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ABSTRACT
Piezoelectric MEMS speakers are emerging as very
promising implementations of loudspeakers at the mi-
croscale, as they are able to meet the ever-increasing re-
quirements for modern audio devices to become smaller,
lighter and more power efficient [1,2]. However, research
work is still needed to accurately capture their mechan-
ical and acoustical response [3]. In this work, we pro-
pose a lumped-parameters equivalent circuit for a fast and
accurate modeling of this type of devices. The electro-
mechanical parameters are derived from a FEM eigenfre-
quency analysis, for a precise computation of these quan-
tities for arbitrarily complex geometries and an accurate
estimation of the shift of the speaker resonance frequency
due to an initial non null pre-deflected configuration. The
acoustical parameters are instead derived through analyti-
cal formulas. Special attention is paid to the air-gaps mod-
eling, by taking into account the acoustic short-circuit be-
tween the speaker front and rear sides. The very good
matching in terms of Sound Pressure Level among the
equivalent circuit predictions, FEM simulations and ex-
perimental data demonstrates the ability of the proposed
method to accurately simulate the speaker performances,
thus representing a fast tool for the design of this class of
MEMS speakers.
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1. INTRODUCTION

MEMS speakers have been attracting increasing interest
in the last years, as they promise lower power consump-
tion, smaller dimensions and cheaper mass production
with respect to traditional micro-speakers [2]. The piezo-
electric actuation principle, thanks to the relatively large
driving force achievable at low voltages, represents the
most promising implementation of loudspeakers at the mi-
croscale [1]. Despite a significant number of new struc-
tures have been proposed in the recent years [4], MEMS
loudspeaker struggle to be competitive in terms of per-
formances compared the non-MEMS counterpart for free
field applications. Whereas, some piezoelectric MEMS
speaker for in-ear applications have been demonstrated to
comply with the market requirements [5]. For this con-
figuration in fact, the pressure chamber effect due to the
closed volume defined by the ear canal allows the gen-
eration of high SPL without excessive deflections of the
mechanical diaphragm.

In 2018, Stoppel et al. [5] firstly proposed the
Mechanically-Open and Acoustically-Closed (MOAC)
design principle as a promising solution for high-
performance MEMS speakers. The mechanically-open
feature comes from the presence of narrow air-gaps be-
tween the different mechanical components of the speaker
properly sized to allow larger deflections with respect to a
closed membrane design. The acoustically-closed feature
comes instead from the viscous boundary layers induced
by the air-gaps that prevent the acoustic short-circuit be-
tween the front and rear sides of the speaker. Since then,
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different structures with an arbitrarily complex path of air-
gaps have been proposed [6, 7].

Lumped element modeling (LEM) and finite element
analysis (FEA) can be used to predict the response of
MEMS speakers and optimize the design. 3D fully-
coupled FEM simulations are however computationally
demanding, due to the intrinsic multiphysics nature of the
problem and to the high number of degrees of freedom, re-
quired by a correct simulation of the different mechanical
layers composing the MEMS device, whose thicknesses
can differ of more than one order of magnitude. In the
design phase, it is thus preferable to use LEM models as
simple and efficient tools to predict the response of these
devices.

In LEM approach, the representation of spatially dis-
tributed physical systems is simplified by using a set of
lumped elements when the length scale of the device
is much smaller than the wavelength of the governing
physical phenomenon. Since the acoustic wavelengths
(17.1 m–17.1 mm for 20 Hz–20 kHz) for MEMS speakers
are much greater than their sizes (1–10 mm) in almost the
whole audible range, LEM is applicable.

An analytical estimation of the electro-mechanical
parameters is however not straightforward, since the me-
chanical structures are often composed by complex ge-
ometries. In this work, we propose a lumped-parameters
equivalent circuit which relies on an hybrid approach.
A FEM prestressed eigenfrequency analysis is exploited
for the derivation of the electro-mechanical parameters
whereas acoustical parameters are computed through an-
alytical formulas. Moreover, special attention is paid to
the air-gaps modeling, by taking into account the acous-
tic short-circuit between the speaker front and rear sides.
The equivalent circuit predictions are compared with full-
order FEM simulations and with experimental results, per-
formed on the piezoelectric MEMS speaker recently pro-
posed in [6].

2. LUMPED ELEMENT MODEL (LEM)

The equivalent circuit able to simulate the electro-
mechano-acoustic response of piezoelectric MEMS
speakers in in-ear conditions is reported in Fig. 1.
Two transformers model the electro-mechanic and the
mechano-acoustic transduction. In the mechanical do-
main, the vibrating structure is modeled as a one-degree-
of-freedom mass-spring-damper system, where Rm, Cm

and Mm represent the participating resistance, mass and
compliance of the moving diaphragm, respectively. The

electrical domain is represented by a capacitance Cp, di-
electric and leakage losses are here neglected. The acous-
tical domain includes a resistor Rs, representing the vis-
cous losses due to the presence of air-gaps, in a paral-
lel configuration with the capacitor Cbc, representing the
back chamber compliance, and the equivalent network of
the IEC 60318-4 [8] ear simulator. The output pressure
is evaluated in correspondence of the capacitor C5 of the
coupler equivalent network reported in Fig. 2.

The partial acoustic short-circuit at low frequencies is
induced by the presence of air-gaps, which put in connec-
tion the pressure fields in opposition of phase, generated
by the front and rear sides of the speaker. The value of
Rs affects the value of the net volume velocity Q − Qs

which contribute to the output pressure. In the case of
very narrow slits, and as a consequence of very high Rs,
Qs tends to zero. This means that the front volume and the
back chamber of the speaker become acoustically decou-
pled and the acoustic short circuit is completely avoided.
Due to technological limitations, the air-gaps width is usu-
ally around 10 µm. This width is not sufficiently small
to completely circumvent the acoustic short circuit, as al-
ready demonstrated in [9]. For a correct evaluation of
the speaker response it is thus fundamental to include this
phenomenon in the equivalent circuit.

2.1 Electro-mechanical lumped-elements

The piezoelectric transduction coefficient α, the partici-
pating mass Mm and the compliance Cm are extracted
from a FEM prestressed modal analysis implemented in
COMSOL Multiphysics® v6.1. The modal analysis as-
sumes the speaker pre-deflected shape caused by fabrica-
tion process induced pre-stresses and by the applied Direct
Current (DC) voltage as reference configuration.

The expression of the three parameters is derived by
imposing the weak formulation of motion considering the
piezoelectric constitutive law and then by projecting the
equation of motion on the mode of interest.

In the framework of the mathematical description of
the linear piezoelectricity, the electro-mechanical coupled
constitutive model in the so called stress-charge form can
be expressed in the following way [10]:

TTT = CCC : SSS − eTeTeT ·EEE = CCC : SSS + eTeTeT · ∇ϕ in Ωp (1)
DDD = eee : SSS + ϵϵϵ ·EEE = eee : SSS − ϵϵϵ · ∇ϕ in Ωp (2)

where TTT is the second-order stress tensor,SSS is the second-
order strain tensor and CCC is the fourth-order elastic stiff-
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Figure 1. Lumped-parameters equivalent circuit able to simulate the electro-mechano-acoustic response of
piezoelectric MEMS speakers for in-ear conditions.
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Figure 2. Equivalent network of the IEC 60318-4 ear
simulator.

ness tensor at constant EEE. DDD is the electric displacement,
ϵϵϵ is the second-order dielectric permittivity tensor at con-
stant SSS and eee is the third-order piezoelectric coupling ten-
sor. Lastly, EEE is the electric field and ∇ϕ is the voltage
difference.

For the case of thin piezoelectric layer and high elec-
tric field (of the order of 107 V/m, for actuating voltages in
the range 0–30 V) it is possible to consider the piezoelec-
tric constitutive law in the one-way formulation [11]. This
means that the effect of electrostatics on solid mechan-
ics is considered, but not the vice versa. The constitutive
equations then reduce to:

TTT = CCC : SSS − eTeTeT ·EEE = CCC : SSS + eTeTeT · ∇ϕ in Ωp (3)
DDD = ϵϵϵ ·EEE = −ϵϵϵ · ∇ϕ in Ωp. (4)

The restricted weak formulation of the equations of mo-
tion can then be formalized by exploiting the principle of
virtual work in material form:

∫
Ω

ρüuu·ũuu dΩ+

∫
Ω

TTT : SSS[ũ̃ũu] dΩ = 0 ∀ũ̃ũu ∈ Cu(0), (5)

where ρ is the density, u is the displacement field, ü̈üu is the
time derivative operator applied twice, ũ̃ũu is a suitable test
function belonging to the space Cu(0), that is the space
of functions that vanish on the boundary where Dirichlet
boundary conditions are prescribed.

By inserting the constitutive law in Eqn. (5) and by
putting to the right-hand-side the known quantities, the
following expression is obtained:

∫
Ω

ρüuu · ũuu dΩ+

∫
Ω

SSS[ũuu] : CCC : SSS[uuuuuuuuu] dΩ

=

∫
Ωp

SSS[ũuu] : (eTeTeT ·EEE) dΩ ∀ũuu ∈ Cu(0),
(6)

where Ωp represents the piezoelectric domain. Under
the hypothesis of piezoelectric thin film, the electric field
generated upon the application of a voltage difference
across its thickness tp can be expressed as EEE = Ee3e3e3 =
(Vin/tp)e3e3e3, where e3e3e3 represents the versor of the out-of-
plane z axis. Hence, the right-hand-side of Eqn. (6) re-
duces to:

E

∫
Ωp

(S11[ũuu]e31 + S22[ũuu]e32 + S33[ũuu]e33) dΩ. (7)

The reduced order model is obtained by choosing as
test function ũuu the mechanical eigenmode of interest ΦΦΦ,
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adimensionalized with unit maximum displacement, such
as:

ũuu(xxx) = ΦΦΦ(xxx) (8)
uuu(xxx) = ΦΦΦ(xxx)q(t) (9)
u̇uu(xxx) = ΦΦΦ(xxx)q̇(t) (10)
üuu(xxx) = ΦΦΦ(xxx)q̈(t), (11)

where q(t) represents the modal coordinate. Inserting the
abovementioned equations into Eqn. (6) means projecting
the equations of motion on the mode under considera-
tion. The corresponding one-degree-of-freedom equation
reads:

q̈(t)

∫
Ω

ΦΦΦT ρΦΦΦ dΩ+ q(t)

∫
Ω

SSS[ΦΦΦ] : CCC : SSS[ΦΦΦ] dΩ

= E

∫
Ωp

(S11[ΦΦΦ]e31 + S22[ΦΦΦ]e32 + S33[ΦΦΦ]e33) dΩ,

(12)

where the modal mass, the modal compliance and the
piezoelectric transduction factor can be identified:

Mmq̈(t) +
1

Cm
q(t) = Fin = Eγ =

V

tp
γ = Vinα. (13)

Assuming an harmonic excitation and recasting the equa-
tion of motion in terms of velocity, Eqn. (13) becomes:

jωMmq̇ +
1

jωCm
q̇ = Vinα. (14)

The current v which flows in the mechanical domain of the
circuit represents the maximum speaker velocity, i.e. the
velocity corresponding to the point at which the ΦΦΦ com-
ponent is equal to 1. Having the maximum velocity, the
velocity profile in the whole speaker domain can be recon-
structed through Eqn. (10).

From the definition of the volume velocity, it is pos-
sible to derive the expression of the effective area Seff

used to couple the mechanical domain and the acoustical
domain:

Q =

∫
Ω

u̇ dΩ = v

∫
Ω

Φ dΩ = vSeff . (15)

The last parameter to be determined in the electro-
mechanical domain is the piezoelectric capacitance Cp.
The latter can be computed by considering the standard
formula for parallel plate capacitors [10]:

Cp =
ϵrϵ0Ap

tp
, (16)

where ϵr is the relative permittivity of the dielectric mate-
rial, ϵ0 the vacuum permittivity and Ap the piezoelectric
area.

2.2 Acoustic lumped-elements

The acoustical lumped-elements are derived through ana-
lytical formulas.

The main effect of the back chamber is a stiffening of
the speaker, represented in the equivalent circuit through
the compliance Cbc. The latter can be evaluated as [12]:

Cbc =
Vbc

ρ0c20
, (17)

where Vbc is the back chamber volume, ρ0 is the air den-
sity and c0 is the speed of sound in air.

The lumped-element Rs introduced in the speaker
equivalent circuit represents the losses which occur inside
the slits due to the air viscosity. The resistance value for a
single rectangular slit can be deduced by considering the
reduced Navier-Stokes equation for a Poiseuille flow [13]
and reads:

Rs =
12µtpl
lsw3

s

, (18)

where tpl is the out-of-plane thickness of the speaker, ls is
the length of the slit and ws its width.

The speaker geometry is usually characterized by a
set of multiple air-gaps [6,7]. Considering n slits, the total
resistance reads:

Rs =
1

1

R1
+ ...+

1

Rn

, (19)

being the different air-gaps in a parallel configuration.

3. REFERENCE SPEAKER

The piezoelectric MEMS speaker taken as reference to
validate the equivalent circuit prediction is the one re-
cently proposed in [6]. The schematic view of the speaker
is shown in Fig. 3a. The moving mechanical structure
consists of four trapezoidal actuators (orange in Fig. 3)
connected to a central squared piston (green in Fig. 3)
through a set of properly sized folded elastic springs (yel-
low in Fig. 3). The different mechanical components
are separated by 10 µm-width air-gaps (black in Fig. 3).
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The four trapezoidal actuators are fixed to the substrate
through an external silicon frame (gray in Fig. 3). The
total footprint of the device is 4.5 × 4.5 mm2, compris-
ing the 350 µm width of the external frame. The lin-
ear electro-mechanical vibration mode occurs at 10.9 kHz
and its modal shape function is depicted in Fig. 3b. The
electro-mechanical lumped parameters of the speaker un-
der investigation are reported in Tab. 1.

Figure 3. (a) Schematic view of the reference
piezoelectric MEMS speaker [6] and (b) electro-
mechanical modal shape function of its first resonant
mode with contour of the displacement field shown
in color.

Table 1. Parameters of the electro-mechanical
lumped-elements.

Parameter Value Unit
Cp 68 nF
α 5.87 · 10−4 N/V

Cm 2.25 · 10−3 m/N
Mm 9.85 · 10−8 kg
Seff 3.93 · 10−6 m2

4. LEM VERSUS FEM RESULTS

The equivalent circuit predictions in terms of SPL for an
actuation voltage of 12 V of bias plus 5 Vpp are reported in
Fig. 4 with blue solid line. The used lumped-parameters
of the coupler equivalent circuit are listed in Tab. 2. It
is worth to note that the equivalent circuit presented in
Fig. 2 has been slightly modified in order to match the
transfer function of the coupler implemented in COMSOL
Multiphysics® [14] used in the FEM model. In particu-
lar, to damp the half-wavelength resonance of the coupler,
three resistors R1, R3 and R5 were added to the branch of
C1, C3 and C5, respectively.

Figure 4. Comparison between SPL predictions of
the equivalent circuit (solid blue line) and of the FEM
model (dashed blue line) for a bias voltage of 12 V
plus an alternating voltage of 5 Vpp.

The LEM SPL prediction is compared with the one
of an electro-mechano-acoustic Finite Element model im-
plemented in COMSOL Multiphysics®, that takes into ac-
count (i) the elasto-dynamic behaviour of the mechanical
structure, (ii) the electro-mechanical coupling through the
piezoelectric constitutive law, (iii) the mechano-acoustic
coupling between the mechanical structure and the acous-
tic domains on the front and rear sides of the speaker,
(iv) the boundary layer induced by the viscous proper-
ties of the air in the narrow gaps, and (v) the in-ear con-
dition through the coupler model available in COMSOL
Multiphysics® [14]. The SPL curve derived with the FEM
model is depicted in Fig. 4 with a blue dashed line. An ex-
cellent agreement in the whole frequency range is demon-
strated.
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Table 2. Parameters of the modified equivalent cir-
cuit of the IEC 60318-4 ear occluded simulator.

Parameter Value Unit
L1 82.9 Pa s2 m−3

L2 9400 Pa s2 m−3

L3 130.3 Pa s2 m−3

L4 983.8 Pa s2 m−3

L5 133.4 Pa s2 m−3

C1 0.7 · 10-12 Pa m−3

C2 2.34 · 10-12 Pa m−3

C3 1.5 · 10-12 Pa m−3

C4 2.73 · 10-12 Pa m−3

C5 1.517 · 10-12 Pa m−3

R1 4.22 · 105 Pa s m−3

R2 55.66 · 106 Pa s m−3

R3 4.22 · 105 Pa s m−3

R4 27.99 · 106 Pa s m−3

R5 4.22 · 105 Pa s m−3

5. LEM VERSUS EXPERIMENTAL RESULTS

The SPL evaluated through the proposed equivalent cir-
cuit is also compared with experimental measurements
carried out on prototypes of the speaker presented in
[6], produced by STMicroelectronics. For experimen-
tal tests, the device was mounted on a custom Printed
Circuit Board (PCB) and coupled with an ABS (Acry-
lonitrile Butadiene Styrene) thermoplastic package com-
posed by a back chamber of 1 cm3 and a front adapter of
height of 1 mm to connect the speaker with the ear simu-
lator (Fig. 5). The experimental set-up includes the ane-
choic chamber G.R.A.S. AL0030-S2, the ear simulator
G.R.A.S. RA0402 together with the microphone G.R.A.S.
46 BD ¼”. The Audio Analyzer (APx525) allows to gen-
erate DC and AC signals for the MEMS actuation and
to convert the signal from the microphone into SPL data.
The SPL curve measured for a DC voltage of 12 V and an
AC voltage of 5 Vpp is reported in Fig. 6 with a red dashed
line. For the comparison with experimental results, the
value of Rm has been tuned by considering a mechani-
cal Qm factor of 10, based on typical values used for this
type of structures. Moreover, the damping of the coupler
has been further augmented, by increasing R1, R3 and R5

of a factor of 1.5, since the transfer function of the numer-

Figure 5. (a) Picture of the fabricated piezoelectric
MEMS speaker mounted on a custom PCB and cou-
pled with the package for in-ear acoustic tests. (b)
Picture of the Device Under Test (DUT) mounted on
the ear simulator G.R.A.S. RA0402.

Figure 6. Comparison between numerical (blue
curve) and experimental (red curve) SPL frequency
spectra evaluated in the ear simulator for a bias volt-
age of 12 V plus an alternating voltage 5 Vpp.
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ical coupler above 10 kHz is different from the one of the
coupler used in the experiments [15].

The agreement between the two curves is very good
below 10 kHz, range in which the ear simulator is able to
accurately reproduce the acoustical behaviour of the ear
canal [16]. The discrepancies in the speaker resonance re-
gion is due to the lack of knowledge of the real mechanical
Qm factor, that can be hardly estimated from this curve
with standard formulas being too close to the coupler res-
onance.

6. CONCLUSION

A lumped-parameters equivalent circuit for a fast and
accurate modeling of piezoelectric MEMS speaker has
been proposed. The derivation of the electro-mechanical
parameters from a FEM eigenfrequency analysis allows
for a precise computation of these quantities for arbitrar-
ily complex geometries and to consider the shift in the
speaker resonance frequency due to an initial non null
pre-deflected configuration. The proposed equivalent cir-
cuit takes also into account the acoustic short-circuit be-
tween the speaker front and rear sides, induced by the
presence of air-gaps which separate the different mechan-
ical components of the speaker. The very good matching
in terms of SPL among the equivalent circuit predictions,
FEM simulations and experimental data demonstrates the
ability of the proposed method to accurately simulate the
speaker performance, thus representing a fast tool for the
design of this class of MEMS speakers.
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