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Introduction
Microelectromechanical Systems (MEMS) are a technol-
ogy that has made completely new applications possi-
ble in science and industry. Microspeakers such as those
used in in-ear devices have great potential to benefit from
MEMS technology due to the miniaturization and manu-
facturing advantages. There is a lot of research going on
in this area, where great efforts are made to avoid pull-
in instabilities and to optimize damping. Damping in
particular is a decisive factor in audio applications, as it
has a strong influence on the frequency response. In this
study, we use the finite element method to investigate
the influence of the air film in the electrostatic gap of a
test structure on parameters that can be measured using
impedance spectrometry, such as mechanical natural fre-
quency or capacitance. The results have the potential to
improve the characterization methods and thus advance
the development of MEMS-based microspeakers.

Intended measurement process
To design an audio system including a MEMS-based
µSpeakers it is common to use acousto-mechano-
electrical analogies and lumped parameter models. The
lumped parameters of the speaker itself can be derived
using the finite element method (FEM) or measured ex-
perimentally. Despite the recent advances in multiphysi-
cal modelling and availability of commercial tools only a
measurement can provide reliable results, especially in
the case of fluidic damping. However, in the case of
our MEMS-based µSpeakers the common vibration mea-
surement methods are hardly applicable. Since the air-
displacing microbeams lie inside the chip, they cannot be
observed with laser Doppler vibrometry and due to small
Q factors, the acoustical determination of the frequency-
to-bandwidth ratio is not applicable. Therefore, to ex-
perimentally characterize the damping of MEMS-based
µSpeakers we need an alternative non-destructive ap-
proach.

Impedance spectroscopy, with which the resonant fre-
quency of an acoustic transducer can be determined, is
usually used to characterize the microelectronic compo-
nents. This can conceptually be applied to our trans-
ducer as well and if the peak is not observable due to a
low Q factor, the atmospheric pressure can be reduced.
We can then use two measurements at different pressure
conditions, such as vacuum and atmospheric pressure, or
a reduced pressure to determine the resonance peak. Fi-
nally, based on the difference in resonant frequency, we

can approximate the Q factor as
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at the given pressure, where fv is the vacuum resonance
frequency and fp is the resonance frequency at the given
pressure. In the event that the µSpeakers do not show a
resonance peak at atmospheric pressure, a reduced pres-
sure must be used, while the pressure dependence of air
viscosity can be used to extrapolate the Q-factor to at-
mospheric pressure.

Microbeam and numerical model
Before the experiment, the above measurement method
should be tested with a numerical model of an existing
microbeam test structure, which can later be used for
experimental validation. The test structure is an electro-
statically actuated microbeam, which is a fundamental
building block of a MEMS-based µSpeaker. Figure 1a
shows a scanning electron microscope picture of the test
microbeam, where a flexible beam is placed parallel to a
fixed electrode creating a damped microbeam resonator.
The schematic of the microbeam resonator is shown in
Fig. 1b, where the electrostatic driving force is created
by application of the voltage between the electrodes,
the mass and stiffness come from the flexible beam (e.g.
Euler-Bernoulli model), and the damping is the result of
the viscous shear forces created by the vertical fluid flow
(squeeze-film damping). The geometric dimensions of the
microbeam resonator are shown in Tab. 1. According to
latest research, this naturally non-linear system can be
considered as a single degree of freedom system [1, 2].

a b

Figure 1: a Scanning electron microscope image of the man-
ufactured microbeam. b Schematic of an electrostatically ac-
tuated microbeam with squeeze-film damping.

The numerical model was created using the commercial
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Table 1: Geometric parameters of the microbeam.

Item Value Unit
L, beam length 1000 µm
T , beam Thickness 2.47 µm
h, beam height 75 µm
g0, air gap 10.15 µm

software COMSOL Multiphysics and is shown in Fig-
ure 2. It contains three domains; structural, electrostatic
and fluidic. The structural domain is the microbeam
with the anchors consisting of single-crystal silicon with
anisotropic stiffness [3] and includes nonlinear effects like
large deflections and stress stiffening. The beam itself is
discretized with at least 3 elements per thickness. The
electrostatic domain is the air gap, which itself is based
on a linear differential equation, but is deformed due to
the deflection of the beam and therefore creates non-
linear effects, e.g. Coulomb softening. The fluidic do-
main is 2D thin-film flow described by Reynolds equa-
tion, where the atmospheric pressure is applied to the
upper boundary, while all other boundaries are defined
as a wall. The simulation process contains two steps: the
first step is a non-linear analysis where a bias voltage is
applied and the second step is a perturbed modal anal-
ysis at the operating point. The analysis was performed
in the range from 1V to 115V in 1V steps to get biased
eigenfrequency over a large voltage range and to choose
good experimental operating points. In addition the at-
mospheric pressure was varied between 0 bar (undamped)
and 1 bar (realistic operating condition).

Figure 2: 3D FEM model of the microbeam resonators in-
cluding air gap and anchors.

Results and Discussion
Figure 3 shows the biased eigenfrequency from the per-
turbed modal analysis at different pressure conditions,
where we observe a similar profile for all pressures. In
the 0 bar case the results are obtained by an undamped
modal analysis without the coupling of the thin-film
damping domain. The curves can be subdivided in three
regions, falling eigenfrequency between 0V and 25V
driven by Coulomb softening, rising frequency between
25V and 112V driven by stress stiffening, and falling
eigenfrequency above 112V driven by Coulomb softening.
The sensitivity of the eigenfrequency increases with the
biased voltage, where the strongest effect can be observed

above 100V in Fig. 4. This effect can be explained by
the reduction of the electrostatic gap, when the beam de-
flection becomes bigger at higher voltages. Subsequently,
there is an additional dependence of the Q factor on the
bias voltage.
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Figure 3: Eigenfrequency dependence on the voltage for five
different pressure conditions.
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Figure 4: Strong eigenfrequency dependance on pressure
conditions at higher voltages (enlargement of Fig. 3)

To analyse the pressure dependence of the eigenfrequency
the bias voltage is fixed at the undamped maximum fre-
quency at 112V. This voltage was choosen to stay at
a safe distance to the pull-in (unstable state), but still
to keep high sensitivity to the pressure change. The Q
factor calculated with Eq. (1) from the numerically de-
termined eigenfrequencies is shown in Fig. 5. The sim-
ulation was done using pressure parametric sweep from

DAGA 2022 Stuttgart

391



0.05 bar to 1 bar in 20 steps. In Fig. 5 we observe a Q fac-
tor around 16.5 for 0.05 bar. With increasing pressure it
drops sharply around 0.25 bar to a value around 6. After-
wards, the curve decreases gradually and finally reaches
the value of 4 at 1 bar. The strong decrease of the Q
factor at low pressures can be explained by its high sen-
sitivity to frequency change, when the Q factor is above
10 or higher and the damped and undamped frequencies
are close to each other. Subsequently, it is hardly possi-
ble to determine high Q factors using the frequency shift,
when applied to experimental scattered data, with a vari-
ance close to the frequency shift. Despite this limitation,
it seems feasible to apply such strategy on MEMS-based
µSpeakers, where it is common to use low Q factors.
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Figure 5: Q factor according to Eq. (1) for different pres-
sures.

Conclusion
In this work we proposed and numerically investigated
an alternative measurement approach to characterize the
damping of MEMS-based µSpeakers. With impedance
spectroscopy, the resonant frequency shift is to be mea-
sured at different pressure conditions, which allows the
Q-factor to be determined from two different pressure
conditions. The numerical study demonstrates the feasi-
bility of this method for low Q factors when applied to a
simple microbeam model. For further details on the nu-
merical model and extensive experimental investigations
see Ref. [4].
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