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ABSTRACT 
 
We present an elaborated parameter extraction and 

model validation procedure for high-level transducer 
models that are aimed for system-level design as well as for 
hardware-software co-simulation (Matlab/Simulink 
transducer model embedded in control circuitry, e.g., 
FGPA) in order to optimize the operation of entire sensor 
systems with respect to their specific application area. 
Nowadays, such “smart” sensors systems comprise 
functionalities for the compensation of environmental 
impacts like control concepts, signal conditioning, and self 
test. Hence, they cannot be designed adequately without the 
help of accurate high-level transducer models, which 
describe correctly all imperfections originating from the 
manufacturing process and all impacts caused by variations 
of the environmental conditions. For deriving such 
predictive simulation models we follow a systematic 
calibration and validation procedure, starting with high-
fidelity continuous-field simulations to determine all 
relevant model parameters and their dependencies on 
external impacts, followed by a proper experimental 
calibration procedure in order to adjust the deviations 
caused by manufacturing tolerances and fluctuations. Static 
and dynamic characterization in this work has been carried 
out using a white-light interferometer in combination with a 
vacuum chamber and an HP impedance analyzer. Finally, 
system-level simulations on Matlab/Simulink level 
demonstrate the feasibility of the derived model and the 
necessity of predictive and carefully calibrated reliable 
transducer models. 
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1 INTRODUCTION 
Safety aspects are a key issue in modern automotive design. 
Hence, more and more electronic equipment, comprising in 
particular micromechanical sensors (airbag sensors, 
gyroscopes, e.g.), is employed to monitor the dynamical 
state and ambient conditions inside and outside the car. 
Since nowadays car design is strongly supported by virtual 
prototyping, it is inevitable to derive simulation models of 
the respective subsystems that are properly calibrated and 
contain all relevant parameters and their manifold 
dependencies on various external impacts.  

 

 
 
 

 

 

Figure 1: (top) Micrograph of the micromechanical 
accelerometer (bottom), schematic side view of the 

accelerometer. 

 
This is exemplified for a micromechanical 

accelerometer, which is depicted in Fig.1. It consists of an 
asymmetrically anchored perforated polysilicon plate with a 
small gap and read-out electrodes underneath. 

The transducer model of the accelerometer is based on a 
system of generic equations of motion: 

 

et MKDJ   (1) 
 
Here,  denotes the torsional angle, J the moment of 

inertia, D the damping factor due to viscous damping, Kt 
the torsional stiffness, and  d

CU
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2  the moment 
acting on the device during electrostatic actuation. All 
mechanical model parameters like the moment of inertia J, 
the stiffness Kt, and the mechanical resonance frequency fsim 
have been calculated from detailed FEM simulations and 
are listed in table 1. The damping factor D can be 
determined by applying the mixed-level modeling approach 
proposed in [1]. This approach reduces the degree of 
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complexity by replacing the non-linear and highly 
complicated Navier-Stokes equation through the well-
known Reynolds’ equation [1], which is discretized to form 
a fluidic Kirchhoffian network and then solved within a 
standard circuit simulator. Additional pressure drops at the 
edges and the perforations in the structure are taken into 
account by introducing physically-based compact models at 
the respective locations. 

However, tolerances due to manufacturing processes 
can drastically affect the mechanical and the electrostatic 
operation of the transducer as well as the fluidic damping 
forces. For the regarded accelerometer, e.g., the measured 
resonance frequency (fmeas=7015 Hz, see Fig. 2) differs 
noticeably from the theoretically predicted value obtained 
by applying pure design parameters (fsim=7490 Hz, see 
table 1) and the measured profile of the accelerometer 
membrane, which is displayed in Fig. 3, reveals a distinct 
curvature due to process induced stresses, which increases 
the gap distance between membrane and substrate. 
Accordingly, the total capacity and the fluidic damping 
forces acting on the device are decreased and the 
theoretically derived model parameters have to be adjusted 
adequately. All these impacts are difficult to predict by 
high-fidelity simulations alone. Hence, the derivation of 
reliable and predictive transducer models has to be 
supplemented by a dedicated calibration procedure for all 
underlying models. 

 
 
 

2 MODEL CALIBRATION 
 
In order to calibrate the parameters of our transducer 

model properly, we measured and analyzed the 
electrostatically actuated sensor membrane optically and 
electrically under static and dynamic operation and varying 
pressure conditions inside a vacuum chamber using a 
white-light interferometer and/or an impedance analyzer.  
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Figure 2: Frequency sweep at a pressure of 0.1 hPa. The 
resonance peak is located at a frequency of 7.0 kHz. Due to 

manufacturing tolerances it differs distinctly from the 
theoretical value. 

 

 

 

Figure 3: Deformation of the accelerometer membrane due 
to process-induced mechanical stresses. 

 

2.1 Extraction of the electromechanical 
model parameters 

The moment of inertia J and the torsional stiffness Kt 
depend strongly on the exact lateral geometrical dimensions 
as well as on the correct membrane thickness. Since the 
lateral resolution of the white-light interferometer is not 
accurate enough, they have been extracted from static and 
dynamic measurements. According to [5], the pull-in 
voltage of the tilting sensor plate is given by: 
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C
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Since the mechanical spring constant Kt equals the 

electrostatic spring constant at the pull-in point, the 
torsional stiffness Kt can be determined by extracting the 
U( ) curve from the optically and electrically measured 
quasi-static pull-in characteristics (see Fig. 4 and 5), 
differentiating this curve with respect to  and determining 
the local minimum. For the investigated accelerometer, this 
yields a stiffness value of Kt = 1.7e-7 Nm (theoretical value: 
2.14e-7 Nm). Using the adjusted stiffness, the moment of 
inertia J can then be derived from the measured 
eigenfrequency to J = Kt / (2 fmeas) = 8.75e-17 kg m2. 

Finally, the zero voltage capacitance has been 
recalculated by employing the adjusted gap height 
according to the measured membrane curvature displayed 
in Fig. 3. This yields a new capacitance value of 0.44 pF. 
A comparison between measured and theoretically 
predicted values of the model parameters is given in table 1 
and reveals an overall difference of approx. 10 to 20% due 
to the uncertainties originating from the manufacturing 
process. 
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Figure 4: Pull-in characteristics of the sensor: Upull-in = 
5.5 V (from electrically measured data), Upull-in = 5.3 V 

(from optically measured data). 
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Figure 5: Torsional spring stiffness vs. tilt angle. 

 
 Simulation Measurement 
Eigenfrequency 7490 Hz 7015 Hz 
Moment of inertia 9.93e-17 kgm2 8.75e-17 kgm2 
Spring stiffness 2.14e-7 N m 1.7e-7 N m 
Capacity 0.51 pF 0.44 pF 

Table 1: Simulated vs. measured parameters of the high-
level transducer model.  

Simulations are based on design parameters. 

 
2.2  Determination of viscous damping forces 
and validation of the damping model 

The viscous damping coefficients were determined by 
recording optically the step response of the electrostatically 
deflected membrane – with the pressure inside the vacuum 
chamber varying between 1 hPa and 960 hPa – and 
extracting the damping ratios from the transients (Fig. 6). 
The obtained values correspond very well to our mixed-
level model simulations, where we inserted the adjusted gap 
height, up to the moderate slip flow region without any 
recalibration of the theoretically derived models [2]. This 
proves, on the one hand, the accuracy of our models and, on 

the other hand, the consistency of the extracted parameter 
set. The deviations observed for higher Knudsen numbers 
are to be expected in view of the wide range of correction 
coefficients published for that regime [3, 4]. 
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Figure 6: Measured transients of the dynamic membrane 
displacement, with the pressure varying between 

1hPa and 900 hPa. 
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Figure 7: Measured and simulated damping ratio vs. 
pressure. For the simulations, the experimentally extracted 

value for the gap height increased by the stress-induced 
curvature of the membrane was applied. 

2.3 Simulation results of the calibrated 
system-level model 

The parameters extracted from the measurements were 
applied to the derived high-level transducer model. The 
simulated response to an electrostatic actuation is depicted 
in Fig. 8. In contrast to the non-calibrated model containing 
parameters determined from design data alone, it shows 
good agreement with the measured data concerning the 
eigenfrequency as well as the damped oscillation amplitude 
with and without applied voltage.   

Finally, Fig. 9 shows the simulated response of the 
sensor to an external acceleration. The difference in the 
sensitivity between the non-calibrated model (S=10mV/g) 
and the calibrated model (S=14mV/g) amounts to 40%. 
This illustrates again the crucial impact of manufacturing 
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tolerances on the sensor output and the necessity of proper 
model calibration strategies, a prerequisite for the 
derivation of reliable and predictive high-level models, 
which are intended to be applied in the design process of 
entire sensor systems and their surrounding electronics. 
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Figure 8: Measured transients of the dynamic membrane 
displacement at a pressure of 1hPa  

(step response to a voltage step of 3 V). 

0 1 2 3 4 5
x 10

-3

1.7

1.9

2.1

2.3

2.5

2.7

2.9

3.1

3.3

ou
tp

ut
 v

ol
ta

ge
, V

time, s

-60

-45

-30

-15

0

15

30

45

60

in
pu

t a
cc

el
er

at
io

n,
 g

output voltage of the 
non-calibrated model

output voltage of the calibrated model

input acceleration

 

Figure 9: Simulated output voltage of the micromechanical 
accelerometer originating from an acceleration stimulus 
acting on the sensor: sensitivities of calibrated and non-

calibrated model, respectively. 

 
3 CONCLUSION 

 
We derived a physically-based high-level model of a 

micromechanical accelerometer suited for system-level 
design. The transducer model was calibrated and validated 
by systematic static and dynamic optical and electrical 
measurements of the sensor displacement under varying 
ambient pressure conditions. The results of the calibrated 
high-level model show good agreement with measurements 
and stress again that a proper parameter adjustment is 
inevitable to estimate or even eliminate the impact of 
manufacturing tolerances on the device operation. Final 
simulations of the entire acceleration sensor system 
exemplified that only models that are properly derived on a 
physically well-founded basis and that are carefully 

calibrated ensure satisfactory accuracy and predictive 
capability for a reliable design and optimization of entire 
sensor systems comprising also electronic control and read-
out. 
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