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a b s t r a c t

Structural Health Monitoring (SHM) using non destructive testing generally involves mea-
surement of shift in natural frequency of the monitored structure. This paper presents the
simulation using CoventorWare MEMS design tool and analysis of three bulk microma-
chined piezoresistive MEMS accelerometers namely device A, B and C that are specifically
intended for SHM applications. The devices A and B have been designed for the same nat-
ural frequency (100 Hz) but with different geometries. The device C has the maximum
deflection sensitivity. The modal, piezoresistive and stress analyses show that beam length
(L) must be less than the half side length (a) of the proof mass for achieving maximum volt-
age sensitivity. Thus Device-A has been selected for further analysis and the various perfor-
mance factors for the Device-A have been obtained using simulation experiments and the
results show that this device has excellent voltage sensitivity (3.56 mV/g/V), appreciably
smaller cross axes sensitivities (32.8 lV/g/V), very low noise floor (4:53lg=

ffiffiffiffiffiffiffi
Hz
p

) and high
resolution (12.72 lg) compared with the already reported piezoresistive accelerometer
designed for SHM applications and certain general purpose accelerometers available in
the global market. The frequency analysis on two devices (Devices A and D) show that
the resonant frequency of the sensor should be low for achieving maximum sensitivity
and the damping factor (n) must be 0.7 for getting the maximum bandwidth over which
the sensitivity remains constant (60 Hz). Finally, a standard analytical design procedure
for the design of piezoresistive MEMS accelerometers has been developed and presented
based on the various observations and results of this study. Further, the design approach
for high packing density has also evolved.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Structural Health Monitoring (SHM) involves determi-
nation of structural health status of the concrete structures
and potentially predicts the damage of the structure. Con-
ventionally wired sensors are installed to manually acquire

the vibration data and natural frequency is obtained from
the vibration data using FFT analysis. The shift in the
natural frequency indicates damage and the magnitude
of the frequency shift can be used to quantify the damage
levels [1]. This kind of health monitoring is restricted by
either the cost of permanently installed sensors or of
manual collection of structural data using portable equip-
ment. Further the traditional SHM systems are less effec-
tive with bulky sensors of poor capabilities and needs
large electrical power. In the recent past, wireless sensors
have been considered as a potential alternative to the
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wired sensors since it offers a more cost effective approach
for capturing the vibration data from the structure in addi-
tion to high performance and less power for their
operation.

Even among the wireless sensors being developed, the
MEMS vibration sensors are beginning to play crucial role
since the sensing and data transmission can be integrated
as a single chip. Lynch et al. [2] has conducted extensive re-
search on structural health monitoring integrating off-the-
shelves accelerometers for sensing the vibration and wire-
less communication equipment for transmission of ac-
quired vibration data to explore the benefits of wireless
structural monitoring systems. To date, the standard prac-
tice in the SHM community has been to adapt commercial
off-the-shelf (COTS) sensing technologies to the particular
proof-of concept experiment at hand. In the recent past,
COTS MEMS accelerometers have been used for SHM
[2,6,7]. Micro electro-mechanical systems (MEMS) sensor
is fabricated through micro-fabrication techniques. In
MEMS sensors, electro-mechanical transduction mecha-
nisms can be combined with micro-circuitry thereby form-
ing a sensor. The sensor is now a miniaturized version of
the traditional transduction element along with substan-
tial circuitry for signal processing and computation [3,4].
Vogl et al. [3] reported the design and implementation of
a novel wireless MEMS piezoresistive accelerometer sensor
with a sensitivity of 0.19 mV/g/V for condition monitoring
of AC motors. However, little attention has been paid to the
development and implementation of MEMS sensors with
the intent of specifically addressing issues related to con-
crete SHM.

The fundamental building blocks of structural monitor-
ing systems are the sensing transducers. The quality and
completeness of the data set collected for a given structure
largely depends upon the capabilities and quality of the
transducers used to record structural responses. Especially,
the MEMS sensors used for concrete structure health mon-
itoring should be of high sensitivity with ultra noise floor
since most ambient vibrations in civil structures are char-
acterized by low-amplitude accelerations. Secondly, the
natural frequencies of civil structures are relatively small
and hence the MEMS accelerometers designed for Civil
SHM need not have larger band width. Ultimately, such
sensors should be of low cost and consume low power.
The authors of this present paper have made an attempt
to design a piezoresistive MEMS accelerometer that satis-
fies the requirements of an accelerometer meant for con-
crete SHM applications. The results of such a design and
the details of modal analysis on the designed accelerome-
ter obtained through CoventorWare simulation tool are
presented in this paper. The various analyses carried out
on the sensors described in this paper have brought out a
simple analytical design approach for the design of high
performance piezoresistive MEMS accelerometers spe-
cially intended for SHM applications.

2. Proposed MEMS accelerometer (vibration sensor)

The cross sectional view of the MEMS accelerometer
considered in this study for concrete SHM applications

is shown in Fig. 1 and the top view of the MEMS accel-
erometer and view of the structure created for analysis
by CoventerWare are presented in Fig. 2a and b
respectively.

The seismic mass (m) is suspended by four symmetrical
beams that determine the stiffness constant ‘k’. This struc-
ture with the seismic mass (m) suspended by four sym-
metrical cantilever beams has been preferred in this
study to reduce the cross-axis sensitivity. The other advan-
tage is that this device can be realized using bulk microma-
chining and hence it paves way for using a large mass
which is typically required for achieving higher sensitivity
at low frequency vibrations. Four silicon piezoresistors
strategically embedded on these four beams gives the
vibration in terms of change in their resistances. The stra-
tegic locations at which these resistors are placed will be
discussed in a later section. The four piezoresistors were
organized in a Wheatstone bridge to sense single axis (z-
direction) vibration. Considering the fact that this acceler-
ometer is intended for concrete SHM applications, the de-
vice parameters are specified as given in Table 1.

3. Analytical model for natural frequency

The natural frequency of this accelerometer can be esti-
mated from the well known equation

xo ¼
ffiffiffiffiffiffiffiffiffiffi
k=m

q
ð1Þ

where k is the effective stiffness of the beams and m is the
mass of the effective seismic mass and the stiffness con-
stant (k) of the present beam structure is obtained as

k ¼ 48EI

L3 ð2Þ

where E is the young’s modulus of the beam material and
the moment of inertia, I is thus

I ¼ 1
12

bt3 ð3Þ

where b and t are the breadth and thickness of a beam
respectively. The existing analytical model for natural fre-
quency of such an accelerometer [3,4] has been given as

fo ¼
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffi
4Ebt3

mL3

s
ð4Þ

Fig. 1. Cross sectional view of the MEMS accelerometer.
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