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Abstract: We present an approach to estimate damping in highly and irregularly perforated mi-
croplates over a wide range of pressures applying physics-based compact models implemented in
a flux-conserving finite network. The models are coded in Verilog A, which allows for simulation
using a standard circuit simulator. This provides an efficient and customizable way to determine
damping beyond the state of the art, and thus, to tailor and design the dynamic operation of MEMS
in a predictive manner.
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1. Introduction

Most micromechanical structures are highly perforated because of fabrication pro-
cesses but also to adjust damping and their dynamic behavior. Therefore, it is necessary
to find a reliable way to model damping in MEMS, which depends decisively on the
shape, number and distribution of perforations. Most modeling approaches assume uni-
formly perforated plates [1,2], which is often not applicable, especially in elaborated
“real-world” MEMS devices. In the following, we introduce an approach that allows us to
determine pressure-dependent damping in arbitrarily perforated structures. The simula-
tion results are compared to measurements of test structures designed in a typical MEMS
fabrication process.

2. Modeling Approach and Simulation Concept

Due to the complex geometry of MEMS devices and the involved fluid–mechanical
interaction, calculation of damping on a continuous-field level is, in general, not possible.
The method of choice is therefore to apply physics-based compact models, which scale
appropriately with the geometry and environmental parameters. To this end, we apply
a distributed finite network modeling the flow underneath the non-perforated parts of
the plate combined with compact models accounting for the pressures drops due to the
outflow at the perforations and the edges, respectively [3]. The flow underneath the plate
is described by the Reynolds equation. An equivalent circuit comprising a fluidic resistor,
capacitor and source models the laminar flow, compression of fluid and flow generated
by the varying gap height, respectively. Outflow at the edges and through square-shaped
perforations is modeled by Poiseuille flow-like models. To account for the transition region
between the gap underneath the plate and the perforations, we use a model similar to
the boundary model in [3], and for the flow out of the perforations into the ambient
environment, we introduce an orifice model. To take high Knudsen numbers into account,
we use the correction factors described in [4].
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All compact models are coded in Verilog A. The model generation from a meshed
geometry (e.g., by FEM) is automated by a MATLAB code, which sorts the features of
the structure into respective categories, i.e., part of the boundary, a hole or the solid
body, and connects the respective models to form a flux-conserving finite network of the
entire structure, which can be implemented in a standard circuit simulator. A variety
of dedicated, custom-made test structures are designed and characterized using a Laser
Doppler Vibrometer (LDV) to validate the simulation approach.

3. Simulation Results of Exemplary Test Structures and Comparison to Measurements

Figure 1a depicts a test structure with two differently sized perforations arranged in a
checkered manner (“chessboard”, CB). It is suspended by four folded springs, which ensure
out-of-plane motion of the plate. Two additional, uniformly perforated test structures with
small holes (same size as small perforations of the CB, “Small Squares”) and perforations
with dimensions lying between the large and small holes of the CB (“Reference”), respec-
tively, were investigated. The simulated damping ratios are depicted in Figure 1b (dashed
lines). They reveal a reasonable pressure dependence, and the difference in damping
between the three test structures complies with the physical expectations.
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Figure 1. (a) Top view of the “chessboard” test structure. (b) Pressure-dependent damping ratio due 
to SQFD: comparison of simulation results with experimentally extracted data of three different test 
structures. Non-viscous damping (e.g., structural damping) is subtracted from the measurement as 
in [5]. 

The measured data obtained by the pressure-dependent LDV are compared to the 
simulated data and show an impressive overall match regarding the slope as well as the 
general course of the curve. Especially in the pressure range between 200 Pa and 10 kPa, 
there is only a small offset between the two data sets. This is potentially due to uncertain-
ties in the compact models of the holes. Although the model scales with perforation geom-
etries, it might over/underestimate the damping for smaller/larger holes, respectively. Fig-
ure 1b also shows that damping is underestimated at ambient pressures above 10 kPa, 
which is the so-called transition region between continuum regime and molecular flow 
regime in the case of the considered device geometries. Further investigations (e.g., by 
FEM simulations) are needed in order to improve the models in this respect. However, the 
results prove the predictive power of the presented approach and its potential for the de-
sign of large-scale, complex devices with multiple and varying perforation patterns. 
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Figure 1. (a) Top view of the “chessboard” test structure. (b) Pressure-dependent damping ratio due
to SQFD: comparison of simulation results with experimentally extracted data of three different test
structures. Non-viscous damping (e.g., structural damping) is subtracted from the measurement
as in [5].

The measured data obtained by the pressure-dependent LDV are compared to the
simulated data and show an impressive overall match regarding the slope as well as the
general course of the curve. Especially in the pressure range between 200 Pa and 10 kPa,
there is only a small offset between the two data sets. This is potentially due to uncertainties
in the compact models of the holes. Although the model scales with perforation geometries,
it might over/underestimate the damping for smaller/larger holes, respectively. Figure 1b
also shows that damping is underestimated at ambient pressures above 10 kPa, which is the
so-called transition region between continuum regime and molecular flow regime in the
case of the considered device geometries. Further investigations (e.g., by FEM simulations)
are needed in order to improve the models in this respect. However, the results prove the
predictive power of the presented approach and its potential for the design of large-scale,
complex devices with multiple and varying perforation patterns.
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