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Abstract

In this paper, the use of MEMS accelerometers for measuring mechanical vibrations is presented. Also a wide review of the
literature is performed by presenting the uses of the MEMS accelerometers in a great number of applications. These sensors
are known for their low prices, low power consumption and low sizes, which enhance their use in applications such as energy
harvesters, monitoring processes and for educational purposes. In order to propose these sensors for measuring vibrations, a
complete evaluation of the MEMS accelerometers was performed by measuring amplitudes and frequencies of oscillations
and comparing their dynamic characteristics with other accelerometers with higher precision. Moreover, two experiments
were conducted: In the first one, the measurements of the amplitude given by a MEMS and a standard accelerometer while
being excited with sinusoidal waves with different frequencies using a vibration exciter were taken and compared. For the
second experiment, three MEMS sensors and a piezoelectric accelerometer were used to measure the accelerations of a
3-DOF shear-building excited by an unbalanced DC motor. The signals obtained were compared in the time and frequency

domains; for the last case, the wavelet transform, the wavelet coherence and the power spectrum density were used.

Keywords MEMS accelerometers - Mechanical vibrations measurements - Piezoelectric accelerometer

1 Introduction

Recently, there has been an increase in the use of acceler-
ometer sensors based on microelectromechanical systems
(MEMS) in engineering applications. These systems are
characterized by their minimal size and low cost compared
with piezoelectric accelerometers. Besides, the MEMS
devices have a wide range of applications, since such sys-
tems have multiple sensing functions including temperature,
pressure, acceleration and humidity sensing [1]. In addition,
these devices can be used to measure not only mechanical
quantities but also electrical quantities by using capacitive
MEMS. It was recognized already in 1990s that this enables
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important potential applications of these devices in electrical
precision measurements and metrology [2].

The piezoelectric accelerometers, apart from being much
more expensive than the MEMS-based ones, are not very
advisable to use for low-frequency acceleration inputs due to
the significant attenuation and phase shifts they exhibit when
subjected to such inputs [3]. On the other hand, the MEMS
accelerometers, which can be piezoresistive- or capacitive-
based, are low cost and ideal for low-frequency applications.
However, the capacitive-based MEMS accelerometer is less
sensitive due to temperature than the piezoresistive-based,
because the thermal coefficient of resistivity of doped sili-
con is over two orders of magnitude larger than the thermal
coefficient of capacitance attained by a capacitive acceler-
ometer [4]. In addition, in [5] a MEMS accelerometer is
presented which is based on electron tunneling transducers;
the accelerometer is fabricated using bulk-silicon microma-
chining process. These tunneling traducers have higher sen-
sitivity than the ones based on piezoresistive, piezoelectric
and capacitive accelerometers, being also smaller sized and
lighter than them.

There are, in the literature, many uses of the MEMS
devices also, such as energy harvesters, which are generally
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based on piezoelectric, electromagnetic, electrostatic and
hybrid mechanisms [6—12]. The mechanism most used lately
for energy harvesting is the piezoelectric-based, in which
strain of the piezoelectric film is converted into output volt-
age. The raise in the attention toward this mechanism instead
of the others is mostly due to its advantages of high conver-
sion efficiency and easy implementation [13—15]. Although
the piezoelectric-based has several advantages comparing
to other mechanisms, the potential to scale down to much
smaller sizes is greater for electrostatic converters [16].
Also, with electrostatic converters a close integration with
electronics can be achieved through MEMS processing tech-
nology, which can be a challenging task for piezoelectric
converters. For a recent application, in [17] a rainfall energy
harvester is presented, where the measuring system consists
of MEMS piezoelectric accelerometers and an Arduino. In
addition, as the device used for energy harvester will have
a maximum electrical power generated at its resonance fre-
quency, the knowledge of the value of it is very important.
The methods to measure the frequency range from blur-
envelope techniques [18] and viscous damped measure-
ments [19] to sophisticated electronic measurements [20].
Also, in [21] an harmonic distortion technique is proposed
to measure the resonance frequency, which also provides
the damping factor of the system through the determination
of the filter parameters as the cutoff frequency, and in [22] a
MEMS accelerometer is characterized by means of compu-
tational and optoelectromechanical methodologies.

The small size of MEMS devices also motivates its use
in some monitoring processes such as the Structural Health
Monitoring (SHM) [23-26], the Machine Condition Moni-
toring [27-29], damage detection [30] and for navigation
systems such as strap-down Attitude and Heading Refer-
ence Systems (AHRS) and Inertial navigation system (INS)
[31]. For some examples, in [32] a MEMS accelerometer
is designed for SHM applications, where sensing low fre-
quency and low amplitudes with good resolution is essential;
in [33], a computer-aided analysis of three bulk microma-
chined piezoresistive MEMS accelerometer is made for
concrete SHM applications, where three accelerometers
have different design characteristics. Although the MEMS
accelerometers have high potential in monitoring processes,
there is little existence of such sensors for SHM in the pre-
sent sensor market as pointed out in [32]. It is worth noting,
however, that the accuracy and the lifespan of sensor boards
installing accelerometers and multiple sensors are lower than
dedicated boards on the market focused on SHM . In addi-
tion, the MEMS accelerometers have possible applications
in navigation systems such as AHRS due to their charac-
teristics already cited of small size, lightweight, low power
and low cost. However, these sensors introduce great errors
that must be compensated in order to make use of them in
navigation systems. Examples are shown in reference [34]
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where the results of an AHRS having low-cost MEMS-
based in a three-axis flight turntable table are shown and
validated in a practical application where the system was
mounted in a micro-Unmanned Aerial Vehicle (UAV), and
the errors due to gyroscopic drift are detected and corrected
by a multi-sensor data fusion algorithm that uses benchmark
reference vectors. Another application is presented in [35]
where a MEMS-based rotary strap-down inertial navigation
systems is developed, in which the significant sensor bias is
automatically compensated by rotating the inertial measure-
ment unit.

Implementation of the MEMS devices combined with a
wireless technology in wireless sensor networks (WSNs)
is widely researched in the literature from monitoring pro-
cesses to energy harvesters [36—49]. This technology has
the benefit of avoiding some problems and limitations that
one may face due to the use of wired networks. Besides,
the MEMS devices are characterized by their low cost and
power consumption, which are valuable characteristics for
wireless sensors or wireless sensor networks. However, there
are still some problems in the WSNs regarding the sampling
rate and the synchronous acquisition, which are essential for
a wireless network. These problems are solved in references
[50] and [51], where WSNs are designed and developed for
machine vibration monitoring and SHM, respectively; also,
both papers tested the networks experimentally by improving
some features of traditional WSNs that allowed the system
to have a improved sampling rate and a good synchronous
acquisition. In addition, reference [52] presents a FPGA-
based wireless sensor nodes for vibration monitoring and
fault diagnosis for rotating machinery, where experimental
tests were conducted in a rotating machine with an unbal-
ance fault.

Furthermore, in some applications, the MEMS devices
are used together with the Arduino microcontroller as an
acquisition system in the wireless sensor nodes [53-58].
This use brings a lot of benefits, but one may emphasize the
low cost and easy implementation. For such reasons, the
Arduino has been used as an acquisition system for educa-
tional purposes [59-68]. In [69], the MEMS technology is
applied to high school classes with the purpose of increas-
ing the interest to the students in natural sciences and engi-
neering to fill the lack of qualified personnel. Some other
applications of the Arduino are presented in [70], where
the control of a small wind turbine is shown with the use
of the Arduino and in [71], where a brushless DC motor
is designed to incorporate a hybrid electric vehicles, and
the Arduino is used to acquire the experimental data. In
addition, the new developments in open-source hardware/
software, standardization and commercialization of wire-
less sensor network technologies have helped to reduce the
complexity of implementing wireless sensing and actua-
tion systems and have made it fairly easy to implement a
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prototype system for proof of concept and demonstration
purposes [72].

Taking into account all the aforementioned uses of
MEMS devices in a great number of applications, it is very
important that the limitations of such devices are known. In
that sense, this paper presents the evaluation of three MEMS
accelerometers as mechanical vibration sensors. For such
purpose, two experiments were performed: In the first one
the measurements with a ADXL-335 sensor and a stand-
ard accelerometer were taken by using a vibration exciter
for further comparison of the signals. The results showed
that it is not advisable to use the MEMS accelerometer for
evaluation to measure amplitudes in applications with high
frequencies, since the uncertainties associated with the
measurements increased with the raise of the frequency of
excitation. However, it was concluded that the accelerometer
evaluated can be used for low-frequency applications with a
considerable reliability.

In the second experiment, the MPU-6050, the ADXL-
345, and the ADXL-335 were used to measure the accelera-
tion of a 3-DOF shear-building structure. In order to evaluate
these MEMS sensors, the signals were compared in the time
and frequency domains with an accelerometer with higher
precision. The results showed that the sensors can be used
in low-frequency applications. In addition, to perform the
signal acquisition of the MEMS accelerometers, the Arduino
microcontroller was used, which is a low-cost alternative
that gives good results. In addition, the main contribution
of this paper is the validation of MEMS-based accelerom-
eters for mechanical vibration analysis, more specifically,
in applications where the frequency and the amplitude need
to be measured.

This paper is divided into five sections: In Sect. 2 the
description of the MEMS accelerometers is presented, while
in Sect. 3 the experimental procedures are shown for both
experiments: the calibration of the ADXL-335 and the eval-
uation of the other accelerometers. The other Sects. 4 and 5
present a discussion of the results obtained and the final
comments of the paper, respectively.

2 MEMS accelerometers

The MEMS-type accelerometers are often divided into pie-
zoresistive- and capacitive-based accelerometers. The pie-
zoresistive accelerometers measure acceleration based on the
oscillations of a beam which has a proof mass mounted at its
end. A piezoresistive element is also mounted on the beam
at a known position; the oscillation of the beam changes the
resistance of the patch which generates an electrical signal
that is proportional to the acceleration of the vibration that
the sensor is subjected. On the other hand, the capacitive-
based MEMS accelerometers measure the acceleration

through the changes of the capacitance between a proof
mass and a fixed conductive electrode separated by a nar-
row gap [73]. In order to compensate the drifts and interfer-
ences as well as to linearize the deflections that the sensor
may be subjected to, differential capacitors are employed.
However, the capacitive-based accelerometer, as well as the
piezoresistive-based, still show some deviations in amplitude
and phase. In [74], a filter is designed to improve the signals
measured with the MEMS accelerometers through the calcu-
lation of a characteristic function (which is the inverse of the
frequency response function) with reference to a standard
accelerometer, which corrects the amplitude and phase devi-
ation; in [75] a solution for the problem of determination of
errors generated by systems measuring dynamically change-
able signals is proposed by means of the signals maximizing
chosen error criterion.

The capacitive MEMS-based accelerometers stand out
from the piezoresistive-based due to the less temperature
variation, because the latter are more sensitive to thermal
excitation than the former, since the viscosity of the damp-
ing fluid used to eliminate resonant amplification and extend
over-range capability is a strong function of temperature in
the piezoresistive accelerometers [76, 77]. Since the gaseous
dielectric capacitors are relatively insensitive to temperature
variations, capacitance sensing provides a wider temperature
range of operation, without compensation, than piezoresis-
tive sensing [4]. Also, besides the superior measure capacity
of the capacitive accelerometers, they are often chosen rather
than the piezoresistive ones because their costs have been
dropping due to the reduced fabrication costs. Problems
with temperature coefficients of the piezoresistive materials
embedded in the sensors have required additional design
features, which increased their price [78].

However, despite the disadvantages aforementioned about
the piezoresistive accelerometers, their use is still motivated,
since they have a low-noise property at high frequencies
when compared to capacitive accelerometers. In addition,
the costs of the piezoresistive sensors can now be reduced
by new manufacturing processes such as deep ion etch-
ing (DRIE) techniques [78]. An important application of
these types of sensors is in the identification of damage in
structures, where the use of high-frequency local response
measurements is presented to be successful [79]. Therefore,
in these cases the piezoresistive accelerometers are more
suitable than the capacitive ones.

2.1 ADXL-335 accelerometer

One of the MEMS accelerometers that will be evaluated in
this paper is the ADXL-335 from Analog Devices, which is
shown in Fig. la. Different from the other accelerometers
evaluated, the ADXL-335 is an analog sensor. This accel-
erometer is characterized by its small size and low power
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(a)

Fig. 1 Accelerometers used: a ADXL-335, b ADXL-345 and ¢ MPU-6050

consumption and has the ability to measure acceleration in
the three axes in a range of + 3 g with a signal conditioning
voltage output [80]. The ADXL series MEMS accelerom-
eters use a comb finger-type differential capacitive MEMS
structure and have excellent sensitivity, low drift, good noise
performance and simplicity [81-83]. The sensor measures
vibrations due the capacitance variation in differential
capacitors, and it can be used to measure the static accel-
eration of gravity and accelerations due to motion, shock or
vibration. Also, the accelerometer has a very low tempera-
ture hysteresis, commonly less than 3 mg in the tempera-
ture range from — 25 to 70 °C. In addition, the ADXL-335
requires a voltage input from 1.8 to 3.6 V, and it has a typical
consume of 350 pA.

Due to the very small size of the accelerometer,
4 mm X 4 mm X 1.45 mm, the ADXL-335 is commonly
mounted in a breakout board for easy handling. In this
work, the GY-61 breakout board model was used, which
has dimensions of 21 mm X 15.5 mm X 3 mm. The board
used has also a voltage regulator model 662K, which regu-
lates the input voltage, powering the accelerometer with a
constant voltage of 3.3 V, that promotes a better quality of
the measured signals. In this work, the Arduino was used as
a acquisition system; thus, the signal from the ADXL-335 is
digitalized by the analog-to-digital converter (ADC) of the
Arduino. Further, capacitors are embedded in the board for
the purpose of improving the measurement resolution and
for preventing aliasing.

As the ADXL-335 accelerometer is of small size, it can be
used in a wide range of applications, from electronic devices
and interfaces with the purpose of controlling unmanned
aerial vehicles (UAVs) to engineering applications such as in
geoengineering [84] or in Machine Health Monitoring [85].
Since the accelerometer has a little temperature hysteresis, it
turns to be a great device for monitoring structures that suf-
fer from significant temperature variation, as, for example,
structures located in sites subjected to snow weather or in
desert-like places. For more applications, in [86] two-axis
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MEMS-based accelerometers were used for near-surface
monitoring of geotechnical systems, in [87] a self-power
vibration measurement system is proposed which is based
on a piezoelectric material which harvests the energy from
ambient vibration source and transforms into useful electri-
cal output power of a ADXL-335 accelerometer, in [88] a
wireless and battery-free passive sensing platform is pro-
posed for structural damage detection; in [89] bridge health
monitoring system is suggested; in [90] a current transducer
is used for monitoring of supply current for detection of
bearing fault.

2.2 ADXL-345 sensor

The ADXL-345 sensor of Analog Devices is a
MEMS three-axis accelerometer with dimensions of
3mm X 5 mm X I mm and is shown in Fig. 1b. Just like
the ADXL-335 sensor, its functioning mechanism is based
on the variation of the capacitance in differential capaci-
tors, which allows the sensor to measure static and dynamic
accelerations in a range up to + 16 g. In the ADXL-345,
before the acceleration data are sent to the signal acquisi-
tion by means of the I2C and SPI protocols, the data pass
through a 13-bit ADC. Also, the range of the measurements
is user-programmable between the options: + 2, + 4, + 8 and
+ 16 g. Besides, the variation of the sensitivity of the sensor
due to temperature is + 0.01 %, and the sample frequency
can be chosen from 0.1 Hz to 3.2 kHz.

As the sensor is of small sized and has to be powered with
a voltage between 2 and 3.6 V, it was mounted in a break-
out board model GY-291 of dimensions 20 mm X 10 mm,
which has a voltage regulator model KB33 that allows the
board to be powered with a 5 V. In order to allow the board
to be mounted in a surface, it has two holes with diameters
of 3 mm.

This accelerometer has a wide range of application, for
some examples: in [91] they focus on characterizing the
kinetic energy that can be harvested by a wireless node
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with an Internet of Things form factor and on developing
energy allocation algorithms for such nodes; in [92] an
application, design and implementation of a novel vibra-
tion-powered sensing system for condition monitoring of
engines is presented; in [93], a self-powered smart tag for
wireless SHM in aeronautical applications is presented;
reference [94] presents in detecting induction motor faults
caused due to electrical or mechanical origin is by vibra-
tion analysis; and in [95] a machine tool vibration fault
monitoring system based on Internet of Things is studied
and established.

2.3 MPU-6050 sensor

The MPU-6050 chip of Invensense is a device that inte-
grates a three-axis accelerometer and gyroscopic sen-
sors in a 4 mm X 4 mm X 0.9 mm. The functioning of the
accelerometer of the MPU-6050 is identical to the other
accelerometers presented above, and the gyroscope meas-
ures the angular velocity due to the Coriolis effect which
causes a vibration that is detected by a capacitive pickoff.
In addition, the max sampling frequency of the acceler-
ometer and the gyroscope is 1 kHz and 8 kHz, respec-
tively. Also, the MPU-6050 has three 16-bit ADCs for
digitizing the gyroscope outputs and three 16-bit ADCs
for digitizing the accelerometer outputs. Figure 1c shows
the MPU-5060 accelerometer.

As the chip of the MPU-6050 is very small size and
has to be powered in a voltage between 2.375 and 3.46 V,
it is mounted in a breakout board, in this case a GY-521
of dimensions 20 mm X 16 mm, which has a voltage
regulator model KB33 just as the others breakout board
described above, that allows the board to be powered with
a voltage up to 5 V.

Although the accelerometer sensor of the MPU-6050
has a maximum range of measurements of + 16 g, the
range is also user-programmable in the ranges of + 2, + 4,
+ 8 g. The sensor has a little variation in the sensitivity
due to temperature which is of about 0.02%/°C. On the
other hand, the gyroscope sensor has a maximum range
of +£2000° /s, and its variation on the sensitivity due to
temperature is + 2%. Only the accelerometer sensor will
be evaluated in this paper.

The MPU-5060 can be used in many applications;
for example, reference [96] presents a solution on how
to generate a power for marine wireless sensors using
underwater motion energy; in [97] a damage detection
method is made based on autoregressive model (AR) and
damage-sensitive features (DSFs); reference [98] pro-
poses the development of a sensing system that uses the
Arduino platform and a MPU-5060 accelerometer; and in
[99] two compact and portable motion sensing systems to

monitor the dynamic behavior of complicated structures
are presented.

3 Experimental setup

The objective of this paper is to perform a calibration of
the accelerometer ADXL-335 and an evaluation of it and
two other MEMS accelerometers: the ADXL-345 and the
MPU-6050. Therefore, two experiments were carried out:
the first one presents the calibration of ADXL-335 by
comparing its given signals with a standard accelerometer
using a vibration exciter, and in the second experiment a
comparison was made with the measurements given by the
MEMS accelerometers and a sensor with higher precision
in a 3-DOF shear building excited by an unbalanced DC
motor.

3.1 Experiment 1: calibration of the ADXL335
accelerometer

The experimental apparatus used for calibrating the
ADXL-335 accelerometer is composed of a Vibration
Exciter (shaker) Type 4809 of Briiel and Kjer, a Pro-
grammable X-tal controlled function generator Type
TR-0467 of Elektronikus Mérokésziilélek Gyara (EMG), a
Power Amplifier Type 2706 of Briiel and Kjer, a Spectral
Dynamics SD380 Signal Analyser of Scientific-Atlanta
and a standard accelerometer model 2270 of Endevco.
The standard accelerometer used has crystal Piezite®
Type P-10 which provides a high performance for the

ENDEVCO®
MODEL 2270

(b)

Fig.2 a Standard accelerometer Endevco model 2270 and b experi-
mental setup

@ Springer



527 Page6of18

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:527

calibration of other sensors. The frequency and amplitude
range for calibration with this accelerometer is from 5 Hz
to 10 kHz and from 0.2 to 10,000 g, respectively. In addi-
tion, the standard accelerometer was previously calibrated
and its sensitivity is 1000 mV/g. Figure 2a shows the
accelerometer used as a reference to calibrate the ADXL-
335 sensor.

In order to avoid an external interference for the measure-
ments, the experimental setup was mounted in an inertial
bench and the temperature in the site was controlled to be
25 °C. As the breakout board of the ADXL.-335 accelerom-
eter has two holes of 3 mm diameter, for assembling it over
the standard accelerometer a support was made. The support
has a cubic geometry and two holes of 3 mm were made in
one of its faces to mount the MEMS accelerometer. Fig-
ures 2b and 3 show the experimental setup and procedures
taken for the calibration, respectively. Also, the Arduino
microcontroller was used to power the ADXL.-335 acceler-
ometer so that the measurements could be performed.

3.2 Experiment 2: 3-DOF shear building excited
by an unbalanced DC motor

For the second experiment, a 3-DOF shear-building structure
was mounted on the inertial bench to perform the measure-
ments. The accelerometer that was used to compare the sig-
nals of the MEMS accelerometers was the DeltaTron Accel-
erometer Type 4508 Briiel and Kjer, which has a frequency
range from 0.3 Hz to 8 kHz and can be used in a site with
temperature from — 54 to 121 °C. The acquisition system
used was the USB-6251 from National Instruments and a
Briiel and Kjar Model signal conditioning. In order to make
the signal acquisition of the ADXL-335, -345 and the MPU-
6050 accelerometers, they were connected in the Arduino
Microcontroller model Mega2560. The accelerometers were
mounted in the left side of the second floor of the structure,

Fig.3 Experimental procedures

MEMS
Accelerometer

() (b)

Fig.4 a 3-DOF shear building in which accelerations were measured
and b measurements’ position

which was excited by an unbalanced DC motor positioned in
the top floor. Figures 4a, b, 5 and 6 show the shear building
considered in this paper, the position in the structure where
the measurements were taken, the experimental setup of the
acquisition with the MEMS and the setup for the DeltaTron,
respectively.

The shear-building structure was manufactured using
plates made of ASTM A-36 steel and polypropylene
(Nitapro®). In total, six steel plates were used for making the
laterals of the shear building which have 1.75 mm of thick-
ness, 76.2 mm of width and 300 mm of length. For the floors
of the structure, 4 polypropylene plates were used with 15
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Standart
Accelerometer

Shaker
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mm of thickness, 76.2 mm of width and 400 mm of length.
The properties of the materials used can be seen in Table 1.

Signal
2 Processing

MEMS
| ) Accelerometer

Acquisition
System

Fig.5 Experimental setup for the MEMS accelerometer

Fig. 6 Experimental setup for

DeltaTron
| ) Accelerometer

In order to evaluate analytically, the natural frequen-
cies of the shear building structure were discretized and
modeled as a spring-mass system with 3 DOFs, where the
floors were considered to be rigid. The equivalent stiffness
of the structure was obtained by the material and geo-
metrical parameters of the shear building. The calculation
gave an equivalent stiffness of 983.1476 N/m for the lateral
shear building. In addition, the natural frequencies were
obtained through the mass and stiffness matrices apply-
ing the eigenvectors method. The results are presented in
Table 2.

To excite the structure, a Mabuchi DC motor model
C2162-60006 was used, in which properties can be seen
in Table 3. With the purpose of unbalancing the motor, an
aluminum rotor was made with holes that can be used to
put masses. All the assembly of the motor and the support
that mounts it in the structure have a mass of 312.15 g and
an unbalance mass of 6.59 g. Figure 7 shows the voltage
vs frequency curve of the motor used, which was obtained
experimentally using an accelerometer and an adjustable

Signal
Processing

Signal
Conditioning |
Acquisition

System

the DeltaTron accelerometer @
- -
Fig. 7 Frequency curve of the 50 T
motor used
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Table 1 Mechanical properties of the materials used

ASTM A-36 Nitapro

Mass density 7850 kg/m® 910 kg/m*
Elastic modulus 260 GPa 1300 MPa
Ultimate tensile strength 400-450 MPa 35 MPa
Table 2 Naturalﬁ frequency. of Normal modes Value (Hz)
the system obtained analytically

1° mode 4.09

2° mode 12.54

3° mode 19.32
Table 3 Properties of the motor Property Value
used

Nominal voltage  24.0 V

Stall current 25A

Stall torque 28.7 N cm

No load speed 4550.0 rpm

Start-up voltage 20V

Weight 2240¢g

Shaft diameter 3.1 mm

Shaft length 85.0 mm

Motor diameter 37.0 mm

Motor length 64.0 mm

power supply, varying the voltage from 2 to 20 V with a
0.5 V increment.

4 Results and discussion

In this section, the results obtained by the calibration of
the ADXL-335 and the comparison of the MEMS accel-
erometers with the DeltaTron sensor are presented and
discussed.

4.1 Experiment 1

To perform the calibration, firstly the ADXL-335 and the
standard accelerometer were connected into the Signal
Analyzer, which was used to perform the amplitude meas-
urements. In the first part of the experiment, the function
generator was used to power the shaker with sinusoidal
waves with amplitude of 1 g and frequency varying from
20 to 150 Hz, with 10 Hz of increment. For each value of
frequency, the maximum amplitudes given by the MEMS
accelerometer in the three axes were taken. The values
taken correspond to the accelerometer’s sensitivity in
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mV/g. Also, the ADXL-335 was excited in the three axes
x, y and z, with the objective of verifying whether its sen-
sitivity was maintained with the increase in the frequency.

In the second part of the experiment, the accelerometers
were excited with sinusoidal waves with amplitude of 2 g,
where the frequency was also varied from 20 to 150 Hz,
with a 10-Hz increment. The same procedures described
in the last paragraph were performed again for this case.
Moreover, the amplitudes of the three axes of the ADXL-
335 were taken when subjected to excitation of amplitude
2g.

The measurements taken with the standard accelerometer
had variations of 1 + 0.12 g. However, in order to perform
a better analysis in the sensitivity of the ADXL-335 sensor,
the measurements taken with it were normalized with the
ones made with the standard accelerometer, i.e., the data
treated in this paper are relative to 1 and 2 g, with no varia-
tion. Figure 8a—c shows the results obtained in the calibra-
tion of the MEMS sensor excited by a sinusoidal wave of
amplitude 1 g and varying the frequency. Comparing them
with Figure 9a—c, which show the calibration with an ampli-
tude of 2 g, one may note that the sensitivity of the sensor
maintains almost the same behavior with the increase in the
amplitude. However, the figures show that the sensitivity
drastically decreases with the increase in the frequency,
which also raises the uncertainties in the measurements.
From that, one can conclude the ADXI.-335 is not advisable
to use in high-frequency applications, since the uncertainties
in the measurements would have a high value.

Furthermore, Tables 4, 5 and 6 show the variability of the
sensitivity and the error associated with the measurements
with the increase in the frequency. In the tables, the sensitiv-
ity of the sensor and the uncertainty in the measurement for
each frequency band are shown. The values presented in the
tables refer to the mean values of the measurement taken
in each frequency, and the dispersion is the standard devia-
tion of them. The calibration of the MEMS accelerometer
showed the wider the frequency band, the measurements
are being taken the lower the sensitivity and the higher the
uncertainty are. One can note, for example in Table 4, that
for high-frequency bands as 20-150 Hz, the error associated
with the measurements has a high value of 28.89 %. How-
ever, for lower frequency as 20-30 Hz the error is 3.61 %,
which, depending on the application, is a reasonable error.
Hence, in low-frequency applications the ADXL-335 accel-
erometer can be used as a vibration sensor with reasonably
precision.

4.2 Experiment 2
For the second experiment, five cases of excitation were

considered for the shear building: a free oscillation with an
initial displacement; a steady-state oscillation with 4, 13.12
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Table 4 Means and errors associated for each frequency band when
the sensor is excited in the x axis

Table 6 Means and errors associated for each frequency band when
the sensor is excited in the z axis

Frequency Amplitude 1 g Amplitude 2 g Frequency Amplitude 1 g Amplitude 2 g
band (Hz) . — band (Hz) . —
Sensitivity Error (%) Sensitivity Error (%) Sensitivity Error (%) Sensitivity Error (%)
(mV/g) (mV/g) (mV/g) (mV/g)
20-30 23847 £8.60 3.61 232.09 + 5.67 2.44 20-30 238.09 + 8.08 3.39 238.93 +4.85 2.03
20-40 231.04 £ 14.23 6.16 226.27 +10.84  4.79 20-40 232,19+ 11.72  5.05 234.09 +9.06 3.87
20-50 223.28 £ 19.39 8.68 219.09 £ 16.86  7.70 20-50 22553 £ 1640 7.27 22792 + 1439  6.31
20-60 214.95 £25.07 11.66 211.24 +22.84 10.82 20-60 219.13 £20.16  9.20 221.07 +19.74 893
20-70 208.83 £26.98 12.92 203.59 +27.71 13.61 20-70 213.32 £22.96 10.76 213.92 +24.87 11.63
20-80 201.56 +£31.25 15.50 196.22 +31.95 16.29 20-80 206.66 + 27.39 13.25 207.33 +28.62 13.81
20-90 195.06 + 34.28 17.57 189.62 +34.97 18.44 20-90 200.60 + 30.61 15.26 200.81 +32.29 16.08
20-100 189.09 +36.73 19.42 183.33 £ 37.77 20.60 20-100 19492 + 3331 17.09 194.90 +£35.03 17.97
20-110 183.61 +£38.72 21.09 177.47 £ 40.14 22.62 20-110 189.07 +£36.46 19.28 189.27 +37.52 19.82
20-120 177.93 £ 41.28 23.20 172.18 £41.93 24.36 20-120 183.75 £ 38.83 21.13 183.97 £39.69 21.57
20-130 172.50 £ 43.63 25.29 166.88 +43.99 26.36 20-130 178.89 +£40.66 22.73 178.84 +41.81 23.38
20-140 167.54 £45.43 27.11 161.62 +46.19 28.58 20-140 17422 +42.42 2435 173.70 + 44.12  25.40
20-150 167.55 +47.04 28.89 156.76 + 47.96  30.60 20-150 169.91 +43.84 25.80 168.70 +46.32 27.46

Table 5 Means and errors associated for each frequency band when
the sensor is excited in the y axis

Frequency Amplitude 1 g Amplitude 2 g

band (Hz) . —

Sensitivity Error (%) Sensitivity Error (%)

(mV/g) (mV/g)
20-30 236.06 + 2.04 0.86 228.55 +8.42 3.68
20-40 228.00 +£ 14.03  6.15 222.17 £ 12.55  5.65
20-50 22224 +16.25 1731 215.64 £16.59  7.69
20-60 215.17 £21.15  9.83 208.34 £ 21.76 10.44
20-70 208.64 +24.78 11.87 201.34 +£25.93 12.88
20-80 201.85 +£28.89 14.31 19439 +29.98 15.42
20-90 195.37 £ 3242 16.60 187.91 +33.25 17.70
20-100 189.68 +34.79 18.34 181.87 +36.01 19.80
20-110 184.05 +£ 37.33  20.28 176.22 + 38.36  21.77
20-120 177.59 +41.39 2331 170.88 +40.47 23.68
20-130 172.46 +43.28 25.10 165.82 +42.38 25.56
20-140 167.99 + 4447 2647 161.24 +43.80 27.17
20-150 163.45 +45.96 28.12 156.97 £ 45.01 28.67

and 20.4 Hz of excitation; and a variable frequency of exci-
tation from O to 24 Hz. In all these cases, the three MEMS
and the DeltaTron accelerometer were used to measure the
structure vibration so that the former could be evaluated
by comparing their signals with the latter. In addition, the
DeltaTron accelerometer was previously calibrated and its
sensitivity was 316 mV/g.

Since our interest is to show the precision of the MEMS
accelerometer in measuring frequency and amplitude of
vibration, the comparison in the time and frequency domains
was made, this last analysis was made using the wavelet

@ Springer

coherence and wavelet transform. The coherence measures
the correlation between two signals at a given frequency.
If the signals share the same values or if they are linearly
dependent at given frequencies, the magnitude of the coher-
ence is 1; if the values presented are totally different and
uncorrelated, the magnitude will be 0.

Figure 10 shows the acceleration of the free oscillation
shear building measured with all the accelerometers. As
one can note from the figure, the signals showed a simi-
lar character and for the MEMS accelerometers little noise
is seen on the measurements. The amplitude measured by
the MEMS accelerometers, however, was different from
the measurement given by the DeltaTron accelerometer, as
shown in Fig. 10, due to the different initial conditions given
by the sensors. Also, the natural frequencies of the structure
were obtained by applying the power spectrum density in
the signals of the free oscillations. In Table 7, the values
obtained with each accelerometer, the analytical and the
finite elements method (FEM) are shown. Since the natu-
ral frequencies have low values, the MEMS accelerometers
showed good results by comparing with the values shown
by the DeltaTron accelerometer and the analytical as one
can see from the table. In addition, the values from the FEM
analysis were obtained through a CAE software.

Further, Figs. 11, 12 and 13 show the acceleration of the
structure when subjected to an excitation of 4, 13.12 and
20.4 Hz, respectively. By analyzing the figures, the outcomes
of the usage of the MEMS accelerometers can be seen. In
addition, Fig. 14 shows the measurements of the structure
vibration with a variable excitation from 0 to 24 Hz. The
high peak shown in the figures corresponds to the resonance
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Fig. 10 Measurements of the shear-building’s free vibration using: a DeltaTron, b ADXL-335, ¢ ADXL-345 and d MPU-6050 accelerometer

Table 7 Comparison of the natural frequencies obtained analytically
and experimentally

1° mode (Hz) 2° mode (Hz) 3° mode (Hz)
Analytic 4.09 12.54 19.32
FEM analysis 4.75 14.698 24.367
DeltaTron 4.028 + 0.000 12.94 + 0.098 20.26 + 0.060
MPU-5060 4.028 + 0.000 12.94 + 0.000 20.26 + 0.069
ADXL-345 4.028 + 0.000 12.94 + 0.060 20.26 + 0.060
ADXL-335 4.028 + 0.000 12.94 + 0.069 20.26 + 0.000

of the excitation with the third natural frequency of the
structure, which clearly was the most energetic one (Fig. 15).

The wavelet spectrogram was obtained with the accelera-
tion signals for the case when the structure was excited by
the motor with the frequencies of 4, 13.12 and 20.4 Hz. For
such, the Wavelet Daubechie-45 was used. The scales used
were from 1 to 512, 1 to 128 and 1 to 64. From the wave-
let scale-frequency used, the scales that correspond to the
natural frequencies of the structure were obtained, where the
scale 161 corresponds to the first natural frequency, the 54
to the second and 32 to the third frequency. These scales are
highlighted by the dashed green line in the spectrograms.
For further reference about the wavelet transform, see [100].

The coherence between the MEMS accelerometers and
the DeltaTron for the case when the structure was excited
with a variation frequency was performed in the same way as

in [101, 102]. For such, the Wavelet Daubechie-45 was used
again with the scales from 1 to 1024. For a better analysis
of the results of the coherence, the scale-frequency curve
was calculated, where the frequencies that correspond to
the scales 1 and 1024, which are 500 and 0.49 Hz, were
obtained, respectively. The results can be seen in Fig. 16

The graphs of the coherence showed that the measure-
ments of the MEMS accelerometers and the DeltaTron were
correlated from 5 to 40 Hz approximately, which means the
MEMS sensors can be used in that frequency range with
a certain precision. The ADXL-345 was the one with the
measurements least correlated with the DeltaTron as one can
note from Fig. 16b. The decrease in the coherence after 50
Hz shows that the MEMS accelerometers are not advisable
to be used in applications with frequencies higher than this
value. Also, the DeltaTron is designed to be used in high-fre-
quency applications and it is less sensitive in low-frequency
measurements, that is why the low-coherence aspect is seen
in the figures from 0 to 5 Hz.

5 Concluding remarks

In this paper, the use of MEMS accelerometers to meas-
ure mechanical vibration was proposed and an evalua-
tion of them for such usage performed. These sensors are
known for their low cost and size compared to piezoelectric

@ Springer



527 Page120f18 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:527

__ 002 _
C) | 3 o005
= 001 p
S S
L L
g oo: g ’
§ N g 0.05

-0.02 aaa < -0

0 2 4 6 8 0 2 4 6 8
Time (s) Time (s)
(a) (b)

0.06 0.04
S o004 C) 0.02
c | c
S 002 ‘ S
= E=)
g ° s
8 002 g -0.02
< <

-0.04 -0.04

0 2 4 6 8 0 2 4 6 8
Time (s) Time (s)
(¢ (d)

Fig. 11 Measurements of the shear-building’s steady-state vibration with 4 Hz of excitation using: a DeltaTron, b ADXL-335, ¢ ADXL-345 and
d MPU-6050 accelerometer

0.2 I | [
- WW\ul»[w]w\'\ ﬁ" (AT w‘ o2
< 0. H‘ I “ ‘w I =
& ~|\| MHH M ‘H \“U g 01
— M‘H‘ “ \‘ Il ‘ | .2
g ‘ ww;w;W wm L E 0
o \‘\ H‘ (i (Hfk (I ‘\ 2_01
9 -01\\‘ ' | J | ‘ g
2 “u H“\‘ ‘ ‘IIM 1‘\\“\‘ \‘HM WH}‘ “\ ‘“ “\‘M\H\h 2-0.2
.ozi|i||m!I||Hyll[l!H]Hli|||||1||(‘)11|H|HHIHI o3
0 1 2 3 4 o 1 2 3 4
Time (s) Time (s)
(a) (b)
. ! il 3“5 l‘l‘x(tiilll‘p ﬁummlm:\\“u“.unmmr
wmw“umm‘\w;“;‘wi“" u‘)"l‘ —_ LT I N “m ith
3 o1 I 2 02‘\\\\“‘ ITRRAY ‘M“‘“ i “‘\H\\‘H‘\M‘H“ ‘H"
< 0.1 Il | il i
§ 0.05 g (it i ‘\‘ I (L (i HthH ““ i M‘\‘ I
= 0 = ol T \\w\
g 5 M‘\“‘\“}H‘ ““H‘ ‘ \\“
E '0:? ‘ ‘ § 01 \ “ ! | “i“ i I ‘\“ I ““‘H‘\‘
-U. [N I I { I (10 -0.2 | ‘w\\ | ‘H\H“M“ ‘\““““‘ |
< 051 T "l"“"“{‘“’*”"”1'\"‘\ J‘w’“‘u‘ < i M T ‘\ ‘ (N i M“‘V ‘\ ‘\
’ -03lluv.uuylul;r.ul(rur”,uvylvuvr;ﬂurh;l(vl
0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)
(V] (d)

Fig. 12 Measurements of the shear-building’s steady-state vibration with 13.12 Hz of excitation using: a DeltaTron, b ADXL-335, ¢ ADXL-345
and d MPU-6050 accelerometer
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Fig. 13 Measurements of the shear-building’s steady-state vibration with 20.4 Hz of excitation using: a DeltaTron, b ADXL-335, ¢ ADXL-345
and d MPU-6050 accelerometer
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accelerometers. Because of these characteristics and also for
their low power consumption, they are widely implemented
in monitoring processes such as SHM and in energy-har-
vesting applications.

Two experiments were conducted in this work: the first
one treated in calibrating a ADXL-335 sensor by compar-
ing its given signals with the ones showed by a standard
accelerometer when they were subjected to sinusoidal
waves with different frequencies and amplitudes. The
results obtained in this experiment were that the ADXL-
335 has a decrease in sensitivity with the increase in the
frequency of excitation, which subsequently increases the
error associated in the amplitude measurements. However,
in low frequencies the error presented by the measure-
ments was little, showing that the ADXL-335 is advisable
to use for measuring amplitudes in cases where there is
low frequencies involved.

As for the second experiment, three MEMS accelerom-
eters, the already calibrated ADXL-335, the MPU-605 and
the ADXL-345, were evaluated by comparing the measure-
ments given by them with a DeltaTron accelerometer in a
3-DOF shear-building structure. The signals were analyzed
in time and frequency domains using the wavelet trans-
form and the power spectrum density. In the time domain,
the signals measured with the MEMS sensors presented
good results by showing little noise. Also, in the frequency
domain the result showed that the sensors can be used in
modal analysis with a certain precision, since the measure-
ments of the natural frequencies of the structure given by the
MEMS accelerometers were very close to the one given by
the DeltaTron and the analytical value. Besides, the wavelet
coherence showed that the MEMS sensors can be used to
measure a frequency range from 5 to 45 Hz approximately,
showing that they can be used in low-frequency applications.

A similar analysis performed in this paper was performed
in [84, 103]. In the former work, a three-axis waterproof
analog accelerometer is presented for geoengineering appli-
cations; the results showed that the accelerometer has a good
signal-to-noise ratio comparable to traditional piezoelectric
accelerometers, proving that they can be used in such appli-
cations. This study showed also that the MEMS accelerom-
eter has a more reliable measurement for frequencies below
50 Hz. On the other hand, in [103] a MEMS accelerometer is
evaluated by comparing its signals with a integrated circuit
piezoelectric (ICP); the accelerometers were subjected to
periodic, random and impact excitation, and its given signals
are compared. The results presented by this study showed
that the MEMS accelerometer did well for the sinusoidal
and random measurements with just little shift in phase and
almost none in frequency. Although the authors claim that
before the accelerometer evaluated to be used in practice,
more investigation is needed. The work presented here con-
tributes for such investigation and gives a state of the art

for the MEMS accelerometers. Also, we present an appli-
cation in a well-known and important mechanical system
which is the shear building and evaluated digital and analog
accelerometers.

Acknowledgements The authors acknowledge the Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPq) for the support.

Appendix: A linkage diagrams

For the ADXL.-335, there are five attachments in the break-
out board: three of them are responsible for the acceleration
data output corresponding to the three Cartesian coordinates
x, y and z; and the other two are the 5 V and the ground link-
age responsible for power supply. Figure 17 shows the con-
nection between the accelerometer and the Arduino board.
The ADXL-345 is connected to the Arduino microcon-
troller by means of the I2C protocol, for such the connection
is made connecting the VCC, the GND, the SCA and the
SCL pins of the breakout board with corresponding pins in
the Arduino board. This connection can also be consulted in

ADXL335

Fig. 18 Linkage diagram of the ADXL-345 sensor
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Fig. 19 Linkage diagram of the MPU-6050 sensor

Fig. 18. In addition, the connection of the MPU-6050 with
the Arduino is similar to the ADXL.-345, and it can be seen
in Fig. 19.
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