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ABSTRACT

A growing interest for MEMS loudspeakers for in-ear ap-
plications has been observed in recent years, with encour-
aging results in terms of sound pressure level, distortion
and form factor [1–3]. MEMS loudspeakers based on
thin film PZT are promising to replace advantageously the
bulky loudspeakers that are currently used in small wear-
able devices. Reducing the size of loudspeakers and adapt
them to micro-fabrication processes could allow to reduce
further the power consumption and to integrate them in
smaller devices, such as smart-watches and true wireless
earbuds. In this paper we present the measurement results
of the loudspeaker presented in [4] and the comparison of
the results with the simulation carried with a lumped ele-
ment model and a finite element model presented in [5].
In the simulations performed with both lumped parame-
ters and finite elements models, the loudspeaker produces
a sound pressure level of more than 120 dBSPL down to
100Hz. The response of the loudspeaker is measured us-
ing a G.R.A.S RA0045 ear-occluded coupler, following
the International 60318-4 (IEC) standard. The back cav-
ity of the loudspeaker is unloaded and the setup is placed
inside an anechoic G.R.A.S chamber. An adapter is de-
signed and 3D printed in order to adapt the moving plate
of the loudspeaker to the input of the ear-occluded coupler.
The Total Harmonic Distortion (THD), due to the complex
non-linear behaviour of the thin film piezoelectric mate-
rial used in the loudspeaker, is evaluated as well. The dif-
ferences observed between the experimental results and
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the models are then explained, and ways of improving the
models and the performance of the loudspeaker are dis-
cussed.
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1. INTRODUCTION

The constant increase of the number of publications about
research on MEMS loudspeakers could be attributed to the
growing interest of the industry for this technology, stim-
ulated by the recent significant improvement of the per-
formance. Although loudspeakers dedicated to free field
application are still not able to reach the acoustic pressure
generated at low frequencies by larger non-MEMS micro
loudspeakers, recent publications have shown interesting
performance for in-ear applications [6–8]. For in-ear ap-
plications, MEMS loudspeaker are offering significant ad-
vantages, such as low manufacturing tolerances, ideal for
active noise cancellation and channel matching as well as
low power consumption. Despite reaching sound pressure
level as high as 115 dBSPL at 20Hz, these loudspeaker
are suffering from the high (several tens of per cent ) To-
tal Harmonic Distortion (THD) originating from the non-
linear character of their transduction either based on elec-
trostatic or piezoelectric effects. To reduce the THD gen-
erated by these loudspeakers down to an inaudible limit,
complex non-linear models as well as non-linear real time
signal processing can be used but are significantly increas-
ing the price and the power consumption of the system. A
simpler way to decrease the THD would be to increase
the sensitivity of the loudspeaker, in order to reach similar
sound pressure levels for lower input voltages. To obtain a
high sensitivity, our loudspeaker is based on a innovative
manufacturing process, in which the electro-mechanical
transduction of the loudspeaker, composed of piezoelec-
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tric bending actuators is separated from the mechano-
acoustical transduction performed by a rigid moving plate.
On the other hand, accurate modelling of loudspeakers is
essential to tune the acoustic response of the driver when
designing the enclosure in order to reach the target fre-
quency response [9]. To evaluated the performance of the
loudspeaker inside the coupler, a lumped element model
as well as two-port models to represent ducts in the plane
wave assumption are used and are giving good agreements
with the measured data. With a dedicated packaging, the
pressure reached by our loudspeaker could be increased
by 10 dB by reducing the volume between the radiating
surface and the microphone of the coupler. To reach a
higher sound pressure level in low frequencies, a correct
sealing should be obtained between the loudspeaker and
the ear-occluded coupler in order to obtain the typical flat
frequency response below the resonance frequency of the
system.

[10]

2. MEASUREMENT SETUP

For a better understanding of the model, the loudspeaker
and the measurement setup are described first. The loud-
speaker, whose geometry and manufacturing process is
detailed in [4] is composed of bending piezoelectric ac-
tuators manufactured in a first Silicon On Insulator (SOI)
wafer on which a rigid plate manufactured in a second
SOI wafer is bonded. This rigid plate can freely move
out-of-plane and the harmonic oscillation of the latter cre-
ates an acoustic pressure. A picture of one loudspeaker is
depicted in Figure 1. It shows the custom made printed
circuit board in green, on which the loudspeaker is glued
and wire-bonded. On the picture, the grid composed of
the stiffeners of the rigid plate of the loudspeaker is visi-
ble. As the loudspeaker is not integrated into a dedicated
in-ear packaging it needs to be adapted in order to be
used with the ear-occluded coupler. For this purpose a
3D printed adapter is designed to be bolted on the printed
circuit board. In the centre of the adapter, a hollow protru-
sion whose dimensions are slightly larger than the moving
plate is pressed against the rigid frame of the loudspeaker.
The coupler is then assembled against the adapter.

Figure 2 depicts a cross section view of the com-
plete assembly of the measurement setup. On the left, the
printed circuit board with a thickness of 1.6mm appears
in green. On this printed circuit board, the loudspeaker ap-
pears in purple. On the top and the bottom of the printed
circuit board, two terminal blocks are used for the elec-

Figure 1: Photo of the loudspeaker bonded on a
printed circuit board

trical connection of the loudspeaker. The adapter is rep-
resented in a dark shade of grey and the duct within the
adapter, between the loudspeaker and the coupler is repre-
sented in green. The duct of the adapter is then assembled
with the G.R.A.S. RA0045 ear-occluded coupler, which is
first composed of a conical duct usually used for the seal-
ing plugs of earphones. The measurement setup consists
in two successive ducts, a cylindrical and a conical one
between the loudspeaker and the ear-occluded coupler.

Figure 2: Cross section CAD drawing view of the
loudspeaker assembly

3. LUMPED ELEMENT MODEL

The lumped element model of the loudspeaker itself is
detailed more precisely in [4]. The equivalent electrical
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circuit of the measurement setup consists of three dif-
ferent domains and is represented in Figure 3. The first
equivalent circuit is the one representing the behaviour of
the piezoelectric layer in low frequencies, mainly acting
as a capacitor Cp as well as a resistor Rg , representing
the dissipation due to the current iin in pads and wires.
This circuit is coupled to the mechanical one through a
transformer of ratio ζ, representing the conversion of the
voltage uc across the capacitor Cp to a force Fin due to
the piezoelectric effect, actuating a first order mechani-
cal resonator composed of an equivalent viscous damping
Rms, an apparent compliance Cms and an effective mov-
ing mass Mms. This mechanical circuit is coupled to an
acoustical circuit by a transformer of ratio S−1

d , represent-
ing the effective radiating surface of the loudspeaker. In
our case, the acoustical circuit is composed of two suc-
cessive ducts, a cylindrical and a conical ones, represent-
ing the adapters used to adapt the moving plate of the
loudspeaker to the ear-occluded coupler represented by a
quadrupole on the right. The complete circuit representing
the ear-occluded coupler is given in Figure 5. Parameters
for the loudspeaker are taken from [4] and are recalled in
Table 1.

Both the conical and the cylindrical tubes are simu-
lated as quadrupole elements and represented analytically
by transfer matrices, connecting the input volume velocity
and the input pressure to the output volume velocity and
output pressure such as[

pin
Qin

]
=

[
A B
C D

] [
pout
Qout

]
. (1)

where A, B, C and D are determined analytically and
are equal to 

Ad = cos kcL

Bd = jZc sin kcL

Cd =
j

Zc
sin kcL

Dd = cos kcL

(2)

for a cylindrical tube of length L and of characteristic
impedance Zc written

Zc =
ρ0c0
S

(3)

and

kc = k0 + (1− j)α (4)

the complex wave number, taking into account visco-
thermal losses on boundaries.

For a convergent conical duct, whose dimensions are
represented in Figure 4, coefficients of the transfer matrix
derived in [11] write



Ac =
Ri+1

Ri
coshΓℓ− β

Γi
sinhΓiℓ

Bc =
Ri+1

Ri
Zc,i sinhΓiℓ

Cc =
1

Zc,i

[(
Ri+1

Ri
− β2

Γ2
i

)
sinhΓiℓ+

β2ℓ

Γi
coshΓiℓ

]
Dc =

Ri

Ri+1

(
coshΓiℓ+

β

Γi
sinhΓiℓ

)
(5)

where ℓ is the length of the cone and Ri and Ri+1 are
respectively the input and the output radii of the duct, Ri

is the equivalent cylindrical radius written as

Ri = (2min (Ri, Ri+1) + max (Ri, Ri+1))/3, (6)

and

β =
Ri+1 −Ri

ℓRi
. (7)

The propagation wave number Γi can be expressed as

Γi =
jω

c0

√
1 + (γ − 1)J (ktRi)

1− J (kvRi)
, (8)

with

kv =

√
jω

ρ

µ
. (9)

The characteristic impedance of the cone writes

Zc,i =
ρc0
πR2

i

√
(1 + (γ − 1)J (ktRi))−1

1− J (kvRi)
, (10)

with

kt =

√
jωρ

cp
κ

. (11)

The function J (z) represents the dissipative terms
and writes
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Figure 3: Equivalent electrical circuit of a piezoelectric loudspeaker radiating into two ducts and an ear-
occluded coupler

Figure 4: Definition of the geometrical quantities for
a convergent cone adapted from [11]

J (z) =
2J1(z)

zJ0(z)
(12)

with J0 and J1 Bessel functions of the first kind and of
respectively zero and first orders. Values for c0 the sound
velocity, ρ0 the density of air, µ the viscosity of air, κ the
thermal conductivity of air, cp the specific heat with con-
stant pressure and γ the ratio of specific heats are given in
Table 1. The coupler represented as a quadrupole in Fig-
ure 3 can be simulated by an equivalent electrical circuit
given in [12] and depicted in Figure 5. Between the loud-
speaker and the first duct, as well as between the first duct
and the second duct, leakage impedances Zl,1 and Zl,2 are
introduced. Leakages in headphones design are often rep-
resented as a series inductor and resistor [13], such as

Zl,n = Rl,n + jωLl,n. (13)

Once transfer matrices are derived for both ducts, the com-
plete circuit can be expressed as a single matrix resulting
of the product of all matrices such as it is derived in Equa-
tion 14.

Table 1: Lumped elements parameters of the loud-
speaker

Parameter Value Unit

c0 343 m s−1

ρ0 1.2 kgm−3

µ 18.5 µPa s
κ 0.026 Wm−1K−1

γ 1.402 −
cp 91 nF
ζ 0.49 mNV−1

Rms 4 µNsm−1

Mms 3.8 mg
Cms 5.7 mmN−1

Sd 36 mm2

L1 82.9 Pa s2m−3

L2 9400 Pa s2m−3

L3 130.3 Pa s2m−3

L4 983.8 Pa s2m−3

L5 133.4 Pa s2m−3

C1 1 pPam−3

C2 1.9 pPam−3

C3 1.5 pPam−3

C4 2.1 pPam−3

C5 1.517 pPam−3

R2 50.6 MPa sm−3

R4 31.1 MPa sm−3
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[
pin
Qin

]
=

[
1 Rs

0 1

] [
1 0

jωCp 1

] [ 1
γ 0

0 γ

] [
1 Rms

0 1

] [
1 jωMms

0 1

] [
1 1

jωCms

0 1

]
(14)[

Sd 0
0 1

Sd

] [
1 0
1

Rl1+jωLl1
1

] [
Ad Bd

Cd Dd

] [
1 0
1

Rl2+jωLl2
1

] [
Ac Bc

Cc Dc

] [
1 jωL1

0 1

]
[

1 0
1

jωC1
1

] [
1 0
Z2 1

] [
1 jωL2

0 1

] [
1 0
1

jωC3
1

] [
1 0
Z4 1

] [
1 jωL5

0 1

] [
1 0
1

jωC5
1

] [
pout
Qout

]
.

Qin

L1

R2
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Figure 5: Lumped equivalent network of the coupler

with

Z2 = R2 + jωL2 +
1

jωC2
(15)

and

Z4 = R4 + jωL4 +
1

jωC4
. (16)

From Equation 14, the output pressure at the coupler
microphone can be written as

pout =
Zout

AZout + B
. (17)

where A and B are the coefficients of the matrix re-
sulting of the product of all matrices.

4. RESULTS

In this section the acoustic pressure measured inside the
ear-occluded coupler is compared with the one simulated
using the lumped element model. As leakages are diffi-
cult to estimate, the value of resistors Rl,1 and Rl,2 and
inductor Ll,1 and Ll,2 are roughly estimated using typical
values and are then adjusted to fit the measurement. The
influence of leakages on the frequency response is given in
Figure 6. For a perfect sealing of both ducts on the loud-
speaker and the coupler, corresponding to Rl,1 = Rl,2 =
∞, the frequency response is flat down to static pressure
below the resonance frequency, and the resonances of the
ducts and the coupler, at 5760, 11 540 and 15 540Hz re-
spectively are lightly damped. For a significant leakage
between the loudspeaker and the cylindrical duct, with a
value of Rl,1 = 1MPa sm−3, the level in low frequencies
is significantly decreased, of about 40 dB at 20Hz, and
the shape of the frequency response is similar to a band-
pass filter. The resonance at approximately 1 kHz corre-
sponds to the resonance of the loudspeaker in free field. In
the previous case, the resonance was higher, at 1240Hz,
which corresponds to the resonance of the loudspeaker in-
side the closed volume. For a significant leakage between
the cylindrical and the conical duct, a similar effect is ob-
served below the resonance frequency. Above the reso-
nance, resonances of both ducts which were bypassed by
the leakage caused by Rl,2 in the previous case appear
in the frequency response. They are shifted compared to
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the sealed case. When both leakages are significant with
Rl,1 = Rl,2 = 1MPa sm−3, the overall sound pressure
level is decreased further, and resonances due to ducts are
damped.

Figure 6: Pressure response simulated for different
values of Rl,1 and Rl,2

The frequency response is measured using an expo-
nential chirp signal of equation

x(t) = sin

(
ϕ0 + 2πf0

(
kt − 1

ln k

))
(18)

and of amplitude 15VDC ± 7.5VDC at the output of
the amplifier. The signal is amplified by a custom made
DC coupled amplifier with a gain of 15 and is able to
provide the DC voltage of 15V. The microphone of the
GRAS RA0045 ear-occluded coupler is externally polar-
ized and amplified by a GRAS 12AK before being con-
nected to the PXI-4461 module. The measurement setup
is calibrated using a GRAS 42AG. Measurements are pre-
sented with a smoothing octave filter of N = 1/12.
In Figure 7, the measured frequency response is com-
pared with the simulated one. Below the resonance fre-
quency, the decrease of the pressure with the decrease of
the frequency due to the acoustical leakages is well esti-
mated by choosing a value of Rl,1 = 80MPa sm−3 and
Rl,2 = 1GPa sm−3. There is a mismatch of level of ap-
proximately 3 dB between the measured and the simulated
curves below the resonance frequency. A shift of 10% of
the first resonance frequency is also observed. The sec-
ond resonance, due to the impedance of the coupler and
the ducts is also correctly estimated, but is highly under-
damped in the model. Higher in frequency, the lumped

model used for the loudspeaker as well as the plane wave
assumption used for the ducts are not valid and results
are diverging. At the resonance, a pressure of 140 dBSPL

was reached. In low frequency, the acoustic pressure is
affected by leakages, and a pressure of 112 dBSPL was
reached. With a perfect sealing, a pressure of more than
120 dBSPL is expected.

Figure 7: Pressure response simulated and measured
at uin = 7.5V

In Figure 8, the THD of the loudspeaker is evaluated
at 100Hz for different input voltages. Below the reso-
nance frequency, the geometrical non-linearities are max-
imum. For an input voltage uin = 2.4V which corre-
sponds to a sound pressure level of 100 dBSPL, a THD of
2.5% is measured. The THD increases exponentially with
the input voltage, which leads to a value of approximately
20% for an input voltage of uin = 7.5V. The sound pres-
sure level should increase linearly with the input voltage,
but a non-linear effect is observed due to geometrical and
acoustical non-linearities. Due to the leakage and the de-
crease of the sound pressure level in lower frequencies,
harmonics are amplified by the transfer function and the
THD is overestimated below the resonance frequency.

6304



10th Convention of the European Acoustics Association
Turin, Italy • 11th – 15th September 2023 • Politecnico di Torino

Figure 8: Sound pressure level and total harmonic
distortion at 100Hz for different input voltages uin

5. CONCLUSION

In this paper, the performance of a piezoelectric MEMS
loudspeaker for in-ear applications was evaluated. Due
to a higher sensitivity, the loudspeaker is radiating pres-
sures above 120 dBSPL in a wide frequency band with a
reasonably low THD. At the resonance of the loudspeaker
inside the coupler a pressure of more than 140 dBSPL was
measured. With a correct sealing and a dedicated packag-
ing, resulting in a smaller volume, sound pressure levels
of more than 130 dBSPL are expected. This loudspeaker
could be successfully integrated into earphones to replace
advantageously classical micro-loudspeakers.
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