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Off-Resonant Vibration Amplifier With Flattened
Band-Pass Characteristic and Improved
Axis Selectivity
Verena Maiwald, Michelle Müller, Christian Ritz, Christofer Hierold, Fellow, IEEE, and Cosmin Roman
Abstract— We present the design, fabrication, and characterization of an in-plane vibration sensor with frequency
selective displacement amplification and differential capacitive
read-out. The mechanical structure is based on six resonators
with decreasing stiffness coupled in-plane. A differential capacitance attached to the last mass serves as electrical read out.
Finite element and lumped element models are both presented.
The devices were fabricated in a single mask silicon on insulatorbased process. The mechanical, as well as the capacitive transfer
function and the pressure dependence, have been investigated
experimentally and compared with simulations. The measured
mean (minimum) amplification was 24 dB (16 dB) over a bandwidth of 10 kHz (3–13 kHz). While the mean amplification is pressure dependent, the minimum amplification and bandwidth show
a less than 10% decrease over a wide pressure range from 6.3 to
64 mbar. The pressure dependent measurements also show that
the minimum amplification is independent of the Q factor of the
modes down to values of Q∼10. Both simulation and experiment
show that the off-axis modes occur outside the bandwidth of the
device. Along with the low cross-sensitivity of the capacitive readout (0.06%), this provides good axis selectivity despite the high
number of degrees of freedom. The device can be used for detection of broadband vibration signals, e.g., for structural monitoring of infrastructure such as bridges and pipelines. [2017-0096]
Index Terms— Mechanical amplification, vibration sensor, coupled masses, axis selectivity, band-pass, multi-degree of freedom,
mechanical filter, damping, mass-spring network.

I. I NTRODUCTION
COUSTIC emission (AE) and micro-seismic (MS) Structural Health Monitoring (SHM) in heterogeneous media
requires the detection of broadband, weak signals. The vibrations emitted by structural damage (cracks) are short bursts of
strain that propagate through the solid. Traditionally, the signals of interest lie in the range of tens up to several hundred kHz depending on the material and application. Recently,
there has been increased interest in the detection of lower
frequency AE signals from a few kHz upward with the purpose
of increasing the measurement radius in high attenuation
materials such as granular media, rock or concrete or in
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systems with limited accessibility [1]–[3]. This paper builds on
the preliminary data presented in [4] on a broadband, in-plane
MEMS amplifier for the detection of very low frequency AE.
In addition to broadband detection, distinction of the wave
direction and type (longitudinal or transversal) is used for
source localization (e.g. [3]), emphasizing the importance of
axis selectivity in acoustic emission sensors. The detection
of AE bursts is usually done by thresholding [1], meaning
that a signal is recorded if the output of the sensor exceeds
a certain amplitude. The amplitude of the threshold is chosen
such that as many AE events as possible are recorded while
rejecting spurious signals from environmental noise, which is
increasingly large at low frequencies. False positives can be
avoided by filtering the signal to the desired frequency band.
This can be done in the electronic domain, which causes a
large data overhead and increased power consumption. As a
low power solution, narrow-band sensors can be employed.
However, since AE and MS signals are inherently broadband,
these sensors are bound to pick up only a fraction of the target
signal. Ideally, the AE sensor itself would be sensitive in a
defined frequency band that covers the whole spectrum of the
AE signal but rejects other frequency bands, thus relaxing the
requirements on electronic filtering.
Conventional sensors employed for the detection of low
frequency acoustic and micro-seismic vibration signals in the
range of a few up to tens of kHz are either low frequency piezo
ceramic AE sensors, which are heavy and expensive, or linear,
broadband accelerometers, which are also sensitive to low
frequency environmental noise. The advantages of MEMS
based AE sensors could lead to a reduction of size and cost
which would enable a large scale application in wire-less
sensor networks [5]. Bandlimited sensor transfer functions on
the other hand could reduce the influence of environmental
noise. Extensive research has been conducted on capacitive
sensors with sensitive frequencies >50 kHz ( [6]- [9]), but
also on piezoelectric [10] and optical MEMS AE sensors.
Further, MEMS AE sensors can provide information on wave
direction, while piezo ceramic transducers are usually only
sensitive in the out-of-plane direction. This can be achieved
by integrating multiple sensors (in-plane and out-of-plane) on
one chip (e.g. [8], [9]).
Whereas highly sensitive resonant (underdamped) capacitive
MEMS acoustic emission sensors have been demonstrated
e.g. in [7], they are tuned to a single resonance line and are
therefore restricted to a small frequency range. A broader
coverage of the signal spectrum has been achieved by

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/

1346

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 26, NO. 6, DECEMBER 2017

using an array of transducers with different frequencies by
Ozevin et al. [6]. Alternatively, Sorger et al. [11] and
Auerswald et al. [12] obtained an electro-mechanical bandpass characteristic by exploiting the phase shift between two
separate oscillators of different resonance frequency. The disadvantage of relying on resonance for increasing the devices
sensitivity are long settling times of the transducer which
can lead to undesired downtime in-between the detection of
AE/MS events.
Other than using low damping, narrow-band resonant
devices, sensitivity can be enhanced over a broad frequency
range by using displacement amplifying compliant levers such
as in [13] where static amplification factors of 40 (32 dB) for a
sensing bandwidth of 749 Hz have been demonstrated. These
static approaches have a flat frequency response, which means
that they are also amplifying low frequency environmental
noise. Additionally, their amplification factor is restricted by
the torsional stiffness of the lever anchor.
Multi degree of freedom coupled mass networks have been
used for example in MEMS gyroscopes [14] or electrostatic power harvesters [15] with the purpose of dynamically
amplifying displacement and broadening of the spectrum. The
dynamic amplification is based on the fact that kinetic energy
transferred from a heavier and stiffer mass-spring oscillator to
a lighter and softer one leads to a larger displacement. These
kind of systems found in literature are mostly restricted to
a small number of masses such as two or three. Acar et al.
for example presented a 3 coupled mass gyroscope in [14],
where the masses were coupled such as to achieve dynamic
amplification of the driving amplitude (amplification factor
of 1.7).
In [16] we introduced a mechanical network achieving both
mechanical amplification and band-limited detection. There,
up to 8 oscillators with decreasing mass and stiffness were
coupled in series to achieve a minimum amplification of 20 dB
over a broad frequency range of 1.6-11.5 kHz. These devices
were characterized optically.
The mechanism provides zero power amplification for a
defined, broad frequency band, which is promising for the
remote detection of vibration as used in structural monitoring.
This type of large, multi-degree of freedom structure is prone
to some limitations with respect to the application in structural
monitoring: Low mechanical stability and reproducibility and
spurious gimbal modes within the measurement band. Additionally, it needs to be integrated with an electrical read out.
These challenges are addressed in this work.
First of all, we present an in-plane design where the
sensitive direction (y) is separated from the direction which
is mainly sensitive to stress (z).
This improves the resilience of the device towards (inhomogeneous) residual stress gradients. Large compliant structures
are typically sensitive to stress leading to warping of the structure in the z direction. This makes the definition of readout
gaps difficult to control and reproduce in out-of-plane devices.
Additionally, axis selectivity has to be provided despite the
high number of degrees of freedom inherent to a coupled-mass
based amplifier. Eigenmodes in axes other than the sensing
axis - for example gimbal modes (rotational modes around

the x- or y-axis) - occurring inside the desired measurement
spectrum have to be avoided. To achieve a uniaxial sensor
with high amplification, the design was optimized such that
parasitic modes are shifted to higher frequencies.
Further, a differential capacitive read out in an out-ofplane configuration can only be achieved by bonding multiple
wafers. The presented in-plane design on the other hand can
be fabricated in a single mask silicon on insulator (SOI)
process. The differential gap closing variable capacitance provides additional selectivity of the in-plane y-axis motion over
out-of-plane z-motion.
Finally, damping is a crucial design parameter in
acoustic/micro-seismic MEMS sensors as it is determining the
sensitivity at resonance, the settling time and also the linearity
of the devices. Whereas closed form solutions exist for simple
geometries and have been studied extensively, the influence of
damping on complex geometries with multiple modes is not
straight-forward. Therefore, the influence of pressure on the
performance of a coupled-mass based amplifier is studied in
this work.
The paper is structured as follows: In part II, the general device concept is introduced and design guidelines are
given for shifting undesired degrees of freedom out of the
operational bandwidth. Part III contains the description of
the methods used for simulation, fabrication and experiments.
Subsequently, the final design and the results of the optical as
well as the pressure dependent capacitive measurements are
presented in section IV and discussed in section V. Finally,
an outlook on the further improvement of the devices is given
in VI.
II. D ESIGN
A. Device Concept
The amplification and bandwidth was achieved by imposing
the following design rules on the mass-spring system with n
masses (from [16]):


ki + ki+1
kn
ω0 =
=
(1)
mi
m
n
i=1,...,n−1
1
ki ,
(2)
2
where ω0 corresponds to the natural frequency of a single
mass-spring oscillator with stiffness ki + ki+1 and mass m i .
Its value is matched by design (eq. (1)) and constitutes
the center of the frequency spectrum of the device. The
frequency matching in combination with the growth rate of
the springs further determines the masses (given any value
for m 1 ). The fact that springs and masses decrease towards
the last resonator (eq. (2)) leads to a tsunami like shoaling
of the vibration amplitude towards the last mass similar to
the amplification in the locust ear [17]. The amplification
factor and the amplification bandwidth is increasing with
the number of coupled masses n in the system which has
been demonstrated in [16]. This differentiates the amplification
mechanism from resonant devices where the system response
is increasing with the quality factor of a specific resonance
only. The amplifier is insofar similar to micro-mechanical
band-pass filters such as [18], as it consists of a chain of
ki+1 =

MAIWALD et al.: OFF-RESONANT VIBRATION AMPLIFIER WITH FLATTENED BAND-PASS CHARACTERISTIC

1347

Fig. 1.
Lumped element schematic of the transducer. Six masses are
coupled in series using design rules (1) and (2), where each mass-spring
pair has the same natural frequency and the spring constants are decreasing
towards the last mass (m 6 ). This configuration provides frequency selective
mechanical amplification of the package displacement y0 . The motion of m 6
(denoted as y6 ) can be read out electrically using the attached comb fingers
which are arranged to measure the differential capacitive change.

oscillators with identical natural frequency f 0 = ω0 /(2π).
This causes the quasi-bandpass characteristic centered at f 0
with a pass-band that is depending on the coupling spring
between the masses. Instead of merely filtering the incoming
mechanical signal by the resonator chain, it amplifies the
motion in the pass-band.
The device consists of six masses coupled in series as
depicted in fig. 1. The values for masses and springs are
derived from the design rules given in equations (1) and (2).
When a vibration signal reaches the package (y0 ), m 1 is
displaced first, since it is the only mass that couples directly
to the package by a spring (k1). Then, the wave travels further
along the intermediate masses m i of the chain until it reaches
the last mass (m 6 ). Due to the decreasing spring constants ki
the motion amplitude of each subsequent mass yi is increased.
Finally, m 6 is equipped with a differential capacitance, such
that y6 can be read out electrically.
B. Design Guidelines
The design of a single axis-motion sensor requires that offaxis modes are at higher frequencies than the resonances in the
sensitive direction (here translational y-axis modes (νi )). For
typical SOI based beam suspended masses (see fig. 2 (a)) these
modes include translational motion in the x-and z-axis (γi ) as
well as rotational modes around the x-, y- and z-axis (θi ).
For this design, a number of guidelines were used to shift the
z-translational and rotational modes to higher frequencies:
1) Spring Design: Z-translational modes are dominantly
influenced by the aspect ratio of the springs h/t where t
is the spring width (y) and h the device layer thickness
(see fig. 2 (b)). A higher ratio h/t leads to a higher axis
selectivity of the device. Since the y-axis stiffness of bending
beam springs as well as the mass scale linearly with the device
layer thickness h, the y-axis modes are independent of the
device layer thickness. In combination with the fact that the
bending stiffness in z-direction k z is proportional to h 3 for
simple beam springs, (ωz /ω y )2 = k z /k y = (h/t)2 holds,
which means that the Syz axis selectivity improves linearly
with the thickness of the device layer h given that the beam
thickness t remains constant.

Fig. 2. Illustration of design rules: a) conventional design b) aspect ratio
of beam spring c) aspect ratio of proof mass (plate) d) Four instead of two
springs provide circumferential clamping of the proof mass. A circular shape
reduces the rotational moments Ix,y . The inset of the beam-springs reduces
the device size as well as the effective bending length of the plate-like proof
mass.

Given certain fabrication capabilities with respect to the
aspect ratio of the structure, spurious modes can be additionally shifted by the lateral design of the structure.
X-axis translational modes as well as rotation around the
z-axis occur at high frequencies outside the bandwidth, since
they include a longitudinal compression of the beam springs.
The √frequency of rotational modes θi with frequencies
ωθ = κi /I depend of the torsional spring constants κi as
well as the moments of inertia of the masses around the
respective rotation axis (Ix , I y ). Primarily, these modes are
shifted by a circumferential placement of springs around
the proof mass to increase the torsional stiffness. Further,
a large moment of inertia with respect to one of the rotation
axes is also undesired. Given a fixed total mass and device
layer thickness, the moments of inertia are simultaneously
minimized by a circular, concentrically arrangement of the
proof mass (fig. 2 (d)). When coupling multiple masses, the
in-set of the springs into the masses additionally decreases
the devices lateral dimensions and therefore the moments.
2) Plate Stiffness of Proof Mass: In addition to the springs,
the compliance of the proof masses themselves is non negligible in large planar devices (see fig. 2 (c)) and their finite
p,i
plate stiffness k z lowers the frequency of z-translational
modes. Considering the proof masses as lumped elements
including a lumped stiffness equivalent to their plate stiffness
p,i
k z connected in series, the total series spring constant is the
reciprocal sum
the beam k zb,i as well as the plate stiffness
 of
p,i
b,i −1
−1
=
(k z ) + (k z )−1 . Given a fixed total mass
(k z )
i

m and device layer thickness h the stiffness in z-direction
p,i
k z can be increased by the placement of the spring anchors
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closer to the center of gravity of the device. This reduces the
effective bending length of the plate and thereby increases the
stiffness (see fig. 2 (d)).
III. M ETHODS
A. Finite Element Analysis
The design was verified using Finite Element Analysis (FEA). The mode shapes and Eigenvectors were simulated
using the built-in eigenfrequency study of COMSOL. The
anisotropic elasticity matrix for (100) Si with the (110) planes
aligned to the x and y axis was used (compare to e.g. [19]).
The transfer function presented in section IV, fig. 12 were
obtained by frequency domain studies excluding damping
effects. The effect of residual stress in the SOI (see Supporting
Information) was simulated by a pre-stressed analysis with
stress matrix entries σx x = σ yy = σ0 − σ1 (z/(h/2)) where
σ0 is the mean stress and σ1 the stress gradient analog to [20].
FEA was also used to simulate the capacitive change of
the closing-gap electrodes including fringe fields by solving
the electro-statics of the system for a displacement sweep
of the last mass (m 6 ) in y and z direction. The resulting
capacitances for displacements in y and z were also used to
extract the capacitive cross-sensitivity Syz .
B. Lumped Element Model
1) Model: In addition to the three-dimensional finite element modal analysis, the motion of the sensor in the sensitive y-axis was studied by a lumped element model. The
mechanical transfer function is defined by the solution of
the equations of motions of a general multiple degree of
freedom system with forced excitation (see e.g. [21]) with
the system matrices [M] (mass matrix), [K] (spring matrix)
and [C] (damping matrix):


 iωt
(3)
−ω2 [M] + i ω [C] + [K ] Y eiωt = Fe
 iωt
[ A(ω)] Y eiωt = Fe
Y = [ A(ω)]−1 F

(4)
(5)

For the system presented here the matrices take the form
analog to fig. 1: [M] = di ag(m 1, . . . , m 6 ),
⎛
⎞
k1 + k2 −k2
0
⎜
⎟
..
..
⎜ −k2
⎟
.
.
⎟
(6)
[K ] = ⎜
⎜
⎟
..
⎝
. k5 + k6 −k6 ⎠
0
−k6
k6
and

⎛

ζ1 + ζ2

⎜
⎜ −ζ2
[C] = ⎜
⎜
⎝
0

−ζ2
..
.
..

.

..

0
.

ζ5 + ζ6
−ζ6

−ζ6
ζ6 + ζ6

⎞
⎟
⎟
⎟
⎟
⎠

(7)

where ζi is the squeeze-film damping between m i and m i−1
and ζ6 is the squeeze-film damping between the closing-gap
electrode acting on m 6 only.

Fig. 3.
The mechanical transfer function y6 /y0 of the lumped element
model. Input displacements with frequencies within the device’s bandwidth
are amplified with a minimum baseline amplification.

Fig. 4. Lumped element model of the off-resonant, time dependent response
to a sine input of 4.65 kHz between the first and second resonance (axes
normalized with respect to the input signal amplitude Y0 and period T0 ).

The squeeze-film damping between the masses is assumed
to be proportional to the perimeter of each mass and we define
ζi = ζ

Pi
P6

(8)

where Pi is the perimeter of the i-th mass given by the
geometry. This assumption reduces the number of free parameters for the damping matrix from 7 to 2, leaving ζ as damping
coefficient common to all masses and ζ6 as additional damping
on m 6 caused by the squeeze film of the read-out closinggap electrode. Slide-film damping was neglected, since it was
estimated from the geometry to be one order of magnitude
smaller than the squeeze film damping. Elastic effects are also
not included in the model due to the low squeeze number of
the geometry.
Fig. 3 shows a transfer function resulting from equation 5.
As device performance parameters the baseline and mean
amplification as well as the bandwidth were defined. The baseline amplification is the minimum amplification between the
first and last resonance. The bandwidth is the frequency band
over which that minimum is achieved, and the mean amplification is the average amplification within said bandwidth.
The off-resonant transient motion of the different masses m i
is shown in fig. 4. There, the structure is subjected to a sine
input of amplitude Y0 and period T0 with a frequency between
the first and second resonance (here 4.65 kHz). The motional
amplitude of the last mass y6 is largest.
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Fig. 6. The measurements were conducted in a controlled pressure chamber.
The mechanical motion of the chip package was characterized optically by the
Laser Doppler Vibrometer (LDV) simultaneously with the capacitive output
signal.

Fig. 5. a) The masses were fabricated in a one mask SOI based release
process. b) ICP dry etch c) HF vapor release d) evaporation of Cr/Au 4/40 nm
for electrical contacts.

As a second stage of the sensor’s transfer function, the differential capacitive change in the normalized displacement
yˆ6 = y6 /d1 , with d1 being the close gap of the differential gapclosing electrode, was approximated by a Taylor expansion up
to 3rd order
C = c1 · yˆ6 + c3 · yˆ6 3 ,

(9)

where the even terms are neglected due to the differential
setup (see also II).
2) Model Parameter Extraction: The model parameters
were obtained by combining data from simulation and experiment. The mass matrix [M] and spring matrix [K] were
obtained by FEA simulation of the individual mass-spring
pairs. The damping matrix [C] was obtained by using
equation 8 and fitting the two parameters ζ and ζ6 to the
six experimentally found quality factors from the capacitive
measurement. The polynomial (9) was fitted to the differential
capacitive change for y-motion simulated by FEA.
C. Fabrication
The devices were fabricated in a single mask SOI process
(see fig. 5). First a SiO2 mask was patterned using RIE dry
etching. Then the vertical trenches were etched into the 20 μm
thick (100) device layer by ICP dry etching. Subsequently,
the movable structures were released using vapor HF etching.
As adhesion layer for the Au-wire bonds 4/40 nm of Cr/Au
were evaporated on top of the structure after release. Finally
the devices were die- and wire-bonded to a ceramic package.
D. Characterization Setup
1) Optical Measurement of Unpackaged Devices:
In order to identify the mechanical modes in y- and
z-direction, the mechanical transfer function of an unpackaged
device (device A) was characterized first optically using the
Laser Doppler Vibrometer (LDV, Polytec MSA 400). The
device was placed in a controlled pressure chamber and actuated by a Piezoelectric Transducer (PZT, in-plane for y-modes
and out-of-plane for z-axis modes) and the substrate motion in
y- and z-axis (y0 ,z 0 ) and the motion of m 6 (y6,z 6 ) were measured. For the in-plane measurement the stroboscopic Planar
Motion Analyzer (PMA) mode was used. The measurements
were conducted at a pressure of 3 mbar.

Fig. 7.
Signal path of measurement. A shear PZT was actuated by a
white noise voltage signal. The resulting motion of the chip package was
characterized by the MSA 400 LDV and used as the input signal for the
transfer function. At the same time the capacitive output was obtained by an
AM circuit with a transimpedance amplifier.

2) Capacitive Characterization of Packaged Devices: The
capacitive measurement was conducted on a packaged device
of the same batch and design (device B). The ceramic package
was flip-mounted on an in-plane PZT actuator and placed
inside a controlled pressure chamber (fig. 6). The schematic
of the measurement is displayed in fig. 7. The device was
actuated mechanically by a white-noise signal on the PZT.
To account for acoustic attenuation of the mounting, the spectrum of the package input displacement y0 was measured
in-situ using the LDV and a right angle mirror. The capacitive
spectrum was measured using amplitude modulation at 95 kHz
and the built-in quadrature demodulation of a Lock-In amplifier (Zurich Instruments). The gain of the capacitive amplitude
TIA
V c (ω +ωs ) where gT I A is
modulation circuit was g = g√
2 m 1 m
the gain of the trans-impedance amplifier Vm the modulation
voltage, c1 the linear capacitive change per displacement of
m 6 obtained by FEA simulation, ωm the modulation frequency
and ωs the signal frequency. Then y6 was obtained by g −1 ·Vs ,
where Vs is the output of the demodulator.
The quality factors of the capacitive measurements were
extracted by fitting a Lorentzian peak to the individual resonances and dividing the peak position by the frequency
difference where the peak amplitude decays to -3 dB.
IV. R ESULTS
A. Design Freeze
The realized design is a concentrically arrangement of the
proof masses with m 1 as the outermost mass and m 6 and
the electrodes in the center, following the design rules given
in II-B (see fig. 8). The designed aspect ratio of the springs
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Fig. 8. Die design and top-view of the six proof masses coupled in series.
The masses are concentrically arranged with the readout electrodes at the
center.

h/t is 6.7. The aspect ratio of the lateral device extent to
the device layer thickness is 111. The form of the masses
deviates from the circular shape to accommodate the springs
and to avoid sharp angles during fabrication. The simulated
mode shapes and resulting lumped element Eigenvectors are
shown in fig. 9. As desired, the first out-of-plane mode γ1 has
a higher frequency (18.3 kHz) than the six in-plane modes νi .
The simulation also shows the amplification of the motion
towards the center of the device.
A successfully released and bonded device can be seen
in fig. 10.
B. Optical Measurement of Mode Separation
The optical measurement presented in fig. 11 shows the
position of the first 6 y-modes (νi ) in a bandwidth of 3-13 kHz
and the first translational out-of-plane mode (γ1 ) which is at
a higher frequency (16.37 kHz). Because of the significantly
worse resolution of the PMA with respect to the normal
vertical displacement readout (z), the motional input amplitude
was increased to resolve the in-plane displacement. At 1.4 μm
of displacement the masses run into the stoppers that limit
the motion leading thus to the trimmed resonance peaks seen
in fig. 11. Whereas the first z-mode is separated from the first
six in-plane modes as desired, the resonance frequencies are at
significantly lower values than obtained by FEA (see section V
and Supporting Information).

Fig. 9. Representation of the first 7 Eigenmodes of the resonator chain. For
each Eigenmode the top view of FEA simulated mode shapes (left side) is
shown together with a one dimensional representation of the corresponding
Eigenvectors (right side, arbitrary displacement scale), where the dashed lines
represent the rest position of the i-th mass. The first six Eigenmodes are
in y-direction (νi ) whereas spurious modes (z-axis translational modes γi
and rotational modes around the x- and y-axes θi ) are at higher frequencies,
the first one being a z-mode γ1 . The center mass (m 6 ) provides the highest
displacement wrt. the rest position.

C. Capacitive Measurement
The capacitive transfer function for a measurement conducted at 6.3 mbar is displayed in fig. 12. The bandwidth and
peak positions agree with the optical characterization of device
A and the refined FEA simulation. Both ICP-DRIE overetch
and stress in the refined FEA are required to obtain the level of
agreement between theory and experiment shown in table I.
The measured transfer function matches the simulated ones
after model refinement with only a ±90 Hz deviation of the
position of the peaks or maximum 2.5% resonance frequency
accuracy (fig. 12, table I). The corrected FEA model was used
for extracting the capacitive parameters. The capacitive crosssensitivity Syz over the motion range of the device was also
extracted from FEA and calculated to be 0.06%.

At frequencies higher than the mechanical roll-off the
signal is not dropping completely which can be explained
by the cubic nonlinearity of the read out capacitance (see
Supporting Information). From the measured transfer function
the minimum and mean amplification as well as the bandwidth
of the amplifier were extracted. The minimum amplification
gmin = 16.4 dB is defined as the minimum output between ν1
(3.32 kHz) and ν6 (12.79 kHz), the amplification bandwidth is
the frequency range over which this minimum amplification is
achieved (10 kHz over a range from 3-13 kHz) and the mean
amplification gmean = 23.5 dB the mean over this bandwidth.
The characteristic frequency f 0 = 7.94 kHz is defined as the
center of the bandwidth.
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TABLE I
C OMPARISON FEA M ODES W ITH C APACITIVE M EASUREMENT

Fig. 12. Capacitive measurement vs. model. The position and amplitude of
the peaks are in good agreement with the model (±90 Hz, see also table (I)).
The amplification provided in the frequency band of 3 kHz-13 kHz is a
minimum of 16.4 dB and a mean of 23.5 dB. The capacitive measurement
was conducted at a pressure of 6.3 mbar. The deviation at high frequencies
can be explained by the cubic non-linearity of the read-out capacitance.

Fig. 13. The pressure dependence of the transfer function. A moderate
increase in pressure leads to a reduced quality factor of the modes, while
the minimum amplification is preserved. A further increase of the damping
leads to a reduction of the amplitude at higher modes. At ambient pressure
the response of the device is strongly suppressed.

Fig. 10.
SEM image of the fabricated device. Au-wire bonds provide
electrical connection to the fixed electrodes.

pressure (see fig. 13) while the baseline is only reduced by
less than 10% up to a pressure of 64 mbar. The baseline
starts to deteriorate first at high pressures between the 5th
and the 6th mode. At ambient pressure the motion of m 6 is
strongly suppressed due to the squeeze film between the comb
fingers of the last mass and the readout. Minimum and mean
amplification as well as bandwidth have been extracted for all
pressure values and are displayed in fig.14.
E. Lumped Element Model

Fig. 11. Optical measurements of transfer function of y6 /y0 and z 6 /z 0 of
device A. The out-of-plane measurement shows that the first z-peak γ1 is
located outside the target frequency range (3-13 kHz for ν1 − ν6 , minimum
amplification 18 dB). In-plane measurements were performed using the
Planar Motion Analyzer stroboscopic measurement technique. The measured
resonances are shifted to lower frequencies compared to the FEA model.

D. Damping and Pressure Dependence
The operational range was identified by measuring at different pressure set-points between 6.3 mbar and ambient pressure.
The peak amplitudes decrease significantly with increasing

The two damping coefficients of the lumped model,
the perimeter proportional intra-mass damping ζ and the
additional damping from the closing-gap electrode ζ6 were
fitted to the experimental quality factors (given in fig. 15) to
obtain the damping matrix [C] (see equation 7). The resulting
transfer function based on the parameters in table II reproduces
well the experiment as can be seen in fig. 12.
V. D ISCUSSION
In this section we review the performance of the device
with respect to the application. This includes the filtering and
amplification properties as well as the influence of damping
on the device parameters. An overview of the device specifications is given in table III. Further, we evaluate the influence of
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Fig. 14.
Baseline amplification and bandwidth of the device showed a
decrease of less than 10% for a wide pressure range between 6.3 and 64 mbar.
The mean amplification is sensitive to the peak amplitudes and therefore to an
increase in damping. At ambient pressure the device performance decreases.
TABLE II
L UMPED E LEMENT M ODEL

TABLE III
D EVICE S PECIFICATIONS

damping and process variations by means of FEA and lumped
element modeling.
A. Performance as Mechanical Filter
The transfer-function presented in section IV can be evaluated with respect to band-pass filter characteristics. Within
the operational bandwidth the sensitivity of the amplifier
is a minimum of 16.4 dB (6.6 nm/nm) whereas at lower
frequencies the mechanical gain is 0 dB. This corresponds to
a relative rejection of 16.4 dB. Rejection of lower frequency
bands is important, since this is where environmental noise is

Fig. 15. Quality factors of in-plane peaks νi for the capacitive measurement.
The values were derived by dividing the peak position by the frequency
difference where the resonance peak amplitude decays to -3 dB. The error in
the Q-factors due to uncertainties in peak positions and widths is in the order
of 1.

the strongest. Additionally peak-to-peak ripple can be used
as a measure for the flatness of the filter response within
the operational bandwidth. In this case the minimum minus
maximum amplitude within the operational bandwidth, for
bandpass filters usually called peak-to-peak ripple, is depending not only on the spacing of the resonances given by the
design but also on the pressure in the measurement chamber. Our measurements show that it can be reduced down
to 11.9 dB by increasing the pressure to 64 mbar while
sacrificing only 10% of the baseline amplification. At lower
pressures the pk-pk ripple is much higher (e.g. 21.95 dB
at 6.3 mbar). The amplified motion on the last mass leads to
an enhanced relative capacitive signal C/C0 wrt. the base
capacitance C0 . In contrast, configurations of mechanically
un-coupled sensor-arrays that are connected in parallel in the
electrical domain (similar to [12]) achieve an increased signal
by a higher base capacitance C0 of the system (see also
Supporting Information). This distinction may prove beneficial
for certain system aspects, such as read out circuits and energy
efficiency.
B. Response Time and Quality Factors
The response time and ring down time of a AE/MS sensor
is important for co-detection and the dead-time of the sensor
after the detection of an event. The initial mechanical response
time depends on the time the signal takes to travel from the
package to the center-mass (see fig. 4). After that, the damping
determines how long the system takes to reach steady state.
In principle higher damping is favorable for avoiding long
ring down times. One measure for the ring-down time is
the Q factor of the resonance modes, which are displayed
in fig. 15. The error in determining the Q factors of the
individual increases with pressure due to the superposition of
multiple peaks with low quality factors. The quality factor
of the last mode ν6 is distinctively higher than the others,
which we attribute to its modeshape (compare to fig. 9), that
involves comparably large motional amplitudes of the outer
masses and thereby a higher stored energy in the system. The
outer masses are subject to lower damping (ζi ) than the center
mass m 6 (ζ6 +ζ6 ) which in turn leads to a higher quality factor.
The values extracted for this mass-spring network are in the
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order of 100 for a pressure of 6.3 mbar and below 10 (with the
exception of the last mode) for a pressure of 64 mbar, yielding
a reasonable settling time of the system. The values for high
pressures are comparable to the Q factors of 5-15 presented
in Ozevin et al. [6].

In addition the gap-closing differential capacitive readout
provides axis selectivity in the electrical transduction with
a low cross-sensitivity S yz of 0.06 %. In combination this
provides a good selectivity of the sensitive in-plane axis over
out-of-plane motion.

C. Damping Model

E. Influence on Process Variation on Device Performance
Process variations such as mask undercut during the ICP dry
etch and residual stress in the structure can influence the
performance of the device by causing a frequency mismatch
of the individual resonators, thus violating equation (1).
Whereas over-etching reduces the stiffness and mass of the
device, stress increases the stiffness (see table I), counteracting
each other. Both effects where included in the FEA and
lumped element model (details can be found in the Supporting
Information)

As mentioned above, damping is an important parameter
in the performance of MS/AE sensors. Therefore, a model
to approximate the influence of pressure on the damping
characteristic is required, even for a system with a high
number of degrees of freedom such as the one presented
in this work. The standard approach for the computation
of damping parameters as used in e.g. [7] is to use closed
form expressions for simple plate structures or perforated
plates or FEA simulation. The underlying assumptions for the
analytic models, e.g. a perpendicular motion are oversimplifying in a multi-degree of freedom structure such as this one
with many masses, shear motion and multiple different modes
and damping mechanisms (such as slide-film and squeeze
film damping). Also, FEA damping simulation require very
high computational power. This makes it difficult to relate
the experimentally observed quality factors with the pressure
set-points.
The approach followed here to retrieve the damping coefficients relies on the assumption of the form of the damping
matrix [C] (see equation 7) and a reduction of free parameters
to two dominant ones.
The two fitted damping coefficients for the squeeze-film
damping between the comb-fingers ζ6 and between the masses
ζ can be compared to analytical solutions of a parallel plate
squeeze film model. The Knudsen numbers K n for the geometry vary from 0.3 to 16 for the measured pressures (except
ambient) which are commonly attributed to the transition
regime [22], where rarefied gas models are applicable. Assuming an effective viscosity model and a function of K n as found
μ
by [23] μe f f = 1+9.638K
1.159 together with the solution to the
n
Reynolds equation for an incompressible rectangular squeezefilm presented in [24], the damping coefficients were computed
to be ζ = 0.02 · 10−6 Ns/m and ζ6 = 0.5 · 10−6 Ns/m for a
pressure of 6.3 mbar. Despite the fact that these closed form
models are a strong simplification, they are comparable in
magnitude to the fitted values of the 6 DOF model given in
table II. Also the shape of the transfer-function of the lumped
element model matches well the experimental one.
D. Axis Selectivity
Design rules were developed for obtaining axis-selectivity
for a planar sensor with a high number of degrees of freedom.
A compact concentrically arranged design with minimized
moments was used to suppress rotational modes. The outof-plane translational modes are proportional to the aspect
ratio of the beam springs which was maximized within the
ICP dry etching capabilities. In addition, the finite stiffness of
the masses themselves was increased by the placement of the
spring-anchors close to each other. As a result, the first outof-plane mode was located outside the operational bandwidth.

VI. C ONCLUSION
This work demonstrates an in-plane broadband (3-13 kHz)
vibration amplifier with improved transfer function and differential capacitive read-out. Previous work on coupled mass
amplification [16] demonstrated how this mechanism can
provide quasi band-pass amplification of motion at zero power
expense. These attributes are very attractive for low power
detection of acoustic emission signals in high attenuation
materials e.g. for structural health monitoring (rock, bridges,
pipelines, cliffs etc.). The amplification mechanism relies on a
chain of frequency matched oscillators with decreasing springs
and masses which results in an off-resonant amplification
within the operational bandwidth that is not dependent on the
quality factor of the mechanical resonances.
The use in traditional, higher frequency AE application is
also possible by designing for a higher center frequency ω0
in accordance with the presented design rules.
Here, we present an in-plane coupled mass-spring network
that despite the high number of degrees of freedom has a
high axis selectivity. Optical measurements demonstrate that
the spurious z-modes were successfully shifted outside the
device’s operational bandwidth. The gap-closing differential
capacitive readout provides additional selectivity with a crosssensitivity of only 0.06%.
Our measurements show that depending on the pressure in
the setup or package, the transfer function is flattened with
a minimum amplification of 16 dB almost independently of
pressure. The transfer characteristic at different pressure setpoints between 6.3 mbar and ambient pressure was measured.
The FEA and a lumped element model using a damping matrix
based on a perimeter proportional squeeze-film damping was
compared to the measurement and found to be in good
agreement. The peak amplitudes decrease significantly with
increasing pressure while the baseline is only reduced by
less than 10% up to a pressure of 64 mbar. Also, the low
sensitivity of the minimum amplification towards pressure
changes relaxes the constraints of achieving and maintaining
vacuum in the package. Therefore, the device is preferably
operated in this pressure regime around 30 mbar.
Future work will include the increase of the amplification
factor by adding more masses. Maintaining the stability and
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axis selectivity of such an up-scaled design can be achieved
on the one hand by increasing the device layer thickness and
the aspect ratio of the ICP process and on the other hand by
including the bulk of the SOI for defining the outer masses.
Additionally, a suitable package for mounting the sensor on
the surface under test has to be developed with the possibility
to integrate the chip in a 3-axis configuration.
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