dV @

where u,v, and w are the x-,y-, and z-displacements, respectively,
and the integral is over the volume (V) of the unit cell. A value of
polarization closer to 1 suggests a flexural mode. A gap around
48 kHz can be noted in the band structure. The frequencies sur-
rounding the gap at the K-point are marked as K* and K~ in the
band structure of the symmetry-broken unit cell in Fig. 2(a). The
magnitude and phase of the z-displacement field in the unit cell at
K™ (top) and K~ (bottom) are shown in Fig. 2(b) and (c), respec-
tively. The direction of increasing phase in Fig. 2(c), identified
using the colormap, is counter-clockwise and clockwise at K+
and K~ points, respectively. The difference in the direction of the
phase flow is indicative of the topological nature of the gap [46].
Interfacing two lattices made of mirrored SIS-broken unit cells
results in a structure which hosts topologically protected states
within the gap. We consider various interface states which can
be obtained with the reconfigurable unit cell in the next section.

TRANSISTOR SUPERCELL ANALYSIS
VHTI can host interface states of the armchair, bridge or
zigzag type [47]. In this work, we consider the bridge and zigzag

TABLE 1. MATERIAL PROPERTIES USED IN STRUCTURAL FI-
NITE ELEMENT STUDIES.

Material Young’s Density  Poisson’s
Modulus (GPa) (kg/m®)  Ratio
Aluminum 69 2700 0.33
PZT Shorted 74 7800 0.31
PZT Shunted 46 7800 0.31

type interfaces which can be formed by neighboring shunted
or shorted piezoelectric disks. We construct supercells by in-
terfacing sublattices produced by repeating mirrored unit cells
along one of the lattice vectors. We assume the supercell is in-
finitely periodic in the second lattice vector direction, as shown
in Fig. 3. Applying Floquet-Bloch boundary condition and solv-
ing the eigenvalue problem produces the band structure of the
supercell. The interface modes are confirmed by visual inspec-
tion of the displacement localization in the states found in the
highlighted frequency region in Fig. 3. The bridge type interface
with neighboring shorted piezos (referred to as Type A), does
not host any topological interface modes while that with shunted
piezos (referred to as Type B) hosts an interface state. In the
zigzag case, both the interface with shunted neighbor (Type C)
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FIGURE 3. BAND STRUCTURE OF SUPERCELLS WITH BRIDGE (a,b) AND ZIGZAG (c,d) TYPE INTERFACES FORMED BY NEIGHBOR-
ING SHORTED (a,d) AND SHUNTED (b,c) PIEZOELECTRIC DISKS.

and shorted neighbor (Type D) have interface modes.

The electroacoustic transistor requires at least two interface
states where an input acoustic wave propagates through one topo-
logical channel (referred to as the gate channel) which results in
switching on or off a second channel (referred to as the output
channel). It is ideal to use the same type of interface for both
gate and output channels such that the wave speed in both chan-
nels is approximately the same while operating the transistor at
a single frequency. However, due to the geometry of the sys-
tem, the combination of two sublattices consisting of the same
type of interface results in a third interface of a different type.
Here, we exploit the absence of topological states in the Type
A interface. We construct a transistor supercell by combining
two sublattices containing Type D interfaces resulting in a third

Type A interface at their junction. Repeating the eigenvalue com-
putation for the transistor supercell produces the band structure
shown in Fig. 4(a) for the ON (left) and OFF (right) configura-
tions. Since the Type A interface does not host any topological
states in the gap, the only interface states are those corresponding
to energy localization in the gate and output channel. The differ-
ent interfaces in the ON and OFF configuration are marked in
Fig. 4(b) and (c), respectively, along with the displacement fields
in the structure for a frequency in the gap. Reconfiguring the
electrical connection of the piezoelectric disks in the dashed re-
gion in Fig. 4(b) and (c) from shunted to shorted, and vice versa,
switches the output channel on and off. Next, we present an elec-
trical circuit which reconfigures the system based on the ampli-
tude of incoming acoustic signal.
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FIGURE 4. (a) BAND STRUCTURE OF THE TRANSISTOR SUPERCELL. HIGHLIGHTED FREQUENCY RANGE CONTAINS ONLY THE
TOPOLOGICAL INTERFACE MODES. CONFIGURATION OF THE PIEZOS (TOP) AND CORRESPONDING MODE SHAPE (BOTTOM)
WITHIN THE MARKED FREQUENCY REGION FOR (b) ON STATE and (c) OFF STATE OF THE TRANSISTOR.

SWITCHING THE TOPOLOGICAL CHANNEL

For detecting an incoming wave and switching the output
channel, an electrical circuit shown in Fig. 5(a) is used which em-
ploys simple sub-circuits with operational amplifiers (OA1-4).
One of the piezos in the gate channel is used to generate a volt-
age which corresponds to the input wave amplitude. This oscil-
lating voltage signal (Vj,) is processed to generate a DC voltage
level which triggers relays to switch the electrical connections of
the piezoelectric disks in the dashed region in Fig. 4(b) and (c).
First a low charge oscillation from the piezoelectric disk is con-
verted to a voltage (marked V| in the circuit) by OA1. OA2 and
OA3 rectify the oscillating voltage V| and produce a DC signal
of voltage V3. OA4 provides any necessary gain to bring the volt-
age level to the input range of the relays used for reconfiguring
the system. For the specific implementation shown in Fig. 5(b),
a Texas Instruments LM324 chip is used which has four oper-
ational amplifiers built-in. A Metal Oxide Semiconductor FET
(MOSFET) is additionally used at the output of OA4 to provide
enough current to actuate the relay. The combination of OA4 and
MOSFET could be replaced by a high current output operational
amplifier which could drive the relays. Figure 5(c) depicts the
experimentally measured voltages at the output of OA4 (V) for
small variation in the voltage V;. Clearly, the circuit is sensitive
to small changes in the incoming acoustic signal as the output
voltage changes by almost 2 V for less than 250 mV change in the
peak amplitude of input signal. The gain provided by OA4 can
be made tunable by replacing the resistance in the feedback loop

of the amplifier with a variable resistor or potentiometer. This
provides a control on the threshold setting of the input acoustic
wave amplitude which switches the transistor state, allowing for
application specific calibration of the device.

MODAL RESPONSE OF THE TRANSISTOR

The analysis conducted thus far involves an assumption of
infinitely periodic media in at least one lattice vector direction.
It is important to consider finite size effects to verify the func-
tionality of the proposed device. To this end, we consider a finite
structure with 6 transistor supercells of 10 unit cells each and
study its harmonic response in the frequency range of 50 kHz
to 51.5 kHz. Figure 6(a) depicts the frequency response of the
structure computed at locations in the gate and output channels.
The displacement is normalized with respect to the maximum
response found at 50.7 kHz which is within the topological gap
highlighted in yellow. The displacement field corresponding to
the peak response in the gap is displayed in Fig. 6(b) and (c) for
ON and OFF states, respectively. The harmonic response sug-
gests that the reconfigurable structure hosts two distinct modes
at the same frequency, one with and the other without a stand-
ing wave mode in the output channel, thus distinguishing the ON
and OFF states. Wave propagation studies in the finite structure
with disorder and experimental validation of the electroacoustic
transistor are ongoing.
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CONCLUDING REMARKS

In summary, we designed an electroacoustic transistor in
which wave transport occurs between a wave source and receiver
depending on the amplitude of an incoming wave at a gate lo-
cation. The transistor has a hexagonal lattice structure with a
reconfigurable unit cell composed of piezoelectric attachments
which are selectively shunted to enable the desired functioning
of the device. We used finite element analysis to study the eigen-
values and harmonic response of the unit cell and finite structure,
respectively, to demonstrate the ON and OFF states of the tran-
sistor where waves propagate through topologically-protected
channels. Further, we prototyped an electrical circuit to enable
switching on and off the output topological channel based on the
amplitude of incoming wave in the gate channel. This work out-
lines a design procedure for the electroacoustic transistor based
on topological insulators. The topological protection in the pro-
posed transistor enables robust wave propagation and ensures
stable output states even in the presence of defects or disorder.
Multiple transistors can be connected through conventional elas-
tic waveguides to produce logic gates. The device holds promise
for hybrid computing technologies which combine electronic and
acoustic wave-based signals. It is suitable for use in extreme or

harsh environments and may be adapted to find potential applica-
tions in edge computing, communication and sensor technology.
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