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Abstract: 

Broadband sound isolation in low frequencies by a partition with a small dynamic mass is 

a challenge to the mass law. We review the conventional sound isolation panels and membrane-

type acoustic metamaterials and find that the former is equivalent to a monopole identical to a 

single path control system and the latter is similar to a dipole equivalent to a feed-forward 

system with zero time delay. Neither is likely to enhance sound isolation in a broad bandwidth 

and at low frequencies. Here, we introduce a “force dipole” effect, which is a passive feedback 

force countering the incident sound. The device is based on a passively shunted 

electromechanical diaphragm (SEMD), consisting of a moving-coil attached diaphragm, a 

permanent magnet generating a DC magnetic field, and a programmable analog circuit shunting 

the coil. It isolates sound in a super broad bandwidth down to the infrasound region. In reaction 

to an incident sound, a Lorentz force is exerted on the moving-coil opposing the incident 

pressure force, forming a near-perfect dipole. The net residual force is greatly reduced and so 

is the sound wave transmission. The force dipole effect is determined by the shunt circuit and 

our experiments in an impedance tube show that the spectrum of transmission loss (TL) of the 

SEMD can be programed by a smart circuit; it is maintained at 20 dB or above from 15 Hz to 

772 Hz. The mass and stiffness laws are broken over 5.7 octaves. The lumped-parameter 

theoretical model is verified by experiment, and further analysis predicts that a superconducting 

circuit will achieve a super broadband band gap. 

 

Keywords: Force dipole, Infrasound isolation, Mass and stiffness laws, Broadband band-gap, 

Metamaterials 
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1. Introduction  

Broadband sound isolation at low frequencies by a partition with a small dynamic mass 

remains to be a scientific challenge. Conventional materials and structures achieve effective 

sound isolation through significant impedance mismatch. The well-known mass law, or called 

frequency law, describes the principle of impedance mismatch. It states that the transmission 

loss (TL) increases 6 dB per doubling of dynamics mass or the frequency [1, 2]. It means that 

a limp partition with a small dynamic mass is not able to isolate noise in the low-frequency 

region. Recently, membrane-type acoustic meta-material (MAM) [3, 4] attracts a lot of research 

interests for its ability of breaking the mass-law in the vicinity of anti-resonance frequency. 

MAM is a special class of acoustic metamaterial [5, 6], which has many unusual functionalities 

including super-resolution imaging, sound wave focusing, cloaking and so on [7, 8]. Most of 

these functionalities are based on the artificial properties, such as double negativity [9], induced 

by resonance or anti-resonance.  A classical MAM cell is a stretched membrane attached by a 

concentrated mass [3, 4]. Its anti-resonance occurs at low frequencies, at which the velocity 

integral of the MAM surface is zero and therefore the sound transmission to downstream is 

prohibited in a one-dimensional waveguide [3, 10, 11]. The nature of the anti-resonance makes 

a MAM cell superior to conventional sound proof panel within a limited bandwidth. Meanwhile, 

a membrane has many resonant frequencies, at which unwanted free passage of sound occurs. 

To broaden the bandwidth of MAM and other types of metamaterials, various solutions are 

proposed. Cascading [11] a number of MAM cells with different resonance and anti-resonance 

frequencies improves the effective bandwidth significantly. The parallel arrangement of 

metamaterials [12, 13], which are often called graded metamaterials [14, 15] or rainbow 

metamaterials [16, 17], also achieves a broad working bandwidth for energy harvesting, 

vibration and wave attenuation. Besides cascading and paralleling multiple units, adaptive 

metamaterials utilizing piezoelectric coupling patch are also adopted to extend the bandwidth 

[18, 19].   

We can re-classify conventional sound proof panels and MAMs from the perspective of a 

control system. Sound energy is radiated to the downstream due to the velocity continuity across 

the interface of partition. In a control system diagram, as shown in Fig. 1(a1), the incident 

pressure force is the input while the velocity response of the panel (interface) is the output. As 
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illustrated in Fig. 1(a2), the transfer function is the reciprocal of the panel impedance, 1/𝑍(𝑠), 

which includes the fluid loading. To minimize the velocity response, the impedance of the panel 

should be sufficiently large which is not possible for a light-weight limp partition at low 

frequencies. 

 

 

Figure 1. Control diagram of conventional sound isolation panels and MAMs. (a1- a2) Sound 

transmission through a panel and its control diagram. (b1) Mode shape of a two-dimensional 

membrane at its first anti-resonance frequency. (b2) Mode shape of a circular MAMs. (b3) 

Control diagram of MAMs. 

 

A stretched membrane at its anti-resonance frequency is shown in Fig. 1(b1) and sound 

transmission through it in a waveguide was first studied by Ingard [20]. By attaching a 

concentrated mass to the host membrane, a typical MAM cell is formed as shown in Fig. 1(b2). 

By adjusting the concentrated mass and its attachment position, the anti-resonance frequency 

can be designed at will [21, 22]. It’s a system with two degrees of freedom at its anti-resonance 

frequency. The volume flux responses of the two segments have identical magnitudes and 

opposite phases at the anti-resonance frequency forming a volume dipole [11]. In other words, 

half of the membrane moves inward and another half outward. From control system perspective, 

MAM is a passive feed-forward system with zero time delay. As shown in Fig. 1(b3), one 

segment of the membrane can be seen as the primary path with a transfer function of 1/𝑍+(s) 

and another as the secondary anti-phase path with 1/𝑍−(s). We can also view a sound isolation 

structure as a sound source for downstream following the Huygens–Fresnel principle: “Every 

point at the wavefront is a source”. In such perspectives, a simple sound proof panel is a 
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monopole source for downstream. A MAM cell can be regarded as a dipole source, which is a 

source consisting of two monopole source with identical magnitude and opposite phase, just as 

the two segments of a MAM do at the anti-resonance frequency. However, the phase and gain 

of the two paths (or the two sources) depends on the vibration mode of the membrane. Only 

near the anti-resonance frequencies the outputs of the two paths will cancel each other. To 

summarize, a simple sound isolation panel is a monopole source and equivalent to a single path 

control system; a MAM cell is a dipole source and identical to a feed-forward control system.    

Here, we introduce a passive device called shunted electromechanical diaphragm (SEMD) 

for broadband and extremely low-frequency sound isolation. It utilizes what we call a “force 

dipole” effect induced by a feedback mechanism realized through electromechanical coupling 

between the shunted moving-coil and the DC magnetic field. SEMD distinguishes itself from 

conventional sound proof panels and MAMs. Both passive and active shunt techniques, such 

as shunted PZT [24-34], shunted polyvinylidene difluoride (PVDF) [35, 36], and shunted 

dielectric elastomer [37-41], soft eletro-active materials [42-44] are widely used for coupling 

mechanical impedance with electrical impedance for the purposes of vibration suppression, 

sound absorption and isolation. However, these devices based on piezoelectric and dielectric 

effect are capacitive, which is effectively disconnected with shunt circuit at low frequencies, 

and consequently, it is not suitable for broadband (such as over 3 octaves) noise control in the 

low-frequency region. In this work, the SEMD is a suspended diagram attached by a moving-

coil immersed in a DC magnetic field. The moving-coil is resistive at low frequencies, and the 

shunt circuit connected to its two terminations is strongly coupled to the diaphragm through the 

DC magnetic field. It is shown that a shunt circuit can suppress sound mode in duct [45, 46] 

and cascading with a micro-perforated panel extends its absorptive bandwidth [47]. Further 

work demonstrates that by mitigating the acoustic reactance of the diaphragm using electrically-

induced negative impedance, the SEMD functions as a passive and broadband noise absorber 

working in deep sub-wavelength region [48, 49]. It was also successfully applied to broadband 

thermoacoustic instability control [50]. However, efficient sound isolation demands an 

impedance mismatch condition which is different from impedance matching required by perfect 

sound absorption. Therefore, sound isolation by an SEMD is a different topic yet to be explored.  

In this work, we demonstrate broadband and extremely low-frequency sound isolation by 
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the SEMD. The SEMD consists a suspended diaphragm supporting by a moving coil connecting 

a shunt circuit. The coil is immersed in a DC magnetic field. When an incident sound pushes 

the diaphragm to vibrate, the coil moves and cuts the magnetic field. An electromotive force is 

generated across the coil, which drives the electrical current flows in the circuit including the 

moving-coil. The charged moving-coil in the DC magnetic field experiences a Lorentz force. 

The magnitude and phase of the Lorentz force are determined by the electrical impedance of 

the shunted circuit. When the Lorentz force is out-of-phase to the driving force from the 

incident sound, they form a so-called “force dipole”. The net force, which is the addition of the 

two forces and similar to the velocity integral of a MAM cell, is consequently minimized. 

Finally, very tiny velocity response of the diaphragm is excited and the sound energy 

transmitted through the diaphragm is greatly reduced. In the experiment, we show that the 

spectrum of sound transmission loss can be tuned by a switchable shunt circuit in a broad 

frequency range, which suggests that SEMD is a programmable sound isolation structure. 

Further experiments show that a purely passive SEMD with a shunt of small electrical 

impedance achieves sound transmission over 20 dB in the frequency range of 18 Hz to 763 Hz 

(5.4 octaves), which is down to the infrasound range. Finally, the theoretical perdition by the 

verified lumped-parameter model shows the band gap can be infinitely wide if a passive 

superconducting circuit could be used.  

 

2. Lumped-parameter modelling 

The schematic of the SEMD is shown in Fig. 2(a). Here, we use a commercially available 

moving-coil loudspeaker in experiments to verify the theory first. The loudspeaker is shunted 

by an analog circuit as shown in Fig. 2(b), and the circuit network is equivalent to a series R-

L-C circuit. A negative impedance converter (NIC) unit consisting of an operational amplifier 

and two identical balance resistors (𝑅𝑏) is used [51]. Electrical components in the negative 

branch as marked in Fig. 2(b) have negative electrical impedances. Therefore, the effective 

resistance and inductance of the circuit network including the moving-coil can be tuned down 

to zero. The total resistance and inductance are, respectively  

𝑅 = 𝑅+ − 𝑅−, and  𝐿 = 𝐿+ − 𝐿−.       (1) 

Noted 𝑅+  and 𝐿+  already include resistance and inductance of the coil. The electrical 
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impedance of the circuit 𝑍𝑒(𝑠) yields 

𝑍𝑒(𝑠) = 𝑅 + 𝑠𝐿 + 1/(𝑠𝐶),         (2) 

where 𝑠 = 𝑖𝜔 is the Laplace variable. 

 

 

Figure 2. Schematic of shunted electromechanically diaphragm (SEMD). (a) SEMD 

realized by a shunted moving-coil loudspeaker. (b) Shunt circuit including a negative 

impedance converter circuit. (c) 1D model of SEMD as a partition for sound isolation 

purpose. (d) Control diagram of SEMD.  

 

As shown in Fig. 2(c), when an incident sound pushes the diaphragm to vibrate, the coil 

moves with the same velocity 𝑉. The feedback path shown in Fig. (2d) is not established if the 

circuit is disconnected. The velocity response is determined by the primary path whose transfer 

function is the reciprocal of the mechanical impedance of the diaphragm including fluid loading, 

1/𝑍𝑚(𝑠). The diaphragm is a spring-mass system in piston frequencies whose mechanical 

impedance consists of structural impedance and fluid loading, 
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𝑍𝑚(𝑠) = 𝑍𝑑(𝑠) + 2𝑍0,   𝑍𝑑 = 𝑀𝑠 + 𝐷 +𝐾/𝑠,     (3) 

where 𝑀, 𝐷 and 𝐾 are the dynamic mass, damping and stiffness of the suspended diaphragm, 

respectively, 𝑍0 = 𝜌0𝑐0𝐴 is the fluid loading of upstream and downstream with anechoic ends, 

and A is the cross-section area of the waveguide shown in Fig. 2(d). Subscripts in impedances, 

‘m’, ‘d’ and ‘0’, denote ‘mechanical’, ‘diaphragm’ and air, respectively. The suspended 

diaphragm is identical to a simple sound isolation panel when the frequency is below its piston 

frequency limit.  

When the circuit is connected, the negative feedback path as shown in Fig. 2(d) is 

established. The wire forming the coil of effective length 𝑙 cuts the magnetic field of magnetic 

flux density 𝐵, and induces an electromotive motive force 𝐸. An electrical current 𝐼 flows 

across the shunt circuit. The process is depicted by  

𝐼(𝑠)𝑍𝑒(𝑠) = 𝐸 = 𝐵𝑙𝑉(𝑠).        (4) 

The charged coil immersed in the DC magnetic field is subjected to a Lorentz force 𝐹𝐿 yielding 

𝐹𝐿(𝑠) = 𝐵𝑙𝐼(𝑠).         (5) 

Eqs (4) and (5) may be combined to give the velocity 

𝑉 =
𝐹𝐿

Δ𝑍
,     Δ𝑍 =

(𝐵𝑙)2

𝑍𝑒
,       (6a,6b) 

where ∆𝑍  is the electrically induced mechanical (EIM) impedance. The Lorentz force 

naturally resists the moving of the coil and the diaphragm. The dynamic process can be 

described by  

𝑍𝑚(𝑠)𝑉(𝑠) = 𝐹(𝑠) − 𝐹𝐿(𝑠), 𝐹 = 2𝑃𝐼𝐴.       (7) 

When Eq. (6a) is used to replace velocity above, it yields  

𝐹𝐿 = 𝐹 [1 +
𝑍𝑚(𝑠)

Δ𝑍
]
−1

,       (8) 

which is the transfer function of the feedback path.  

Eq. (8) shows that when the EIM impedance, ∆𝑍, is much larger than the mechanical 

impedance of the suspended diaphragm 𝑍𝑚(𝑠), such as when the circuit is shorted 𝑍𝑒 = 0, the 

term in the bracket of Eq. (8) approaches unity. In this condition, the Lorentz force has an 

identical magnitude with the driving force and is out-of-phase. Therefore, the forces derived by 

the incident sound and the Lorentz force form a so-called “force dipole”, contrasting to the 

conventional “velocity dipole” of MAMs. When the circuit is not shorted, the dipole is 
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imperfect and the residual, Δ𝐹 = 𝐹 − 𝐹𝐿 , drives the velocity response 𝑉(𝑠) = Δ𝐹/𝑍𝑚 , 

namely Eq. (7), and the final sound transmission. We now define a dimensionless residual force 

index (𝜂) as the ratio of the residual force to the incident force, 

𝜂(𝑠) =
∆𝐹

𝐹
= [

∆𝑍(𝑠)

𝑍𝑚(𝑠)
+ 1]

−1
.      (9) 

The short-circuit case, 𝑍𝑒 = 0, Δ𝑍 → ∞, 𝜂 → 0 , is a perfect force dipole without sound 

transmission. When the shunt circuit is disconnected, 𝑍𝑒 → ∞,Δ𝑍 = 0, 𝜂 = 1, it becomes a 

monopole, similar to an ordinary panel. In general, 𝜂 is frequency-dependent and a complex 

number.  

From the velocity response, 𝑉, we have the transmitted sound, 𝑃𝑇 = 𝜌0𝑐0𝑉. The ratio of 

the transmitted sound to the incident is 𝑃𝐼/𝑃𝑇. Recalling that 𝐹 = 2𝑃𝐼𝐴, and 𝑍0 = 𝜌0𝑐0𝐴, the 

transmission ratio becomes 𝑃𝐼/𝑃𝑇 = 𝐹/(2𝑍0𝑉). Substituting 𝑉(𝑠) = Δ𝐹𝑍𝑚
−1 = 𝜂𝐹𝑍𝑚

−1, the 

ratio becomes 𝑃𝐼/𝑃𝑇 = 𝑍𝑚/(2𝑍0𝜂). A transmission loss in decibel is defined as follows 

𝑇𝐿 = 20log10 |
𝑃𝐼

𝑃𝑇
| = 20 log10 |

𝑍𝑚

2𝑍0
| − 20 log10 |𝜂|,     (10) 

Note that the first term at the right-hand side is the transmission loss of diaphragm without 

shunts.  

In what follows, we analyze the dipole force mechanism by varying the circuit parameters. 

A typical set of circuit parameters are listed in Table 1.  

 

Table 1. A set of typical mechanical and circuit parameters 

Constants 

𝐷 [kgs-1] 𝑀 [g] 𝐾 [kN m-1] 𝑓𝑟 [Hz] 𝐵𝑙 [Tm] 𝐿 [uH] 

0.25𝜌0𝑐0𝐴 6 2.37 100 4.6 400 

Controlled variables 

𝐶𝑛 [uF] 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 

𝑅1= 0.2 Ω 
39578.6 9895.6 2473.7 618.4 154.6 

𝑅2= 0.1 Ω 

𝑓𝑒 [Hz] 40 80 160 320 640 

 

The effective inductance of the circuit is fixed and the resistance and capacitance are varied. 
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The corresponding electrical resonance frequency is denoted by 𝑓𝑒  while the mechanical 

resonance frequency is 𝑓𝑟. These are listed together with the shunt circuit including the coil in 

Table 1. The calculated results are shown in Fig. 3.   

 

 

Figure 3.Calculated transmission loss (TL) and the ratio of the residue force to the driving 

force |𝜂|. Solid curves (baseline) are for moving-coil speaker without shunt circuit. (a-b) 

Results for R = 0.2 Ω. (c-d) Results for with R = 0.1 Ω. Other common parameters are listed 

in Table 1. Electrical resonance frequencies of the circuit, 𝑓𝑒 =[40 80 160 320 640] Hz, are 

picked for x-axis labels. 

 

Varying capacitance shifts the electrical resonance frequency, at which the circuit is 

resistive and the Lorentz force has opposite phase of the driving force. The force dipole effect 

is maximum at electrical resonance frequency 𝑓𝑒 where the net force is minimized and the 

peak occurs for the sound isolation efficiency. As shown in Fig. 3(a-b), for R = 0.1 Ω, at the 

electrical resonance frequency of 𝑓𝑒 , the residue force is about 8.5% of the driving force 

(|𝜂|=0.085), which means 91.5% of the driving force is cancelled by the feedback Lorentz force. 

The residue incident sound intensity is proportional to the square of 8.5%. The peak value of 
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TL is about 23 dB. For R = 0.1 Ω as shown in Fig. 3(c-d), the residue force is below 5% and 

the peak TL is up to 28 dB, which means that only some thousandths sound energy are 

transmitted.  

Results shown in Fig. 3 also suggest that the spectrum of transmission loss can be easily 

programed by implementing a programmable circuit to the SEMD. Such a programmable 

SEMD is very suitable for isolating noise from rotating machine such as an electrical motor of 

a vehicle, whose noise spectrum varies with working conditions. Energy profile of noise of a 

motor depends on its rotating speed, which makes its isolation extremely difficult. For example, 

when MAMs are used, noise can easily escape if the rotating speed matches the resonance 

frequencies of MAMs. 

In Fig. 3, it is concluded that the inductance and capacitance decrease the magnitude and 

shift the phase of the Lorentz force, which deteriorate the force dipole effect. TL drops when 

frequency deviates from the electrical resonance frequency 𝑓𝑒. To achieve high sound isolation 

in a much broader frequency range, we may minimize the inductance and capacitance as shown 

in Fig. 4. 

     

Figure 4. Calculated results for a shunt circuit with small inductance and capacitance. 

Parameters: 𝐿 = 0.1 uH, C = 10 F and [𝑅1 𝑅2 𝑅3] = [0.4 0.2 0.1] Ω. (a) Raito of magnitude 

of residue force to that of driving force of an incident sound. (b) Transmission loss.  

 

When we use small inductance and capacitance, broadband sound isolation down to the 
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infrasound range is achieved. The spectra of TL are quite flat at the frequencies of interest. The 

transmission loss is determined by resistance. When reactance of the circuit is small, the 

magnitude and phase of the Lorentz force vary slowly with frequency, hence in a broad 

frequency range the Lorentz force can effectively cancel the driving force. The effective 

bandwidth is over 6 octaves. Sound isolation at higher frequency is easy by conventional 

measures, it is not discussed here. 

 

3. Experiments 

3.1 Demonstration of programmable sound isolator 

Fig. 5 shows the experimental setup of an impedance tube, which is a one-dimensional 

waveguide with cut-off frequency of 1700 Hz, below which the waves in the tube is plane wave. 

Standing waves form in the impedance tube and decomposed to incident (𝑃𝐼) and reflected 

(𝑃𝑅) and transmitted (𝑃𝑇) pressures. The transmission loss is 𝑇𝐿 = 20log10|𝑃𝐼 𝑃𝑇⁄ |.  

 

 

Figure 5. Measurement setup of one-dimensional square impedance tube and programmable 

circuit shunting the SEMD. (a) Measurement setup. SEMD is clamped in between the tube 

and separates the tube as upstream and downstream. The cross-section area A, which is also 

the incident area of sound wave, is 0.1 m by 0.1 m. Two pairs of pressure field microphones 

are mounted on the tube wall for standing wave decomposition at upstream and downstream, 

respectively. An 8-meter porous wedges forms downstream end of the tube to minimize the 



13 
 

end reflections. (b) Positive part of a programmable circuit. The nth branch of the circuit is 

switched on by supplying a voltage 𝑉𝑔 > 2 Volt to the gate (marked as G) of the MOSFET 

(Metal-Oxide-Semiconductor Field-Effect Transistor); Otherwise the branched is 

disconnected.  

 

Noted that Fig. 5(b) only shows the positive part and the negative part are identical to what 

is shown in Fig. 2(b). The circuit network has n branches. When the nth branch is switched on, 

we define its state as “1” and otherwise it’s “0”. Therefore, the electrical impedance of the 

circuit has 2n states. We can program the mechanical impedance of the SEMD by setting control 

voltage 𝑉𝑔  to each branch. In this study, we show measurement results of a 3-branch 

configuration.  

Before testing the programmable SEMD, we first measure the mechanical properties of 

the diaphragm. Fig. 6(a) shows the measured reactance (normalized by air impedance 𝑍0) of 

the diaphragm.    

 

 

Figure 6. Impedance and transmission loss of the diaphragm. (a) Normalized reactance. 

(b) Normalized damping. (c) Transmission loss. 
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The effective mass and stiffness of the diaphragm are obtained by fitting the reactance 

curve and the fitting method can be found in [52]. The fitting curve is also shown in Fig. 6(a), 

which agrees well with experimental curve below 600 Hz. Above 600 Hz, the piston assumption 

is not effective due to the vibration mode of the diaphragm. Fig. 6(b) shows the normalized 

damping. The mechanical damping in the complex diaphragm structure is frequency-dependent 

and we take its average in further calculations. The electrical parameters and the measured 

dynamic mass and stiffness are list in Tables 2. 

 

Table 2: Measured mechanical properties of the diaphragm. 

𝑀 (g) 𝐾 (kN∙m-1) D (kg∙s-1) 𝑓𝑟 (Hz) 𝐵𝑙 (T∙m) A (m2) 

10.2 6.11 4.52 128 4.6 0.01 

   

The calculated transmission loss, shown by the dashed line in Fig. 6(c), is obtained by 

substituting the exact measured damping and reactance to Eq. (3) for 𝑍𝑚 which is submitted 

to Eq. (10) together with 𝜂 = 1. The calculated TL matches well with the directly measured 

TL derived from the measured transmission ratio 𝑃𝐼/𝑃𝑇 . The diaphragm impedance reaches 

its minimum at the resonance frequency of 128 Hz, where the mass and stiffness contributions 

to reactance cancel each other. The damping of the diaphragm also matches air impedance quite 

well. At this frequency TL has its lowest value of 2.6 dB, which means about 74% sound energy 

is transmitted.  

Above the resonance frequency, the TL curve in Fig. 6(c) follows the mass law. When 

frequency increases beyond the resonance frequency, the mass reactance, 𝑚𝜔, increases and 

leads to impedance mismatch with air, giving 6 dB isolation enhancement per doubling of the 

frequency. Below the resonance frequency, the TL curve in Fig. 6(c) follows the stiffness law, 

where TL increases 6 dB when the frequency is halved each time. The mass law and stiffness 

law region are marked in Fig. 6(c). In practice, a sound isolation panel, such as a concrete wall, 

is usually heavy with a resonance frequency close to zero. The suspension model is reduced to 

a limp model without stiffness and only the mass law is relevant. To improve sound isolation 

of a partition at low frequencies, a heavy weight or a rigid structure is required.    
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When shunt circuit is connected, the Lorentz force is applied to the coil, which establishes 

the feedback path as shown in Fig. 2(d). The Lorentz force counters the driving force from the 

incident sound. They form a force dipole and the net force is well reduced. The magnitude and 

phase of the Lorentz force are determined by the circuit impedance. Different circuit parameters 

give different transfer function of the feedback path, and hence different TL spectrum. Based 

on these, we develop the concept of programmable sound isolation structure, which is verified 

in the following experiments. Three sets of circuit parameters listed in Table 3 are used.  

Table 3. Circuit parameters for 3 branches 

 R (Ω) L (uH) C (uF) 

Branch 1  0.12            429 6119             

Branch 2 0.13 429 538 

Branch 3 0.16 429 198 

 

In numerical predictions, we usually regard a circuit element, such as an inductor, as a 

perfect element whose electrical impedance is 𝑖𝜔𝐿 . However, the actual inductor has an 

impedance of 𝑖𝜔(𝜔𝑛𝐿), where 𝑛 varies for different types of inductors. Normally, 𝑛 is in 

the range of -0.5~ -0.3 [53-55]. Impedance of capacitor has similar frequency dependency, 

namely 1/[𝑖𝜔(𝜔𝑛𝐶)]. For predictions in this work, we tried different 𝑛 values and found 

𝑛 =  −0.1 to be satisfactory when compared with experimental results. In Fig. 7, predictions 

using 𝑛 = 0 (ideal model) and 𝑛 = −0.1 (empirical model) are plotted for comparison. The 

measurement results and the predicted result using different circuit element models are shown 

in Fig. 7.      

As shown in the left column of Fig. 7, the peak TL occurs at different frequencies for 

different branch but the peak is nearly 25 dB. Such a sound isolation structure is very suitable 

for isolating a noise from a turbo machine whose spectrum depends on the working condition. 

The peak TL coincides with electrical resonance frequency of each circuit branch, 𝑓𝑒 =

1/(2𝜋√𝐿𝐶). At 𝑓𝑒, the circuit is purely resistive and the Lorentz force has the opposite phase 

to the driving force. The force dipole effect is strongest at this frequency, which corresponds to 

the troughs in the right column of Fig. 7.  
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Figure 7. Experimental results for a programmable SEMD with 3 branches of circuits. 

Circuit parameters are listed in Table 3. The left column of the figure show the measured and 

predicted TL spectra by empirical model and ideal model. The right column of the figure 

shows the corresponding spectra of the residual force index, |𝜂|.  

 

The predicted results by the ideal lump parameter model (thick solid curves in Fig. 7) 

capture the right trend of the measured TL spectra, but significant deviations occur due to 

imperfect circuit elements in practice. Specifically, the inductance of the moving-coil has 

complex dependency of frequency, considering its interaction with permanent magnet and the 

iron core of the speaker [53-55]. The following empirical model is used 

𝑍𝑒 = 𝑖𝜔𝐿 ∙ 𝜔
𝑛 + 𝑅 + 1/(𝑖𝜔𝐶 ∙ 𝜔𝑛)       (11) 

The predicted results using 𝑛 = −0.1 are plotted as dot-dash curves in Fig. (7), which have 

better match with experimental results below 600 Hz. At high frequencies, higher order modes 

of the diaphragm are excited, which violates the piston assumption of the diaphragm leading to 
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serious discrepancy between experimental data and predictions. However, in the frequency 

regime where we are interested in, the prediction model remains valid.  

In this section, we successfully demonstrated a smart sound isolation structure. The TL 

spectrum can be programed through supplying a voltage to switch on a branch of a multiple 

branches circuit.  

3.2 Broadband and low-frequency sound isolation  

As pointed out in the theoretical analysis, by minimizing the electrical impedance of the 

circuit, a force dipole can be achieved in a broad bandwidth and at extremely low frequencies. 

To do so, we have to reduce the inductance and resistance of the coil by inserting proper resistor 

and inductance in the negative branch in the NIC circuit. However, as literature [53-55] pointed 

out, the electrical impedance of the coil also has complex frequency dependency. It’s hard to 

find an inductor, such as a toroid inductor, with an inductance having desired frequency 

dependency to cancel the coil inductance. In this study, we insert an identical moving–coil 

loudspeaker in the negative branch to cancel the coil inductance of the SEMD. Additional 

resistor, inductor and capacitor with small electrical impedance are inserted in the positive 

branch, as shown in Fig. 2, to maintain the stability. Therefore, the impedance of the circuit 

network is minimized as much as possible. The experimental results are shown in Fig. 8     

 

 

Figure 8. Super broadband and extremely low-frequency sound isolation of the SEMD. 



18 
 

In experiments, effective capacitance and inductance are kept constant, which are 𝐶 = 44.5 

mF, 𝐿 = 87 uH. Effective resistance is tuned to 𝑅1 = 54 mΩ, 𝑅2 = 113 mΩ and 𝑅3 = 157 

mΩ. (a) Sound isolation (b) The residue force index η. (c) Velocity responses measured by 

the laser Doppler vibrometer for 𝑅1, 𝑅2, and 𝑅3. (d) Detailed view of (c). 

 

Fig. 8 shows that by minimizing the electrical impedance of the shunt circuit, the SEMD 

achieves very broadband and extremely low-frequency sound isolation. TL of SEMD is much 

higher than the baseline which represents the stiffness law at low frequencies and mass law at 

high frequencies. For circuit with effective resistance of 𝑅1= 54 mΩ, TL of SEMD is higher 

than 20 dB in the frequency range of 15 Hz- 772 Hz (5.7 octaves), and it’s above 29 dB in 26 

Hz- 221 Hz (3.1 octaves). The corresponding velocity responses of the diaphragm are shown 

in Fig. 8(b). Note that the radiating area of the diaphragm is about 50 cm2 which is half of the 

tube cross-section area. The effective circuit parameters are very difficult to measure due to 

three reasons. The first is that we use a toroid inductor and an aluminum electrolytic capacitor 

in the positive branch of the circuit to keep stability. Their electrical impedances have complex 

frequency dependency. The second is that the inductance and resistance of coil depends on the 

frequency and amplitude of the electrical current. The third is that the connections of cables 

will also induce small resistances at the level of mΩ. Therefore, the measured circuit parameters 

given above have a relative error of 20%.  

In this section we demonstrate that the force dipole effect enhances sound isolation of the 

SEMD at infrasound sound range in which the stiffness law governs. It also break the mass law 

at moderate frequencies. Taking 20 dB as criterion, it’s effective in over 5.7 octaves, from 15 

Hz to 772 Hz. 

 

3.3 Passive SEMD and predicted broadband band gap by superconducting shunt circuit  

3.3.1 Experiment results of the passive SEMD 

In previous experiments, we use an NIC circuit, which is an active circuit, to reduce coil 

inductance and resistance. Using a moving-coil loudspeaker with small resistance, we can 

remove the NIC circuit to obtain a passive device. Here, we design a handmade moving-coil 

loudspeaker whose coil resistance is only 0.54 Ω. We test its sound isolation performance by 
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connecting different capacitance to it. The results are shown in Fig. 9.  

 

 

Figure 9. Transmission loss of the passive shunted electromechanical diaphragm. 

Capacitance values are: [𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 ] = [ 198 558 1202 3016 8898] uF. The DC resistance 

of the moving-coil speaker is 0.54 Ω and the net resistance (with cable) in the experiments 

are 0.62 Ω. The thick dash curve shows TL for short the coil directly without a series 

capacitor, which means the effective capacitance is infinite.  

  

The results in Fig. 9 shows that, without an active shunted circuit, the SEMD is still 

effective for low frequency sound isolation. When capacitance is very large or missed (shorting 

the coil directly), at extreme low frequencies, such as 20 Hz or even lower, the circuit is almost 

purely resistive due to the inductance is close to zero at these frequencies. The Lorentz force 

imposed on the coil is with opposite phase to the driving force due the incident sound. The 

consequence is that the net force applied to the diaphragm is very tiny and little sound is 

transmitted to downstream. The relative bandwidth of the passive SEMD is very broad. As 

shown in Fig. 9, TL > 18 dB is achieved in the frequency range of 15 Hz to 1600 Hz, which is 

over 6 octaves.  

3.3.2 Energy analysis 

To further illustrate the mechanism of the passive SEMD with force dipole effect, energy 

analysis is conducted as follows. In the one-dimensional waveguide shown in Fig. 2(c), the 
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input power is the power of the incident sound wave (𝐸𝐼). When the incident wave interacts 

with the SEMD, the output includes the power of the reflected wave (𝐸𝑅), the power of the 

transmitted wave (𝐸𝑇), mechanically-damped power (𝐸𝑚) and electrically-damped power 

(𝐸𝑒). These powers are calculated as follows 

 𝐸𝐼 = 𝐴
1

2
𝑅𝑒(𝑃𝐼𝑣𝐼
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1
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      (12)  

where superscript * denotes complex conjugate, 𝑃𝐼  and 𝑣𝐼  are the pressure and particle 

velocity due to the incident wave, 𝑃𝑅  and 𝑃𝑇  are the reflection and transmission wave 

pressures, respectively. 𝐸𝑒  is equivalent to the power of Lorentz force 𝐸𝐿 . The resulting 

powers can be normalized against 𝐸𝐼 and are shown in Fig. 10. 

 

 

Figure 10. Power analysis of the SEMD. (a1), (b1) and (c1): Transmission loss of the 

diaphragm (Baseline, dashed). Transmission loss of the SEMD (solid) and improvement of 

transmission loss (∆TL, dot-dash) by the shunted circuits for R = 2 Ω, R= 0.2 Ω and R = 0.02 
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Ω, respectively. (a2), (b2) and (c2): power components defined in Eqs. 12 corresponding to 

(a1) (b1) and (c1), respectively. 𝐶 = ∞ and 𝐿 = 1 nH is used for the calculation while 

other parameters are the same as those listed in Table 1. 

 

To easily read the calculation results of the power components in above figure, we list the 

number for each curves in following table.  

 

Table 4. Values of power components at 80 Hz of the calculation results shown in Fig. 10.   

R (Ω) 2  0.2 0.02 

∆TL(dB) 6.32 21.43 40.75 

𝐸𝑅(%) 33.7 85.7 98.4 

𝐸𝑇(%) 17.9 0.551 6.45×10-3 

𝐸𝑚(%) 4.46 0.138 1.61×10-3 

𝐸𝑒(%) 44 13.6 1.59 

 

Fig. 10 and Table 4 show a very interesting point: enhancement of the sound isolation by 

the shunt circuit is accompanied by less sound energy dissipation by the circuit. For R = 2 Ω, 

the improvement of TL at 80 Hz is 6.32 dB;  44% of the incident sound energy is dissipated 

electrically. For R = 0.02 Ω, ∆𝑇𝐿 is 40.75 dB and electrically dissipated power is 1.59%. The 

SEMD does not rely on the electrical power to counter the incident power. This feature 

distinguishes the SEMD from the traditional techniques of active control. The shunt circuit in 

this work changes the state of the diaphragm. The diaphragm is rigid as a metal plate when it is 

shunted. As the third and last arrows of Table 4 show, more and more incident sound energy is 

reflected and less and less incident sound power is dissipated by the shunt circuit with the 

improvement of the sound isolation performance .    

  

3.3.3 Superconducting shunt 

By further decreasing the effective resistance of the coil, such as using a futuristic room-

temperature superconducting coil, it is argued that the SEMD can isolate sound transmission in 
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broadband and low-frequencies perfectly. Relevant predictions for lower resistor are given in 

Fig. 11. Relevant predictions for lower resistor are given in Fig. 11. 

 

 

Figure 11. Predicted TL of the SEMD with nearly superconducting shunt. Mechanical 

parameters are identical to those for Fig. 4. 𝐶 = ∞ and 𝐿 = 1 nH are used for calculation 

and constant parameters are the same as those listed in Table 1 Effective resistances are 

marked in the figure. (a) Residual force index. (b) Transmission loss. 

 

4. Conclusions 

In this work, we introduced a so-called “force dipole” effect for a shunted 

electromechanical diaphragm; it delivers broadband sound isolation by a limp and light 

structure in the low-frequency region. The moving-coil of the SEMD induces a feedback 

Lorentz force, whose magnitude and phase are determined by the electrical impedance shunt 

circuit. When the electrical impedance is minimized, the Lorentz force has identical magnitude 

and opposite phase to the force from the incident sound. These two forces form a dipole. The 

residue force is greatly reduced leading to tiny velocity response of the diaphragm of the SEMD, 

and therefore, sound transmission is inhibited.  
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As the force dipole effect derives from the electrical impedance of the circuit, a smart and 

programmable shunt circuit can be developed. The reported experiments demonstrated the force 

dipole effect, which is suitable for applications such as the electrical motor noise. We also 

experimentally show that the SEMD is a super broadband sound isolation structure in the low 

frequency range. It achieves a TL spectrum higher than 20 dB from 15 Hz to 772 Hz (5.7 

octaves). Finally, we demonstrated that the SEMD is an essentially passive sound isolation 

structure, and a superconducting coil may lead to broadband band gap.       
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