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Abstract

Research on modulated ultrasound microspeakers has
been increasing steadily in recent years, with new
modulation and actuation techniques being proposed.
Such devices are highly integrated, often consisting
of multiple moving parts and varying channel widths
that require complex simulation to accurately model
their behavior. This makes accurate simulations very
challenging. In this contribution, we present a fully
coupled multiphysics finite element model of a micros-
peaker comprising two moving membranes, a pres-
sure chamber between them, and air channels with
varying acoustic impedance. Incorporating electro-
static actuation, nonlinear membrane mechanics and
a viscous air domain, the model aims to accurately
capture surface traction and squeeze-film damping
effects. Using a frequency-modulated excitation, the
modulation behavior is investigated. In the spectrum
of the resulting modulated ultrasound pressure sig-
nal, the low-frequency audio signal components are
present, confirming the expected modulation behav-
ior. Initial results indicate an increase in total har-
monic distortion when nonlinear and viscous effects
are included compared to a linear model. This pro-
vides crucial insight into the device’s development and
demonstrates the importance of a fully coupled simula-
tion for predicting the modulation behavior. All steps,
from modeling and meshing to the coupled simulation,
were done using only open-source software (Gmsh,
openCFS), providing a reproducible framework for
simulation of highly coupled systems.
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1. Introduction
As research and development of electrostatic-driven
modulated-ultrasound speakers have gained traction
in recent years [1], [2], [3], [4], [5], new state-of-the-art
designs have been proposed and tested to increase ef-
ficiency and reduce footprint and power consumption.
Modulated ultrasound loudspeakers feature a driv-
ing unit as well as a shutter/demodulater which are
used to produce sound in the audible frequency range
from 20 Hz to 20 by demodulating an ultrasound car-
rier signal. For effective demodulation, the actuator
undergoes comparatively large deformations, which
also introduces challenges in the modeling process
due to the necessity to incorporate domain movement
and non-linearities. To retain all necessary effects,
highly coupled multiphysical finite element simula-
tions are the go-to way to investigate such designs and
modulation methods. Additionally, network models
can serve as a fast but usually less accurate way to
speed up design choices [4]. Nevertheless, it is impor-
tant to validate such network models with simulation
and experiments. One downside for the scientific
space is the reproducibility of such simulations, as
most closed-source software comes with major licens-
ing costs. Open-source tools reduce costs and also
increase transparency, enabling researchers to share
their models, code, and data openly. In this investi-
gation, an electrostatic-driven modulated-ultrasound
speaker similar to the one proposed by SonicEdge in
[4] is modeled using Gmsh [6] and simulated using the
open-source multiphysics FEM solver openCFS [7].

2. Model description
The model is constructed based on the geometry of
an existing microspeaker array depicted in Fig. 1.
Due to the symmetric design of the microcell, only
one-third of the structure is modeled, with the cor-
responding symmetry boundary conditions applied.
One further symmetry was not implemented, as fur-
ther reduction introduced complications during the
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Figure 1: Top view of the existing microspeaker array
and top view of the Gmsh used for the simulation depicting
the axisymmetry used to reduce complexity

meshing process and the current model was already
suitable for simulation. Each microcell in the array
consists of three membranes stacked on top of each
other. The schematic of the stacked membranes can
be seen in Fig. 2.
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Figure 2: Schematic side view of the microspeaker with
three membranes stacked horizontally, the cavity created
between them and the air channels

The microcell model consists of membranes stacked
horizontally. The two outer membranes, membranes
1 and 3, are movable and are actuated electrostati-
cally. The middle membrane, membrane 2, is fixed
at the outer edges, acts as a ground plane for the
outer membranes, and creates a middle cavity. In the
overlap regions between the membranes, air channels
with varying gaps are created. Those air channels
are used for demodulating the modulated ultrasound
signal. At the outer edges the membranes are fixed in
place. The resulting 3D model of the membranes is
depicted in Fig. 3.
The mechanical model is then embedded in a viscous
air domain that acts as the main damping force of the
membranes and thus includes the viscous effects of air
present at such high actuation frequencies. To reduce
computational complexity, the viscous air domain is
switched to a purely acoustic domain as soon as vis-
cous effects can be neglected [8]. In this domain, the
radiated sound pressure is measured at a distance of
four times the micro speaker diameter.

Figure 3: 3D model of the mechanical domain used for
the simulation

3. Excitation and modulation
As an excitation, a simple frequency modulation setup
is used [3]. The modulation signal is produced by mem-
brane 3. The carrier signal is produced by membrane
1. Equations (1) and (2) state the excitation voltage
applied to the corresponding membranes.

Umb1(t) = Umax sin(2π t fcarrier) (1)
Umb3(t) = Umax sin(2π t (fcarrier − faudio)) (2)

Here, the carrier frequency fcarrier = 400 kHz, the
audio signal is set to fcarrier = 40 kHz and the maxi-
mum voltage has been chosen such that the residual
gap between the membranes is close to 50 % of the
original gap. With this setup, the two signals are
intermodulated in the viscous air domain between
the membranes. The varying air channels acting as
an impedance modulation demodulate the resulting
pressure signal, and the low-frequency audio signal is
produced. It has to be noted that the low-frequency
signal is still in the ultrasound range and was solely
chosen to reduce computation time. The workflow
can be applied to any audio frequency, but the lower
the audio frequency, the longer the computation time.

4. Governing Equations
The microspeaker model consists of an excitation that
is defined by the electrostatic force acting on the
membranes. A voltage is applied to the top and
bottom membranes. The middle membrane is set
to ground. To calculate the electrostatic force the
electrostatic partial differential equation (PDE), (3),
is used. This PDE describes the electrostatic field
by the divergence of the gradient of the electrostatic
scalar potential ϕ scaled by the permittivity ϵ.

−∇ · ϵ∇ϕ = 0 (3)

The excitation voltages are directly prescribed via in-
homogeneous Dirichlet boundary conditions onto the
surfaces of the membranes by setting ϕ(t) = Umb1(t)
for membrane 1, ϕ(t) = 0 for membrane 2 and
ϕ(t) = Umb3(t) for membrane 3 at the boundary.
The resulting electrostatic force is then applied to
the mechanical model of the microspeaker by coupling
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the electrostatic force as a boundary condition to the
mechanics PDE, (4).

ρf + ∇ · [σ] = ρ
∂2u

∂t2 (4)

This PDE balances the forces acting on a body, the
volume forces given by the force density f times the
density ρ and the surface forces, defined by the diver-
gence of the stress tensor [σ] with the forces acting
an a body described by Newtons second law, accel-
eration ∂2u

∂t2 times the density ρ. This PDE is then
solved for the membrane displacement u according
to the material parameters and the boundary condi-
tions. For the nonlinear case, the mechanics PDE is
solved iteratively with the internal forces, given by
∇ · [σ], being dependent on the displacement. The
outward-facing surfaces of the membranes are fixed
in place by using the homogeneous Dirichlet bound-
ary condition, setting the displacement to zero for
all directions. This results in the membranes being
clamped at the outer edges. Around the membranes,
the air is modeled using the linearized compressible
flow equations (LinFlow PDE), (6) and (7), to include
viscous effects. As this domain moves with the mem-
branes, the displacement solved for in the mechanics
PDE has to be incorporated into the LinFlow PDE
via grid movement. This adaptation is done using
the smooth PDE, 5, a quasi-mechanical modeling that
adapts the grid according to a quasi-stiffness. This
approach was introduced in [8]. A linearized Ansatz
for the strain, 1

2 (∇u + ∇uT)), only depending on the
displacement u, is used. The resulting displacement
is therefore only dependent on the stiffness tensor
[C]. The displacement at the membrane surfaces is
prescribed as an inhomogeneous Dirichlet boundary
condition in the smooth PDE that is used to update
the grid in the LinFlow domain.

−∇ ·
(

[C] : 1
2(∇u + ∇uT)

)
= 0 (5)

The velocity at the membrane edges is then coupled
to the LinFlow PDE as a boundary condition. This
PDE is then solved on the updated grid. To include
the viscous air damping, the surface traction at the
membrane surfaces is calculated and is then iteratively
coupled back to the mechanics PDE.

1
c2

∂p

∂t
+ ρ0∇ · v − 1

c2 vgrid · ∇p = 0 (6)

ρ0
∂v

∂t
− ρ0vgrid · ∇v = ∇ · [σf ] (7)

In these equations, p denotes the perturbed pressure,
v the velocity of the medium, c the speed of sound, t
the time, ρ0 the mean density, vgrid the grid velocity
and [σf ] the viscous stress tensor. In the simulation,
no-slip boundary conditions around the membranes
are used to incorporate the formation of boundary
layers. To decrease the computational complexity, the

air is modeled using the acoustic PDE, (8), as quickly
as possible.

1
c2

∂2pa

∂t2 − ∆pa = 0 (8)

The LinFlow domain is directly coupled to the acoustic
domain as soon as the boundary layer is fully devel-
oped. The acoustic PDE then models the surrounding
air domain, which is finally enclosed by a perfectly
matched layer to absorb outgoing waves. A structure
of the domains resembling the model given in 2 and
the corresponding PDEs is given in Fig. 4.

Electrostatic &

Electrostatic & Mechanics Electrostatic & Mechanics

Electrostatic &

Figure 4: Physical domain structure in the side view of
the microspeaker schematic.

Additionally, Fig. 5 depicts the described overall
simulation workflow used for the simulation.

Figure 5: Coupling framework used in openCFS.
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5. Simulation Results
The simulation results yield the air pressure above
the microspeaker for both linear and nonlinear me-
chanical cases. In both cases, viscous effects in the
air channels dominate the modulation. On the one
hand, the sealing effect of a closing gap is vital for the
redirection of the air stream. On the other hand, vis-
cous effects are responsible for the generation of an air
cushion between the membranes (squeeze film). This
squeeze film exhibits a damping force that is the main
back-coupling force counteracting the electrostatic ac-
tuation. Since the importance of viscous effects and
their influence on the membrane movement has also
been discussed already in the literature [3], the focus
of this evaluation is laid upon the power spectral den-
sity (PSD) of the audio signal. In the PSDs for both
scenarios, the demodulated audio signal components
are observed. Furthermore, the presence of harmonic
distortion confirms the nonlinear effects induced by
viscous effects. For each frequency peak in the power
spectral density, the frequency band introduced by the
window function used to integrate over the peak to
retrieve the total signal power at the specific frequency.
Fig. 6 and 7 show the respective power spectral den-
sities. From the identified peaks, the total harmonic

Figure 6: Power spectral density of the simulated air
pressure above the microspeaker using linear mechanics
simulation. Blue: low-frequency audio signal. Red: har-
monic distortions

distortion (THD) is calculated by integrating over the
frequency bands. The THD values are given in Table
1

Table 1: Calculated total harmonic distortion from the
corresponding power spectral density

THD in dB
linear -25.379

nonlinear -7.777

When non-harmonic distortions are included in the
linear mechanics simulation, the total harmonic dis-
tortion (THD) increases to −23.231 dB. This minor

Figure 7: Power spectral density of the simulated air
pressure above the microspeaker using non linear mechan-
ics simulation. Blue: low frequency audio signal. Red:
harmonic distortions.

increase does not significantly impact the results, as
the non-harmonic peaks remain at least 60 dB below
the signal. The primary contribution to THD arises
as sidebands from the carrier frequency. This contri-
bution is especially pronounced in the power spectral
density of the nonlinear simulation, which appears to
be underestimated by approximately 20 dB compared
to the linear simulation. It appears that the increase
stems from the difference frequencies of the modula-
tion and carrier signals from the non-linear mechanics.
These difference frequencies are also present, although
less attenuated, in the linear mechanics case, as the
influence of the non-linear viscous effects also seems
to yield those frequencies. For the non-linear mechan-
ics case, both effects superimpose. This yields a far
greater difference when including non-linear mechanics
as initially expected. It has to be said, though, that
for a carrier frequency high enough, the sidebands will
not reach the audible frequency range. The reason for
this is the sharp decline seen in the PSD in Fig. 7 com-
bined with the fact that the usable audio frequency is
capped at 20 kHz. Besides the sidebands of the carrier
frequency, also the audio frequency shows higher har-
monics that contribute to the THD. These sidebands
are in the audible band and should be minimized.
This could be either done with design modifications or
excitation signal adaptations (pre-distortion). Finally,
it has to be noted that since the carrier frequency is
a multiple of the audio frequency, the harmonics and
sidebands can potentially overlap.

6. Conclusion and outlook
In conclusion, this investigation shows the impor-
tance of including nonlinear mechanics when simu-
lating MEMS microspeakers. Using linear mechanics
to speed up the simulation not only underestimates
harmonic distortion but also introduces non-harmonic
components that need further investigation. Relying
on these results in the development phase is crucial
for predicting system performance and, as we showed
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in this simple example, underestimating the THD by
around 20 dB and adapting the frequency response
based on the harmonic distortions is fatal. The power
spectral densities also show that the most energy con-
tributing to the harmonic distortion is located at the
sidebands of the carrier. In a real audio application,
those frequencies would not fall into the audible spec-
trum. Additionally, higher harmonics of the audio
frequency have been observed, which are in the audi-
ble range and need to be minimized accordingly. We
also showed that a highly coupled finite element sim-
ulation can be done using only open-source software,
providing a cost-effective and accessible alternative
to commercial modeling and meshing tools and FEM
solvers. This approach improves reproducibility and
transparency within the research community, enabling
broader adoption and continuous improvements to the
simulation tools used.
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