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ABSTRACT

An acoustic switch permits or forbids sound transmission through a partition, and its performance is governed by the stiffness and mass
laws at low and high frequencies, respectively. The mechanism of artificial mass and stiffness, either positive or negative, is required to break
these laws; all are demonstrated experimentally in this study. The switch consists of a suspended diaphragm with electric moving coil and a
magnetic field, shunted by an essentially passive analog circuit. We show that electrically mediated damping is extremely large, and its
mechanism as a powerful wave stopper can be very broadband, which contrasts with most resonance-based devices in the literature. We
also show that a serial shunt capacitor introduces a mechanical mass that softens the diaphragm spring at low frequencies, while a shunt
inductance is an electromagnetic spring that pacifies mechanical inertia at high frequencies. By manipulating the dynamic mass, stiffness,
and damping electronically to enhance or defy the mass law and stiffness law, a switch effective in over one octave and working at a deep
subwavelength scale is realized, and the maximum switch ratio is as high as 28 dB. As circuits can be miniaturized and easily tuned, these

illustrated physics point to a versatile tool for digital control of sound waves.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008532

An electric binary switch based on semiconductors is a funda-
mental unit of modern electronics. In this study, we aspire to build its
acoustic counterpart: acoustic switch. An acoustic switch either blocks
or permits the propagation of acoustic waves along a certain path.
Potential applications include sound wave rectifiers, frequency modu-
lators, noise isolators, and sound transmission enhancement.

Acoustic switches of various kinds were proposed in the past.'
The current device distinguishes itself from these inventions without
mechanically modifying the device. It also contrasts with other
switches”* or nonreciprocal (diode) devices’ "' by operating purely in
the linear regime. As shown in Fig. 1(a), the device is based on a
moving-coil shunted by a passive circuit, and the switch effect is
obtained by activating different circuits to achieve acoustically opaque
or transparent states. As the coil moves in response to an incident
sound, it cuts through the magnetic fields and the resulting mechanical
force couples with the acoustic state. As will be explained in detail
later, the acoustically opaque state, or the “switch-off” state, is achieved
when the electromagnetic effect brings a very strong mechanical
resistance, while the acoustic transparency, or the “switch-on” state, is
realized when what we call an “electromagnetic spring” effect counters
the mechanical mass in the system. This effect is similar to that of a
mechanical spring used in a mass-in-mass'” design of acoustic

meta-material * "> where Newton’s law appears violated if we choose

to disregard the energy stored in the spring. Similar storage occurs in
our electromagnetic spring used in the acoustic switch.

In general, near-complete sound reflection or absorption can
be seen as a subset of acoustic switch functionality, namely, its
switch-off state due to anti-resonance'“'” (or dipolar vibration
mode). In our configuration, the wave isolation is achieved
through the high system resistance offered by the shunt circuit,
while the mechanical part still operates in the monopole mode,
contrasting with the classic dipole mode used for suppressing noise
radiation.'® The passive shunt circuit design in the current device
also differs from the active control implementation in various
metamaterial cells.'” ** It is argued that it is easier to miniaturize a
passive unit cell to form periodical arrays as metamaterial with
tunable, appropriately homogenized density and bulk modulus®***
with potential applications like full-wave rectification contrasting
the existing energy flow retification,”® sound transmission,
isolation,"* or absorption reinforcement,”” cloaking,% or super-
lensing,”” as well as other sound wave manipulations.

To introduce the so-called mass law and stiffness law, the trans-
mission loss (TL) for a normal-incident sound through a suspended
partition™ is given as follows:
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FIG. 1. The acoustic switch. (a) Loudspeaker shunted by an operational amplifier
(op-amp) circuit. The mass of the moving diaphragm is my = 8.3 g, and the stiff-
ness is ky = 17.0kN/m, giving a resonance frequency of 222 Hz. The magnetic
strength of the loudspeaker is Bl = 6.9 Tm. (b) R-L-C circuit equivalent to the
circuit network in (a). Two sets of shunt circuit parameters (shunt-1 and shunt-2)
are used in the tests. Shunt-1: Ry =0.25Q, Ly = 213 uH, and C; = 248 uF;
shunt-2: C, = co (no capacitor), R, = 0.34Q, and L, = 591 uF. The quoted
resistance and inductance values already include the contributions from the coil.
(c) Schematic of the test sample in the impedance tube, with a cross section of
A=01mx0.1m.
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TL = 10log, |I/ T, |I/T| =

where [ and T are the pressure amplitudes of the incident and trans-
mitted waves, respectively, m, k, and ¢ are the net acoustic mass, stift-
ness, and damping of the partition, respectively, Zy = pycoA is the
acoustic impedance of air of the wave guide, p, and ¢, are the air den-
sity and sound speed, respectively, and o is the angular frequency.
The mechanical system has a resonance frequency of wy = +/k/m.
Equation (1) is simplified as |I/T| = mw/(2Z) for w > wy and
|I/T| = k/(2Zyw) for & < wy. The mass law and stiffness law domi-
nate high and low frequencies, respectively. The full model of Eq. (1) is
called the suspended model and is often more appropriate to assess
the performance of many composite structures or meta-atom designs.
This work reports an approach to modify the system mass, stiffness,
and damping properties in the broadband.

A common moving-coil loudspeaker shunted by an R-L-C
circuit as shown in Fig. 1(a) is installed in an impedance tube as shown
in Fig. 1(c). Microphone pairs are used to measure and decompose the
standing waves,”” I, and R, for the determination of transmission
loss, TL = 20log,,|I,/T|, as well as the normalized acoustic imped-
ance of the device, Z/Zy = (I, — R,)/ (L, + R,) — Z4/Zy, where Z,
accounts for the downstream impedance, from which the damping
& = Re(Z) and reactance y = Im(Z) are extracted.

The op-amp with two identical resistors R, forming a negative-
impedance-converter,”’ serves for no other purposes but reducing the
electrical resistance of the moving coil. Positive net resistance is kept
constant, and no additional energy is input to the loudspeaker. The
device is essentially passive. Op-amp can be removed if a coil with suf-
ficiently low resistance is used.

When a sound wave with sound pressure p forces the dia-
phragm vibrating with velocity v, the coil moves along with it and
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cuts the magnetic field. An electromotive force of Blv is generated,
which drives the current of i, = Blv/Z, flowing across the circuit.
Here, Z, is the total electric impedance in the circuit. The Lorentz
force applied on the charged moving coil is F, = Bli,, which
couples with the acoustic velocity response (v) of the diaphragm
and gives the electromagnetically induced (EMI) acoustic imped-
ance as

AZ=F,)v=B)’/Z., Z.=R+i(wL—1/wC), (2)

where L and C are the inductance and capacitance of the circuit,
respectively. The impedance may be decomposed into resistive (Ad)
and reactive (Ay) components as follows:

AZ = AS +ihy, Ay~ Amo — Akjo. 3)

Here, Am and Ak are the EMI mass and stiffness, respectively. The
total system resistance, mass, and stiffness are the sums of the
intrinsic diaphragm properties do, myg, and ko and the EMI compo-
nents Ao, Am, and Ak.

The typical EMI impedance obtained by parameters of shunt-1
listed in Fig. 1 is illustrated in Fig. 2(a), with subfigures 2(al)-2(a3)
showing the zoom-in views of reactance.

At the circuit resonance frequency of w, = /1/LC, one has

Z. = R and the EMI damping has its peak with Ad = (Bl)2 /R. The
EMI reactance (thick solid line) has a twist around the resonance. The
maximum and minimum values occur at

o, = (-R+ VR +4L/C) /2L and
on = (R+ VR F4L/C) 2L,

respectively, and these are marked in the zoom-in view around the res-
onance in Fig. 2(a2). The exact reactance curve is complex, but asymp-
totic analysis can be made for the three extreme frequencies of low,
high, and around resonance,

4
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FIG. 2. Electromagnetically induced (EMI) acoustic impedance and predicted TL for
the sample parameters given in the caption of Fig. 1. (a) Real and imaginary parts
with asymptotic lines and zoom-in views from low to high frequencies (a1)-(a3). (b)
Predicted TL in full (solid line) and with EMI approximations (dashed line). The
approximate TL for the mid-frequency range is with EMI resistance only.
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Amy = —(BI)’L/R?, Akc = —(B)*/(CR?), oy < o < oy,
(5b)
Ak, = (BI)’/L, @ > oy, (50)

where subscripts “C” and “L” indicate capacitor-dominated and
inductor-dominated, respectively. The EMI mass and stiffness show
very different characteristics as they have different physical origins. In
the low-frequency range of w < w;, the EMI reactance is dominated
by a positive mass induced by the capacitor, denoted as Am, while in
the high frequency range of w > wy, the EMI reactance is a positive
spring derived from inductance and denoted by Ak; . In the intermedi-
ate frequency range around the electric resonance, (g, wy), the EMI
reactance is a combination of negative dynamic mass (Am; < 0) and
negative stiffness (Akc < 0) controlled by the inductance and capaci-
tance, respectively. The zoom-in views shown in Figs. 2(al)-2(a3)
show that they are indeed appropriate at very low, around resonance,
and very high frequencies.

For the high-frequency region o > wy in Fig. 2(a3), the Lorentz
force is determined by the inductance Ldi,/dt = Blv, and so the cur-
rent i, has a phase angle of /2 behind the voltage or velocity v. This
means that the current is in phase with the diaphragm displacement,
say x, and hence, Li, = le The resulting Lorentz force against the
motion, F, = Bli, = x(BI) /L, is also proportional to the dlsplace-
ment x and is a positive spring with a constant of Ak, = (BI)*/L. In
the low frequency region w < @y shown in Fig. 2(al), the circuit is
dominated by the capacitance. The electric charge is related to the
motion induced voltage Blv through g = CBlv. The current i, = dq/dt
is then proportional to accelerat10n dv/dt, and hence, the reaction
force F = Blze = c(B)’ dv/dt yields a pure inertia equal to

Near electncal resonance frequency «,, resistance dommates the
Lorentz force and the electromagnetic force, F, = Bli, = v(BI)? /R, is
in phase w1th the velocity and presents a mechanical resistance
Ao = (Bl) /R, which is inversely proportional to the electrical resis-
tance R. When R is small, it presents a huge mechanical damping
(energy transfer to the electrical sink) that can block sound from trans-
mission (see below).

When the EMI reactance is approximated by the constant EMI
mass, resistance, and stiffness given in Egs. (5), the TL is approximated
in various frequency regions and is shown in dashed lines in Fig. 2(b).
The full TL (solid curve) and approximations (dashed lines) agree
well. Note that, around the electric resonance ., the approximation
for the EMI impedance is to keep the resistance only as the reactance
is low. The fact that the full TL is broader than this approximation
implies that the double negativity helps in a marginal manner.

The proposition that the EMI mass and spring may be used to
both increase and decrease sound transmission needs to be tested.
Equation (1) shows that, to increase TL, one either increases system
damping or increases reactance, or both. The opposite is required to
decrease TL. Parameters of the two shunt circuits used are listed in the
caption of Fig. 1, together with the intrinsic mechanical properties of
the sample loudspeaker.

Figure 3(a) shows the TL for the base unit (shunt-off, thin-black-
solid curve) and that with shunt-1 (thick-red-solid curve). The latter is
compared with the prediction (dashed curve) based on the base unit
impedance measured plus the theory for the EMI impedance given in
Eq. (2). The agreement is satisfactory. The two TL curves crossover at
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FIG. 3. Experimental results of the device without and with two shunt circuits. (a)
TL at shunt-off (thin-solid curve) and shunt-1 (thick curves, solid for experiment,
and dashed for prediction) with frequency regions marked for acoustic transparency
(I'and 1) and opaqueness (Il) effects by shunt-1. (b) The EMI reactance (dashed)
and damping (solid line) for shunt-1. (c) Comparison of TL for shunt-2 between
experiment (solid) and prediction (dashed).

two frequencies, 176 Hz and 927 Hz, forming three regions marked by
different colors.

Region I lies left to the intrinsic resonance frequency of 222 Hz
and is, therefore, stiffness controlled. The positive EMI mass derived
from the capacitor [cf. Fig. 2(al), Eq. 5(a)] overcomes part of the sys-
tem stiffness and brings acoustic transparency. The maximum
improvement is 3.4 dB at 143 Hz. In region III, which is mass-law con-
trolled, the EMI spring [cf. Eq. 5(c), Fig. 2(a3)] counters the system
mass. Here, we see much more acoustic transparency brought by the
shunt circuit than region I In region II, the shunt circuit delivers
acoustic opaqueness or vibration isolation. The main physical ingredi-
ent at play is the EMI damping, accompanied by the reactance reduc-
tion due to the negative EMI mass and stiffness. At 695 Hz, the TL for
the shunt-on is 24 dB higher than that for the shunt-off. This means
that the transmitted sound energy is only 0.4% of that when the shunt
circuit is off.

Figure 3(b) shows the measured EMI damping (solid line) and
reactance (dashed line), which agrees with the trend shown in Fig. 2(a),
where different scales and frequency ranges are used. Figure 3(c) com-
pares the TL for shunt-2 between experimental data (solid line) and
the prediction (dashed line), also with good agreement. Note that
shunt-2 has no capacitor, and two EMI effects are expected: positive
damping and positive spring. Damping raised the TL in the low fre-
quency region below about 400 Hz, while the EMI spring overcomes
the system mass and decreases TL above 400 Hz. The TL trough is
moved from 222 Hz for shunt-off to 511 Hz for shunt-2.

Both shunt circuits deliver increased and decreased TL in differ-
ent frequency regions. We now put them together to form a two-way
switch. The results are shown in Fig. 4.
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FIG. 4. Effective frequency ranges (colored areas) of the acoustic switch formed by
three transmission loss curves, in which the shunt-off TL performance is sand-
wiched between the two shunted performance curves. Switch 1 operates in the
stiffness-controlled region and switch 2 in the mass-law region. Maximum switch
ratios and other importance frequencies and TL numbers are marked.

Two valid switch regions are found and colored in the figure. The
low-frequency region of “switch 1” runs from 80 Hz to 176 Hz, defying
the stiffness law, and the switch ratio is high up to 17.4 dB as marked
in the figure. “Switch 2” is from 413 to 927 Hz, violating the mass law,
and its switch ratio is high up to 28 dB. Both switches are over one
octave effective band. It is possible that design optimization may
further extend the frequency scope of these switches as well as the
switching ratio defined as the difference between the switch-off and
switch-on values of TL.

EMI damping may be called an electromagnetic dashpot. It trans-
fers mechanical energy into electrical energy. Its effect is inversely pro-
portional to electrical resistance. Theoretically, infinite damping
ensures when the shunt bypass is short-circuited; the effect is broad-
band as damping is essentially frequency independent. Figure 4 clearly
shows that more sound is blocked over 2.4 octave, from 176 to 927 Hz
for shunt-1 and from the DC frequency to 413 Hz for shunt-2, which
is over four octave bands counting from 20 Hz. The shunted lead zirc-
onate titanate (PZT) plate can also achieve the tunable switching
effect.”’”” However, it is unlikely that a PZT device will deliver a per-
formance higher than two octaves of the acoustic switch in air due to
the low electromechanical coupling efficiency and the inherent high
bending stiffness.

Near the electric resonance, the negative EMI mass and stiffness
are found, but their effect on sound transmission is dominated by the
strong dashpot effect. Away from the electric resonance, both the EMI
mass and stiffness are positive. The positive EMI mass counters the
mechanical spring at low frequency, and it improves the acoustic
transparency. Likewise, EMI stiffness, which is an electromagnetic
spring, overcomes inertia in the high-frequency, mass-law region. It is
emphasized here that the breaking of both the mass law and the stiff-
ness law here is much higher than that by the double negativity. The
latter is closely related to the phase change around resonance.

In summary, two attributes are highlighted. One is the passive
nature of the device, and the other is the potential to intelligently
manipulate the mechanical properties and hence sound propagation
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with the full power of electronics. Such an acoustic switch may func-
tion as a fundamental unit for sound propagation manipulation, and
frequency modulators, artificial dipoles, perfect matching layers, and
so on may be derived from the current switch.
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