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Abstract

Electrostatically actuated silicon-based MEMS
microspeakers represent a key enabling
technology for next-generation consumer
earphones. Their compact design and precision
control offer enhanced sound quality, but
nonlinear multiphysics effects introduce
harmonic distortion that can degrade
performance. The design goal of this study is
to achieve superior sound quality with less than
1% total harmonic distortion (THD).

A fully coupled multiphysics model
incorporating solid mechanics, electrostatics,
and compressible laminar flow was
implemented using Quanscient Allsolve.
Nonlinear harmonic balance analysis was
performed on a deformable mesh to capture
the frequency-dependent response and
harmonic distortion in displacement and
pressure. The results were validated against
experimental data from the literature.

Keywords — MEMS; microspeakers;
MultiphysicsAl; harmonic balance; Al surrogate
modeling; design optimization; Monte Carlo
analysis

A large-scale dataset of nonlinear simulations
was then used to train an Al surrogate model
that supports design optimization and inverse
analysis. The surrogate model enables Pareto
front exploration to maximize sound pressure
level (SPL) while minimizing THD. The final
optimized design achieved ~30% improvement
in SPL while maintaining THD under 0.15%. It
also provides uncertainty quantification of the
model and allows further use in the Monte
Carlo analysis for the decision making to
maximize yield in the manufacturing process.

This study demonstrates how MultiphysicsAl,
powered by Quanscient Allsolve, can drive
MEMS design optimization on design and
manufacturing fronts with accuracy,
scalability, and speed.
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Introduction to Quanscient Allsolve

The cloud-based multiphysics simulation platform Quanscient Allsolve was used for all simulations

featured in the webinar.

Learn more at quanscient.com —

Quanscient Allsolve
¢ A cloud-based FEM platform for fast and scalable multiphysics simulations
e Developed by Quanscient, founded in 2021 in Tampere, Finland

e Enables fully coupled multiphysics simulations across all core physics domains

Trusted in both industry and academia
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Introduction to MultiphysicsAl for
MEMS design optimization

Design challenges of MEMS
microspeakers

MEMS microspeakers are critical components in
high-end consumer electronics. Specifically, the
silicon-based microspeakers rely on electrostatic
actuation, where a voltage difference drives motion
in thin silicon-based structures. The performance of
these devices depends heavily on nonlinear coupling
between electrostatic, mechanical, and acoustic
fields.

Traditional linear modeling approaches often fail to
capture nonlinear effects that give rise to harmonic
distortion, and the transient modeling needs longer
simulation times to reach steady-state periodic
behavior. Experimental characterization can be
expensive and time-consuming, while simplified
simulations lack predictive accuracy.

To find the optimal design, the number of
simulations required can be very high depending on
the number of design control parameters and still
may not provide the fully optimal design. After
finalizing a design that meets performance and
compliance requirements, the manufacturing
processes due to their inherent tolerances can
introduce uncertainties in the real device
characteristics.

Motivation for simulation and the role
of Al

To achieve precise control over key performance
indicators (KPI), such as sound pressure levels (SPL)
and minimize harmonic distortion, it is essential to
construct multiphysics simulation models that
accurately represent nonlinear interactions.

Modeling enables design optimization before
fabrication and reduces reliance on costly
prototype iterations.

Al enables the learning of the complex nonlinear
relationship between the geometric design and the
KPIs, thereby providing a surrogate for the
multiphysics model. This surrogate enables
scanning more designs rapidly and pushing the
boundaries of the training data, and at the same
time, also enables quantifying the effect of the
uncertainties in the KPIs and the Monte Carlo
analysis on the final manufactured design
performance so that the engineers can make
informed decisions.

Key Benefits

e Captures nonlinearities in electrostatic
actuation and mechanical deformation.

e Computes harmonic distortion directly in the
frequency domain.

¢ Achieves massive parallelization and data
generation for Al-surrogate model training.

e Al surrogate enables design exploration,
optimization, uncertainty quantification, and
Monte Carlo analysis.
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Methods and models

Simulation methodology

This study focuses on electrostatically actuated
silicon-based microspeakers, which are increasingly
used in high-quality in-ear consumer electronics.
The primary design objective is to achieve precise
control over sound quality, characterized by
maintaining an appropriate sound pressure level
(SPL) while minimizing total harmonic distortion
(THD) in the output pressure. For premium acoustic
performance, the THD requirement is typically below
1%.

To meet these design goals, a comprehensive
multiphysics simulation model was developed to
capture the nonlinear effects responsible for
harmonic distortion in the acoustic waveform. The
analysis was performed using harmonic balance
simulation with fully coupled solid mechanics,
electrostatics, and linearized compressible laminar
flow equations on a deformable mesh. This
approach enables direct computation of the
nonlinear frequency response, from which SPL and
THD are extracted at selected spatial locations.

The study further includes a parametric design-
space exploration, where geometric and operational
parameters are systematically varied to generate a
rich dataset.This dataset forms the basis for training
an Al surrogate model, which is subsequently used
for design optimization and performance prediction.
The methodology also supports the potential for
inverse modeling, where the surrogate could predict
design parameters from desired output
characteristics, an aspect planned for future
investigation.

Example below is based on the study presented by
Melnikov et al. [1] that presented coulomb-actuated
microbeams.
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Fig. 1: The actual manufactured microbeam (left), Melnikov et al. 2021 [1]; the full device (right), Kaiser et al. 2019 [2].

Fig. 2: lllustrative animation of the electrostatic actuation driving the beam in a harmonic manner and the interaction between the beam structure
and the gas film.
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Methods and models

Simulation setup and modelling
assumptions

The model used for the simulation was simplified to
capture the essential physics while maintaining
computational efficiency. It consists of two parallel
plates separated by an air gap. The bottom plate is
fixed, while the top plate is clamped at both ends
and free to move elsewhere. Owing to the geometric
symmetry of the structure, a symmetry plane can be
applied at the center to reduce computational cost
without affecting accuracy.

The system exhibits nonlinearity arising from several
coupled effects, including geometric nonlinearity
due to large structural displacements, electrostatic
force nonlinearity, and fluid dynamic effects
depending on the chosen formulation. In this
simplified example, the electrostatic force is
proportional to the square of the applied voltage.
When a sinusoidal voltage is applied at the operating
frequency, the resulting force contains both a
constant component and a harmonic component at
twice the driving frequency

Consequently, the simulation must resolve not only
the fundamental frequency but also the higher
harmonics generated by this nonlinear coupling. The
harmonic balance method efficiently handles this
requirement by solving directly in the frequency
domain, allowing these higher harmonics to be
captured naturally. As a result, total harmonic
distortion (THD) can be calculated straightforwardly
from the resolved frequency components, providing
a detailed view of the nonlinear response.

e Two parallel plates with air gap
e Actuated electrostatically by applied voltage

Nonlinear terms:
e Mechanical motion
e FElectrostatic force o< V(t)2
oc V0?2 sin?(2 m fO t)
o< V0?2 (1 - cos(2 m 2f0 1))/2
oc V02/2 - V0?/2 cos(2 m 2f0 t)

Total harmonic distortion of displacement:

THDy — \/u§+u§+u§+...

2
uj

Flexible

Symmetry

Fig. 3: lllustration of two parallel plates with an air gap (right) that approximate a unit from the full scale device (left). The bottom plate is fixed,
the top plate is only clamped at the ends, but free to move elsewhere. The symmetry shown in the picture can be imposed in the middle
(Melnikov et al. 2021 [1]).
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Analysis and validation

The simulation was set up for a fundamental
frequency of 100 Hz. It consisted of 192k degrees of
freedom in total and was run on 4 cores for 2
minutes.

Fig. 4 qualitatively shows the beam deformed by the
electrostatic force and the gas velocity field
sandwiched between the two beams, which brings
the effect of the squeeze-film damping. Fig. 5 shows
the cross-section in the middle of the beam with a
closer look at velocity vectors, demonstrating the
detailed multiphysics effects captured by the
simulation.

v.
CQUIAMSCIENT
ALLSOLVE

Fig 4: The beam deformed by the electrostatic force and the gas
velocity field sandwiched between the two beams, which brings
the effect of the squeeze-film damping.

Fig 5: The cross-section in the middle of the beam showing a
closer look at velocity vectors.

The simulation results were quantitatively compared
with the experimental data reported in the literature.

As shown in Fig, 6, the results, normalized with
respect to the maximum displacement,
demonstrated good overall agreement between the
simulation and the experimental measurements.

—~Quanscient Allsolve  ——Experiment: Melnikov et al.

FNE TR T R " TR

MW

Normalized displacement in y direction / um
o f=3 o =3 o =3 o =3 o

o

Fig 6: Comparison of simulated and experimental normalized
displacements, showing minor overprediction at peak deflection.
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Frequency and voltage sweeps

Once the results were validated against
experimental data, we performed sweep over
different actuation voltage values as well as
frequency values in the audible range of 20 Hz to
20 kHz.

A set of 80 simulations was conducted across:

e Frequency range: 20 Hz-20 kHz

e Voltage range: 5-25 V

e Runtime: 2 minutes per simulation

e Total computational cost: ~10 core-hours (4
cores per case)

Results show that THD increases with applied
voltage, consistent with the quadratic voltage
dependence of electrostatic force.

THD Pressure

e 0.1
S
]
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e 0.01]
| =
Q
£
©
N
£ 1.00e-34
)
1.00e-4
20 100 1.00e+3 1.00e-+4

Frequency (Hz)

Fig 7: The results obtained for five different actuation voltages. As

the voltage increases, the total harmonic distortion increases
across the frequency range.

Nonlinear squeezed-film dampling
effects

The interaction between beam motion and gas film
introduces damping that varies nonlinearly with
displacement. The multiharmonic FSI model
combining Navier-Stokes and linear elasticity
captures this behavior accurately.

A comparison with Melnikov et al. [3] shows close
agreement with other numerical results and
homotopy approach for different quality factors.

Q

o 1.50, numeric

o 096, numaric

0.61, numaeric

0.39, numeric

& 0.25 numeric
— 1.50, homotopy
= .96, homotopy
0.61, hamatopy
0,39, homatopy
— (.25, homotopy

10° 4

Quanscient Allsolve
--Q =0.25

1071 4 Q=0.39
Q =0.61
Q = 0.96
---Q=1.5
10-% 10-1 100

L

Fig 8: Comparison of simulated damping effects with literature data
[3].
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Al surrogate model development

After demonstrating that Quanscient Allsolve can
efficiently generate large-scale multiphysics
datasets, the next step was to use this data for
building accurate Al surrogate models. These
models enable rapid design exploration and
optimization, allowing engineers to push
performance boundaries while maintaining design
constraints.

For demonstration purposes, the microspeaker
model was simplified from a full three-dimensional
representation to a 2.5D cross-section at the beam'’s
midpoint. Because this cross-section alone does not
capture the complete elastic response of the entire
beam, an equivalent lumped spring with a calibrated
stiffness coefficient was introduced. This spring
reproduces the same dynamic behavior as the full
3D model while significantly reducing computational
cost.

The geometry was parameterized in three main
design variables:

e Beam width (W)
e Beam thickness (T)
e Initial air gap (go)

The opposite side of the moving plate was modeled
with an air gap that is a fixed multiple of go. Although
not explicitly shown, the effective stiffness of the
structure remains a function of the beam cross-
section, ensuring mechanical equivalence to the full
device.

Using this reduced model, frequency-domain
harmonic balance simulations were performed
across the audible range (20 Hz - 20 kHz) at a
constant driving voltage amplitude of 25 V. By
sweeping the geometric parameters W, T, and go, a
comprehensive dataset of 12,500 nonlinear
simulations was generated (Fig. 10). The entire data
generation took less than 20 minutes, consuming
approximately 14 core-hours.

Fig 9: Reduced 2.5D microspeaker model with equivalent stiffness
and design parameters (W, T, go).
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Fig 10: Training data input-output correlation.

Design objectives were defined at a frequency of 1
kHz and evaluated at a selected spatial point within
the pressure field:

e Maximize sound pressure level (SPL, dB)
e Minimize total harmonic distortion (THD, %)

The generated dataset split and 80% of it was used
to train an Al surrogate model, which was then
validated on 20% unseen data. The surrogate
accurately reproduced nonlinear responses while
running at a fraction of the cost of full FEM
simulations. The final outcome is an efficient, data-
driven design methodology that couples
multiphysics simulation and Al optimization, enabling
rapid discovery of optimal MEMS microspeaker
configurations.

Because SPL and THD are inherently competing
objectives (higher SPL tends to increase harmonic
distortion), the output-output correlation in Fig. 11
shows a Pareto front representing the best
achievable trade-offs.

Each point on the Pareto front corresponds to an
optimal design where improvement in one objective
necessarily compromises the other.

Training Data: Output-Output Correlation

20000

17500

-a0 15000

60 4 12500

-804 10000

SPL (dB)
Frequency (Hz)

=100 4 7500

— e T
-

=120 4

=140 4

=160

2 3
THD_p (%6)

Fig 11: Training data output-output correlation showing Pareto front.
Optimal design-front goes in the direction of the arrow.
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Pareto front analysis and optimization

Since the Pareto front shows the trade-off between
the SPL and THD, the key question was whether we
can push this Pareto front to the further left and top
in this plot by using Al surrogate, in other words, a
design that delivers higher SPL while reducing or
maintaining a similar level of distortion. To
investigate this, we scanned the region around the
existing Pareto front using the Al surrogate model,
beginning from the best baseline design.

The surrogate predicted a new Pareto front, shown
as red dots in Fig. 12, which expanded the explored
parametric design space. The blue dots in the figure
represent the original training data. In this study, we
started with a reasonably good baseline design
exhibiting about 0.13% THD. It was encouraging to
observe that there could be additional
configurations providing higher SPL that were not
captured in the original parametric sweep.

To verify these newly predicted designs, we
conducted Allsolve simulations for the
corresponding points on the surrogate-generated
Pareto front. The Allsolve results, represented by
orange circles, confirmed that the Pareto front
indeed expanded. Although a one-to-one
comparison between the surrogate predictions and
Allsolve simulations may show some deviation, the
overall agreement validates the surrogate model’s
predictions.

Based on these results, the verified data from
Allsolve’s Pareto front was selected as the
reference for design improvement. This verified
front clearly demonstrates that it is possible to
achieve about 30% higher SPL while keeping THD
nearly unchanged, confirming the effectiveness of
the Al-assisted optimization approach.

Microspeaker: THD_p vs SPL at freq 1 kHz and V=25V

=30 >~ ‘__.'
,/ ~—— Best design (based on set criteria)
_.’ ~30%\ T W=42um, T=0.76um,g0 =13 um
=404 /e’ ) THD = 0.12%, SPL = -29.73 dB

501 A il Initial design
: s W = 60 um, T.= Tum, g0 = 10 um

@
2 el THD = 0.13%, SPL = -42.5dB
= . -
o e
n s
=704 N
L
=80 .,
[
-90 e + ‘Training data
-4 Pareto front surrcgate prediction
—100 - Pareto front designs in Allsolve
0.0 0.1 0.2 03 0.4 0.5

THD_p (%)

Fig. 12: Pareto front analysis showing parametric sweep results
(blue), Al surrogate predictions (red), and Allsolve-validated
designs (orange).
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Uncertainity analysis

The Al surrogate was trained not only to provide a
single prediction for each key performance indicator
(KPI), such as THD and SPL, but also to output a
range band for each KPI. This range serves as a
direct indicator of the model’'s uncertainty regarding
its prediction, the narrower the band, the higher the
model’s confidence.

Ideally, the true value (ground truth) from validation
data should fall within this predicted range band.
We verified that this condition holds for the majority
of the dataset, confirming that the trained network
reliably quantifies its own predictive confidence
across the full range of simulated designs.

Coverage results:

 THD,: 88.5%
+ SPL:99.5%

THD_p — coverage @1a0: 88.5%

0.8 4

0.6 4

THD p

0.2 4

0.0 1

. s GT (inside band)
e GT (outside band)
{ mean x 1o

0 500 1000

sample

Fig. 13: Al surrogate uncertainty bands for SPL and THD predictions across the dataset.
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Monte Carlo analysis This analysis demonstrates that even when the best
design is identified through simulations, a 10%
deviation in the manufacturing process can lead to
substantial differences in the performance of actual
prototypes. For instance, if 10,000 units were
produced following a Gaussian distribution of
variations, the resulting spread in performance
would appear as shown here in Fig. 14.

The Al surrogate was further used for a Monte Carlo
analysis to find the impact of tolerances in the
design variables due to manufacturing processes.
For this study, the optimal design was selected, and
the dimensions W, T, and go were varied by +10%,
assuming this represents *3c of manufacturing
process variation.

Monte Carlo Analysis (+ 30, 10% of mean) around best design point

p=-0614
0.30 0.30 0.30
0.25 0.25 0.25
g g g
& 0.20 o 0.20 & 0.20
1 1 [}
= = =
015 015 015
0.10 0.10 0.10
0.05 0.05 . 0.05
38 a0 a2 a4 46 120 125 130 135 140 0.700 0.725 0.750 0.775 0.800 0.825
W (pm) g0 {pm) T (pm)
~229 [p=-0.505 ~221 [p=-0.393) -221 (p=0.757
-24 -24
= =26 = =16
2 B
- |
o -
w28 i 28
-30 -30
-32 -2 -32
38 a0 42 a4 16 120 125 130 135 140 0.700 0.725 0.750 0.775 0.800 0.825
W {(pm) g0 (pm) T {(pm)

Fig. 14: Monte Carlo analysis using the Al surrogate.
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If it is decided that a 30% deviation in THD, and a
5% deviation in SPL are acceptable, the question
arises: how many prototypes would meet these

criteria and ultimately deliver the desired quality?

The answer can be determined through a yield
analysis. In this case, 72% of the prototypes would
satisfy the specified limits as illustrated in Fig 15.

Yield Analysis: 72.39% (SPL: +5%, THD_p: +30%)
THD_p: [0.0726%, 0.1349%), SPL: [-29.27, -26.48] dB

|
|
i
i
i
i
1
1

~20!
fail (2761 samples)
Pass (7230 samples)

- THD,_p Benits (=30%)
SPL leits (25%)

% Hean
0.05 010 015 020 025 030

Fig. 15: Yield analysis showing designs that pass or fail the set
criteria. Green dots indicating designs that pass both criteria of
SPL and THD of pressure.

Based on this result, one could either improve the
manufacturing process to reduce deviations or
expand the allowable KPI range to increase the
yield. If we decide to relax the KPI criteria, we can
build a yield map as shown in Fig. 16, that shows

how the KPI criteria should be relaxed permitting the

manufacturing process to achieve desired level of
yield.

Yield Map: Combined Effect of SPL and THD

Yield (%)

THD_p Tolerance (%)

50
0
40

75
0 Loy
has

20 J8 \
i N
10 15
Current; 72,4% yield L

2. | | a

75 .

100 125
SPL Tolerance (%)

Fig. 16: Yield map showing the combined effect of SPL and THD of
pressure on the final yield of the process.

At this point, an engineer may be concerned about
the accuracy of the results as these are predicted
by the Al surrogate. To verify these results, we ran
simulations in Allsolve that represent the four
corner points of the yield window and a subsample
of 500 designs from the Monte Carlo analysis. Fig.
17 shows the comparison of the Allsolve simulation
results and the Al surrogate predictions. The
designs are slightly shifted towards the bottom-
right direction, which is consistent with the
observation in the previous Pareto front analysis.
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Yield Analysis with Allsolve Data: Surrogate 72.39%, Allsolve 13.20%
THD_p: [0.0726%, 0.1349%], SPL: [-29.27, -26.48] dB

=
= o
E -8 23
e =
v
-3
~301
Suerogete Fail (2761 samples) W Sumrogete Mean =31
~321 ‘Surrogate Pass (7239 samples) Alcive Bottom-Left
Adsotve Fad (434 samples) Allsoive Bottom-Right
»  A¥sohe Pass (66 samplesh Alishve Top-Left -33

THI g fimies [+ 30%)
s imes (13m0
0.20 0.25 0.30
THD_p (%}

@ Alchve Top-Right

Fig. 17: Yield analysis plot with Allsolve subsamples and four corner
points corresponding to the yield window.

The central question is the practical utility of the Al
predictions. Specifically, can the Al output be
refined using a minimal number of computationally
expensive simulations? To address this, we applied
a bilinear transformation to the Al surrogate's
predicted data.

This transformation was anchored by four
cornerpoints derived from the Allsolve simulation
data. The results (Fig. 18) demonstrate that
correcting the Al predictions with a small set of
reliable data—in this case, the four Allsolve
simulations—can maintain the reliability of the Al's
underlying predictive power. Furthermore, 500
Allsolve subsamples were used to validate the
effectiveness of this transformation.

Transformed Surrogate vs Original Allsolve:
Surrogate (transformed) 82.39%, Allsolve (original) 73.00%
Surrogate boundaries (transformed): THD_p: [0.0915%, 0.1388%],
SPL: [-31.18, -28.23] dB

* Surrogate Transformed Fail (1761 samples) W Transfomsed Mean

: Surmgate ansiormed Pass (8219 sampies) Alissive Battom-Left
Amsotve Fed [original spacel (133 samples] ? Aliscive Bottom-Right

»  ABsolve Pass (eriginal space) (365 samgies) Alsshve Top-Left
THD_p linits (+30%) @ Achve TopRign
581 limits (23%)
0.08 0.10 012 0.14 0.16 0.18
THD_p (%}

Fig. 18: Transformed yield analysis plot.
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Conclusion

This study demonstrates a comprehensive workflow
for MEMS microspeaker simulation and optimization
using Quanscient Allsolve. The harmonic balance
approach captured nonlinear physical effects such
as electrostatic spring softening, fluid-structure
interaction, and squeezed-film damping.

The simulation results were validated against
experimental data, confirming accuracy and
robustness. The large-scale dataset enabled the
creation of an Al surrogate model, which
dramatically reduced computation time for design
exploration.

The integrated MultiphysicsAl approach successfully
identified optimal designs achieving ~30%
improvement in SPL while maintaining low THD. This
framework can be extended to similar MEMS and
acoustic devices for rapid, reliable, and scalable
design and manufacturing optimization.

Quanscient Allsolve enables engineers to:

e Perform complex, fully coupled MEMS
simulations.

¢ Confidently optimize designs based on relevant

KPIs such as THD and SPL.
e Extract quantities for Reduced Order Models
(ROMs) and system-level design integration.
e Generate an Al surrogate model
o Rapid pareto front analysis to discover
optimal design
o Uncertainty analysis of the model to build
confident designs
o Monte Carlo analysis and yield maps to
improve the final yield and manufacturing
process

quanscient.com
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Key takeaways

—> Nonlinear multiphysics simulation captures —> Pareto front analysis identified designs
harmonic distortion in MEMS achieving 30% higher SPL with similar
microspeakers. THD.

—> Harmonic balance analysis enables —> Quanscient Allsolve provides a unified
efficient frequency-domain THD platform for simulation, validation, and Al-
computation. based optimization.

—> Large-scale cloud-based data generation
supports Al surrogate model training.

Get in touch

Learn more and request a demo at
quanscient.com —

Dr. -Ing. Abhishek Deshmukh

Team Lead Application Engineering
abhishek.deshmukh@quanscient.com

Dr. Caglar Aytekin

Lead Al Developer
caglar.aytekin@quanscient.com
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