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ABSTRACT

In this work a concept for a new type of acoustic emission sensor is presented. Using this concept a
new smart sensor was designed. To aid in the design of this smart sensor a computer model was

created using COMSOL Multiphysics. The computer model of the sensor was evaluated and optimized
using both synthetic and experimental data. The result show that the sensor is able to do signal

processing directly without the need of a computer, this results in an extremely energy efficient way of
measuring and analyzing acoustic emissions as compared with today’s methods.
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I. INTRODUCTION

This master thesis work has been done at the SKF University Technology Centre for advanced
condition monitoring at Lule̊a University of Technology, in collaboration with SKF. A vision
within SKF is to create smart bearings that can act as the brain of a machine. One part of the
smart bearing is the idea that the bearing can monitor its own condition. A way of monitoring
the condition of a bearing is to look at the acoustic emissions within the bearing.

An acoustic emission (AE) is a sound wave in a solid. This sound wave (AE) is produced when
the solid undergoes stress or other internal changes (cracks, dislocations, etc.) as a result of
external forces [1]. Today there already exist sensors for measuring these acoustic emissions,
however they are not optimal for integration into a bearing and a new type of sensor is needed.

A. Today’s acoustic emission sensors

Most of today’s sensors for measuring acoustic emissions (Figure 1) are used together with
analog-to-digital converters and are therefore designed for sequential signal processing, meaning
that the output signal is built up by a sequence of amplitudes. The time scale of this signal is
determined by the Nyquist–Shannon sampling theorem [2]. This is a problem when measuring
high frequency acoustic emissions since that requires a high sampling rate which will in turn
generate a large amount of data that needs to be processed.

Figure 1. An example of an acoustic emission sensor that is typicality used today, the sensor is a Physical
Acoustics WSα General Purpose, Wideband Frequency Acoustic Emission Sensor [3].
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There is an interest in doing real time analysis on the data generated by these high frequency
acoustic emissions in order to detect faults (cracks, dislocations, etc.) as they occur in real time.
If one has access to a relatively fast computer, doing real time analysis on the digitally sampled
acoustic emission data is not a problem.

However in small embedded devices or in other situations where power has to come from e.g.
energy harvesting and is therefore limited doing real time analysis on this amount of data is a
big problem. To solve this problem a new type of sensor has to be designed. This new acoustic
emission sensor has to be very energy efficient, have a low output data rate and if possible do
some of the signal processing analogy/mechanically directly in the sensor.

B. The smart acoustic emission sensor concept

The concept behind this new type of ”smart” acoustic emission sensor is to design the sensor
to have many sensing elements each of which is sensitive in a certain frequency band. Together
these sensing elements create an array of bandpass filters, with some overlapping frequency
bands. Analog electronics can be used to transform the activity for each sensing element into a
collection of events with very high temporal resolution.

Having a parallel structure for this new type of ”smart” acoustic emission sensor is preferable
for many reasons

1. The sensitivity can be improved because each sensing element is tuned to a particular
frequency band, each channel can also be amplified independently of other channels.

2. The output is a feature vector that can be used for context-dependent signal processing
and basic classification tasks.

3. With a suitable choice of readout circuits the signal from the sensor can be event-based,
enabling ultra-high temporal resolution at low data rate.

4. A parallel structure enables parallel signal processing and improved efficiency on multicore
hardware and natural integration with emerging event-based and parallel neuromorphic
processors that operates at low voltage and power.

By tuning the frequency band for each of the sensing elements in this new type of acoustic
emission sensor one can apart from the increased sensitivity also achieve dynamic gain control
for each channel, which will in principle create a sensor with higher dynamic resolution and
better sensitivity. The amount of information from the sensor decreases while at the same time
a better temporal resolution is achieved, since the channels of the sensor only activates when
there is sufficient activity at the corresponding frequency band.
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C. Objectives of the thesis

The goal of this master thesis work is to design and model a new type of sensor based on the
smart sensor concept (Section I B) for measuring high frequency acoustic emissions in a frequency
range of approximately 100−1000 kHz. This new sensor will consist of approximately ten sensing
elements, each of which will be tuned to a different frequency band acting as an array of bandpass
filters.

This will allow the new sensor to measure high frequency acoustic emissions as the activity (event
based) on different frequency bands (bandpass) as described in Section I B. This is also the way
many acoustic sensory organs function in nature e.g. the inner ear, cochlea [4] of mammals. To
design this new type of sensor a computer model will be created using the software COMSOL
Multiphysics. The sensor model will then be optimized in COMSOL by tuning the frequency
pass-band of the sensing elements in order to achieve a high sensitivity at the desired frequency
range of the acoustic emissions.

One of the obvious challenges of this work will be to design the sensing elements, these have to be
sensitive in a narrow band and geometrically tunable to a frequency in the range of approximately
100−1000 kHz. The damping of these sensing elements will also be a challenge to design and
model. This damping has to be designed correctly in order to give the sensor a good output.
Another challenge will be to choose the materials used for the sensor, these materials have to
be able to give this new type of sensor the desired operating parameters while at the same time
making the sensor manufacturable using reasonable processes.

Some of the limitations of this thesis work will be that although manufacturing should be ac-
counted for when designing the sensor the finished model of the sensor should not be such as to
be used directly for manufacturing, instead it should be focused on efficient simulations of the
sensor. No ”advanced” electronics such as those needed for an event-based sensor output (read-
out circuits) will be included in the simulations, only simple resistive, inductive and capacitive
loads will be used. This smart sensor would be an ideal acoustic emission sensor to use in an
SKF smart bearing, but no specific bearing/bearing type will be targeted when designing this
sensor, instead a more general smart AE sensor will be designed.
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II. THEORY

This section will describe the theory behind this master thesis. The first subsection is about
the piezoelectric effect and the following subsection describes how the eigenfrequencies for a
cantilever beam with different cross sections are derived. The third subsection describes the
theory behind the damping of a second order system and in the last subsection the squeeze film
effect for a MEMS (Microelectromechanical Systems) system will be reviewed.

A. Piezoelectricity

When mechanical stress is applied to certain solid materials (crystals, ceramics and biological
materials) an electric charge will accumulate in the material that is called piezoelectricity or the
piezoelectric effect. The piezoelectric effect is a reversible process meaning that an applied electric
charge/potential on a material will result in mechanical stress and vice versa. Piezoelectricity can
be described as a linear electromechanical interaction between mechanical and electrical states
in crystalline materials with low degree of symmetry [5].

An example of a crystalline material with low degree of symmetry is Zinc oxide (ZnO), Zinc oxide
can crystallize in three forms hexagonal wurtzite, cubic zincblende and the rare cubic rocksalt.
Only the two first forms (hexagonal wurtzite and cubic zincblende) has a low enough symmetry
as shown in Figure 2 to generate a piezoelectric effect in the material. There are also man made
crystals with strong piezoelectric effects for example the widely used Lead Zirconate Titanate
also called PZT. Although PZT has a stronger piezoelectric effect than Zinc oxide it is not an
ideal piezoelectric material to use when creating MEMS devices [6], hence Zinc oxide was the
piezoelectric material chosen for this work.

(a) Hexagonal wurtzite (b) Cubic zincblende

Figure 2. (a) and (b) are the two low symmetry crystalline structure of ZnO, here yellow spheres
represents Zinc and the blue ones represent Oxygen.
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Mathematically the piezoelectric effect can be described by combining the electrical behavior of
a material, described by the constitutive equation for common dielectrics

D = εE (1)

and the mechanical constitutive equation of a material described by Hooke’s Law

S = sT. (2)

In Equation (1) D is the electric displacement field, ε is the permittivity, E is the electric field
and for Equation (2) S is the strain, s is the compliance (the inverse stiffness) and T denotes
the stress. From Equation (1) and Equation (2) it is possible to derive four constitutive coupled
equations that describes the piezoelectric effect [5].

Table I. The four constitutive equations for the piezoelectric effect

Strain-Charge Form (3) Stress-Charge Form (4)
S = sE ·T + dt ·E T = cE · S− et ·E
D = d ·T + εT ·E D = e · S + εS ·E

Strain-Voltage Form (5) Stress-Voltage Form (6)
S = sD ·T + gt ·D T = cD · S− qt ·D
E = −g ·T + εT

−1 ·D E = −q · S + εS
−1 ·D

Although all four Equations (3), (4), (5) and (6) in Table I can be used to model the piezoelectric
effect in a material the only interesting one in our case is the stress-charge form (Equation (4))
since that is the one used in our numerical simulations. Looking closer at Equation (4) we
have cE denoting the stiffness matrix for the material determined under a constant (preferably
zero) electric field, e is the piezoelectric coupling matrix for the stress-charge form and εS is the
permittivity of the material measured under constant (preferably zero) strain.

An important property of a piezoelectric material is the polarization, the polarization of a
piezoelectric material will determine how the material deforms when applying an electric
charge/potential and vice versa. The polarization can also be changed by heating up the
piezoelectric material and applying an electric field.

If a piezoelectric material is heated to a temperature above the Curie temperature the ferroelectric
domains in the material will get thermally depolarized. Meaning that the material will have a
uniform distribution of random polarization directions among its ferroelectric domains making
the material isotropic, i.e. not piezoelectric. But by applying a strong electric field E while
cooling down the material from a high temperature to a temperature below the Curie temperature
the polarization directions of the ferroelectric domains will get oriented in a direction parallel to
the electric field making the material anisotropic, i.e. piezoelectric.



6

B. Eigenfrequencies of cantilever beams

Using the Euler–Bernoulli beam theory one can calculate the characteristics of beams, in our
case we are interested in calculating the frequency characteristics of a beam with fixed length L
that is free at one end and fixed at the other a so called cantilever beam.

Using the Euler–Bernoulli beam theory we get the eigenfrequencies for a cantilever beam of
length L (fixed at x = 0) given by

ωn = β2
n

√
EI

L3m
. (7)

Here m is the mass of the beam, I is the moment of inertia of the beam and E is the Young’s
modulus for the material of the beam. βn is a constant which determines the eigenfrequency e.g.
β1 corresponds to the first eigenfrequency, β2 to the second and so on. βn can be determine by
numerically solving the non-linear equation

coshβnL cosβnL+ 1 = 0. (8)

The first ten roots for (8) are shown in Table II below

Table II. First ten roots of Equation (8)

βnL for n = 1, 2, . . . , 10 Roots of Equation (8)

β1L 1.8751
β2L 4.6941
β3L 7.8548
β4L 10.9955
β5L 14.1372
β6L 17.2788
β7L 20.4204
β8L 23.5619
β9L 26.7035
β10L 29.8451
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1. Cantilever beam with circular cross-section

Equation (7) gives a general expression for the eigenfrequencies of a cantilever beam, the eigen-
frequencies are depended on both the material and the geometry. To derive an expression for
the eigenfrequencies of a cantilever with a circular cross-section as shown in Figure 3 both the
mass and the moment of inertia has to be determined.

y

z

L
R x

(a)

y

z

R

(b)

Figure 3. (a) represents the geometry for the cylindrical cantilever beam, (b) is the cross section of (a)
along the x-axis.

The mass of the cylindrical cantilever beam shown in Figure 3a is determined by

m = ρπR2L. (9)

The moment of inertia for the circular cross-section in Figure 3b can be determined by [7]

Iy =
1

2
I0

=
1

2

∫
A

r2 dA, dA = rdrdϕ

=
1

2

2π∫
0

R∫
0

r3 dr dϕ

=
πR4

4
. (10)

Using Equation (7), (9) and (10) an analytical formula for the eigenfrequencies of a cantilever
beam with a circular cross-section can be determined

ωn = β2
n

R
√
E/ρ

2L2
. (11)
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2. Cantilever beam with rectangular cross-section

Using the same principle as in Section II B 1 an formula for the eigenfrequencies of a rectangular
cantilever beam can be determined.

y

z

L D

H

x

(a)

y

z

D

H

(b)

Figure 4. (a) represents the geometry for the rectangular cantilever beam, (b) is the cross section of (a)
along the x-axis.

The rectangular cantilever shown in Figure 4a has a mass given by

m = ρLDH. (12)

The rectangular cross-section shown in Figure 4b has a moment of inertia determine by [7]

Iy =

∫
A

z2 dA

=

D
2∫

−D2

H
2∫

−H2

z2 dz dy

=
DH3

12
. (13)

Using Equation (7), (12) and (13) an analytical formula for the eigenfrequencies of a cantilever
beam with a rectangular cross-section can be determined

ωn = β2
n

H
√

3E/ρ

6L2
. (14)
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C. Damping of a second order system

An important parameter when considering the damping of a second order system is the damping
ratio, usually denoted by ζ. The damping ratio is a dimensionless parameter that describes
how oscillations in a system decay after a disturbance. For a damped vibrating cantilever beam
the damping ratio can be determined by describing the cantilever as a second order mechanical
system consisting of a mass m, spring k, damper c and an applied force F as shown in Figure 5.

x

y

c k

m

F

Figure 5. A second order mechanical system representing a damped vibrating cantilever beam, consisting
of a mass m, spring k, damper c and an applied force F .

In general a mass-spring-damper system can be described by a second order differential equation

d2y

dt2
+ 2ζωn

dy

dt
+ ω2

ny = F (t) (15)

where

ωn =

√
k

m
(16)

ζ =
c

2
√
mk

. (17)

Here ωn is the undamped eigenfrequency given in radians per second and ζ denotes the damping
ratio. One can study the case in which the applied force is zero F (t) = 0

d2y

dt2
+ 2ζωn

dy

dt
+ ω2

ny = 0. (18)

To solve Equation (18) one can assume a homogeneous solution of the form

yh(t) = eλt. (19)
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Substituting Equation (19) into Equation (18) we get the characteristic equation for our second
order system

λ2 + 2ζωnλ+ ω2
n = 0. (20)

Equation (20) has, in general two roots given by

λ1,2 = −ζωn ± ωn
√
ζ2 − 1. (21)

Here λ1,2 denotes the eigenvalues of the system which can be either real or complex, from the
eigenvalues one can derive an expression for the damping ratio ζ and the eigenfrequencies ωn

ωn =

√
<λi2 + =λi2 (22)

ζ =
−<λi√
<λi2 + =λi2

. (23)

Once the eigenvalues λi have been calculated one can use Equation (23) to determine the damping
ratio of the system. For more complex mechanical systems the finite element method can be
used to numerically calculate the eigenvalues λi and then using Equation (22) and (23) the
eigenfrequencies and the corresponding damping ratios of the system can be determined.

−0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
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Damping ratio, ζ
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<(−ζωn + ωn
√
ζ2 − 1)

=(−ζωn + ωn
√
ζ2 − 1)

Figure 6. The real and imaginary part of λ1 (Equation (21)) as a function of ζ, four interesting cases
can be seen: ζ = 0 (undamped), 0 < ζ < 1 (underdamped), ζ = 1 (critically damped) and ζ > 1
(overdamped).
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The nature of the eigenvalues λ1,2 (real or complex) is determine by the damping ratio ζ as shown
in Figure 6, there are four cases ζ = 0 (undamped), 0 < ζ < 1 (underdamped), ζ = 1 (critically
damped) and ζ > 1 (overdamped). In our chase the only interesting solution to Equation (20)
occurs when 0 < ζ < 1 e.g. the underdamped solution. To analyze the damping ratio in the
time domain one can look at the systems response to an impulse at t = 0

F (t) = δ(t). (24)

Equation (15) and Equation (24) can describe the system response as

d2y

dt2
+ 2ζωn

dy

dt
+ ω2

ny = δ(t), y(0) = 0, y′(0) = 0. (25)

Equation (25) can be solved by taking the Laplace transform of both sides

s2Y (s) + 2ζωnsY (s) + ω2
nY (s) = 1. (26)

Solving Equation (26) gives

Y (s) =
1

s2 + 2ζωns+ ω2
n

. (27)

Taking the inverse Laplace transform of Equation (27) gives the solution

y = L−1
(

1

(s+ ζωn)2 + ω2
d

)
=

1

ωd
e−ζωnt sin (ωdt), (28)

where ωd is the damped eigenfrequency given by

ωd = ωn
√

1− ζ2. (29)

Equation (28) describes the impulse response in the time domain for an underdamped second
order system, this response is shown in Figure 7 and corresponds to an exponentially decaying
sinusoidal signal.
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Figure 7. The impulse response for an underdamped system 0 < ζ < 1 together with its exponential
decay.

The damping ratio for this type of signal can be determine using the logarithmic decrement

ζ =
1√

1 + ( 2π
δ )2

. (30)

In Equation (30) δ denotes the logarithmic decrement which for an underdamped system in the
time domain can be calculated by

δ =
1

n
ln

(
x(t)

x(t+ nT )

)
. (31)

Here x(t) is the amplitude of an underdamped system in the time domain t. x(t + nT ) is the
amplitude of a peek located n periods away, where n denotes any integer number of positive peeks
away from x(t) and T is the period of the system. Once the damping ratio for the underdamped
system has been determine one can also calculate the eigenfrequency ωn of the system using
Equation (29)

ωn =
ωd√

1− ζ2
, ωd =

2π

T
. (32)

This method of determining the damping ratio for an underdamped system becomes less and less
precise as the damping ratio increases pass ∼0.5, a more precise way of determining the damping
ratio of a mechanical system is to use Equation (23).
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D. Squeeze film damping

For a mechanical system with dimensions in order of meters, volumetric forces, e.g. forces that
vary proportional to length3 such as gravity and inertia, are relatively greater than the surface
forces which vary proportional to length2. However when considering MEMS devices which have
dimensions in order of micrometers this is no longer the case. For a MEMS device surface forces
such as viscous force are relatively greater than the volume forces, hence for a MEMS device the
surface forces cannot be neglected.

When considering a MEMS device operating at atmospheric pressure pA ≈ 1×105 Pa the main
contribution to the damping of the device comes from the surrounding air [8]. This viscous
damping of MEMS devices is often referred to as squeeze film or thin-film damping. This squeeze
film damping occurs when two moving micro sized plates are separated by a thin layer of fluid
as shown in Figure 8.

x

y

vw

vb

h
hb

hwfluid:

pf , ρ, µ

Ambient fluid: pA

Moving wall

Moving base

Figure 8. A schematic view of the Squeeze film damping effect, consisting of a moving wall and base
separated by a distance h and surrounded by a fluid with ambient pressure pA.

When the plates move (in the normal direction) the separation between them h will change
causing the volume of the thin fluid separating the plates to change. When this change in volume
occurs fluid needs to flow in/out from under the plates and since the gap between the plates h
is small the flow will be restricted causing the pressure between the plates to decrease/increase.
This change in pressure will act as a force on the plates in the opposite direction of the plate
velocity hence slowing them down.
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Squeeze film damping can be modeled using the modified Reynolds equation [9]

∂

∂t
(ptoth) +∇t · (ptothvave)− ptot(vw · ∇thw + vb · ∇thb) = 0 (33)

where

ptot = pA + pf

h = hw + hb

hw = hw0 + ∆hw(t)

hb = hb0 + ∆hb(t)

vave =
(vw + vb)

2
− h2Qch

12µ
∇tpf

Qch = 1 + 9.638 ·
(
λ

h

)1.159

λ = λ0
pλ0

ptot
.

Here Qch is the relative flow rate function which accounts for the rarefied gas effects, this rela-
tively simple equation is valid for Knudsen number 0 ≤ Kn ≤ 880 [10]. Kn is a dimensionless
parameter that is useful when determining whether a statistical mechanics or continuum me-
chanics formulation of fluid dynamics should be used. The Knudsen number is defined as

Kn =
λ

h
. (34)

Here λ is the mean free path for the fluid and h is a representative physical length scale which in
our case is the separation distance between the plates as seen in Figure 8. Equation (33) can be
solved using finite element models to calculate the damping for complex mechanical systems.
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III. MODEL AND SIMULATIONS

One of the first steps when creating a model of the acoustic emission sensor is to determine which
type of sensor technology to use. From the literature study it was clear that there are two types
of sensor technologies that are commonly used for acoustic emission sensors; the capacitive- and
the piezoelectric sensor technology. For this work the piezoelectric sensor technology was chosen
manly because of the fact that it is very energy efficient and highly linear. Using a piezoelectric
technology for the sensor also sets few to none limitations on the sensing element shapes making
it easy to tune the eigenfrequency of these sensing elements.

The sensor should be sensitive to high frequency acoustic emissions (100−1000 kHz). To enable
this the sensing elements first eigenfrequency will be tuned to lie inside this frequency range. This
will require the sensing elements to be small (µm) and this will in turn make the whole sensor
small (µm). This essentially makes the sensor into a microelectromechanical system (MEMS)
device which will in turn require a microfabrication process such as lithography to be used when
creating the sensor, this has been taken into consideration when modeling the sensor.

After the sensor technology and the manufacturing process has been determined, some materials
can be chosen. For this work, as described in Section, II A, Zinc oxide (ZnO) was chosen as
the piezoelectric material. The material for the electrodes was chosen to be Gold (Au) which
is a good electric conductor typically used for MEMS devices. There is also a need for a third
material used for the base structure of the sensor. The base will require the material to be stiff
in order to not affect the resonance frequency of the sensing elements and it would also need to
be an electrical insulator, so material such as Silicon carbide (SiC) could be used.

As stated in Section I C the goal is for the sensor to have 10 sensing elements each tuned to a
particular first eigenfrequency in the frequency range of interest (100−1000 kHz). We can denote
a sensing element using the parameter i, where i = 1 would correspond to the sensing element
with the lowest first eigenfrequency (the first sensing element). Each of the sensing elements has
an eigenfrequency given by the angular frequency as

fn =
ωn
2π
. (35)

Combining Equation (35) with the parameter i will achieve an easy way of describing a sensing
element/eigenfrequency combination of interest fi,n, the second eigenfrequency (n = 2) of the
third sensing element (i = 3) can then be denoted by f3,2.

Before any models of the sensor were created, two concepts were derived and analyzed. The
first concept, shown in Figure 9a, gains its inspiration form the hair cells inside the cochlea
in the human inner ear [4]. Here the sensing elements are cylindrical in nature and mounted
perpendicular to the sensor base making the sensor sensitive to in plane displacements. However,
a sensor based on the first concept might be difficult to manufacture since the sensing elements
are relatively high and has a circular cross-section. The second concept, shown in Figure 9b, was
devised to be more compact, and easier to manufacture that the first concept. Here the sensing
elements are rectangular in nature and mounted parallel with the sensor base making the sensor
sensitive to out of plane displacements.
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(a) First concept, cylindrical sensing ele-
ments

(b) Second concept, rectangular sensing elements

Figure 9. The two derived concepts, red corresponds to the sensing elements (Zinc oxide) and blue is
the sensor base (Silicon carbide).

To model the sensor the simulation environment COMSOL Multiphysics version 4.3b [11] was
used. COMSOL Multiphysics is a multiphysics simulation environment based on the finite el-
ement method (FEM). It is capable of modeling coupled multiphysics problems in 0D, 1D, 1D
axisymmetric, 2D, 2D axisymmetric and 3D geometries using many different type of studies:
stationary, time-dependent, frequency domain, eigenfrequency and many more.

A. Eigenfrequency

The sensing elements for the first concept (Figure 9a) and the second concept (Figure 9b) can be
modeled as cylindrical respectively rectangular cantilever beams. The analytical eigenfrequencies
for these cantilever beams are given by Equation (11) and (14). To verify these analytical models,
numerical eigenfrequency studies was performed using the appropriate sensing element geometries
and boundary conditions as specified by the first and second concept. The material used for
these simulations was the predefined Zinc Oxide piezoelectric material available in COMSOL
Multiphysics, the geometries and meshes used are shown in Figure 10a, 11a and the manually
specified boundary conditions are shown in Figure 10b, 11b.

For the cylindrical sensing element shown in Figure 10 the length L and radius R are defined in
the same way as in Figure 3a, to investigate the first eigenfrequency of this cylindrical sensing
element a parametric sweep was performed on the length 40 µm ≤ L ≤ 400 µm and the radius
3 µm ≤ R ≤ 30 µm with 41 values each for a total of 1681 combinations of L and R.
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(µm)

(a) Geometry and mesh, sequence type: physics-controlled mesh with element size = normal

(µm)

(b) Manually specified boundary conditions, fixed constraint (blue)

Figure 10. (a) shows the geometry and mesh for the cylindrical sensing element, (b) the marked boundary
(blue) shows the manually specified boundary condition: fixed constraint.

The same type of eigenfrequency simulations was performed on the rectangular sensing element
shown in Figure 11, here the length L, height H and depth D are defined in the same way as
in Figure 4a. The parametric sweep was performed on the length 40 µm ≤ L ≤ 400 µm and the
height 3 µm ≤ H ≤ 30 µm with 41 values each for a total of 1681 combinations of L and H.
The depth D was not included in the parametric sweep since it does not appear in Equation (14)
and therefore should not affect the eigenfrequencies of the rectangular sensing element.
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(µm)

(a) Geometry and mesh, sequence type: user-controlled mesh with ∼800 elements

(µm)

(b) Manually specified boundary conditions, fixed constraint (blue)

Figure 11. (a) shows the geometry and mesh for the rectangular sensing element, (b) the marked
boundary (blue) shows the manually specified boundary condition: fixed constraint.

It is clear that the mounting for the sensing elements in the second concept Figure 11b is not
identical to the mounting in the analytical model (Figure 4a), this is also reflected in the results
from the simulations which are available in Section V A. From these results together with the
fact that the cylindrical sensing element has a rotational symmetry to its first eigenfrequency
(making electrode placement difficult) a decision was made to base the sensor on the second
concept Figure 9b.
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B. Electrode placement

Closer study of Equation (14) will reveal that the second eigenfrequency (fi,2) for the lowest fre-
quency sensing element (f1,1 = 100 kHz) will be inside the frequency range of interest 100−1000
kHz. This is not desirable since the activity (output potential) for each sensing element should
correspond to one eigenfrequency (the first eigenfrequency). One can try to lower the output
potential for the higher eigenfrequencies by using an electronic filter e.g. a low-pass filter. Al-
though using an electronic filter to lower the output potential at the second eigenfrequency for
the low frequency sensing elements is a viable option a better choice is to reduce the output
potential by a clever placement of the electrodes on the sensing elements.

(µm)

(mV)

(a) Electric potential, first eigenfrequency

(µm)

(mV)

(b) Electric potential, second eigenfrequency

Figure 12. (a) electrical potential at the first eigenfrequency (f1,1 = 100 kHz) for the first sensing
element, (b) electrical potential at the second eigenfrequency (f1,2 = 627 kHz) for the first sensing
element.

The piezoelectric sensing elements are polarized along the x-axis, this gives a potential distri-
bution for the first and second eigenfrequency of sensing elements as shown in Figure 12. As
Figure 12b shows there occurs a shift in potential along the top of the sensing element, the idea is
to use this potential shift to reduce the output potential at the second eigenfrequency. To achieve
this an electrode will be layered on top of the sensing element in such a way that the electric
potential cancels out leaving a close to zero output potential at the second eigenfrequency.

These electrodes will be defined as in Figure 13, where the length of the top electrode is deter-
mined by the parameter ξ. Simulations were performed in order to determine a value of ξ that
would reduce the output potential at the second eigenfrequency for the first and second sensing
element. The second sensing element was also included in the simulations since it’s second eigen-
frequency (f2,2 = 1253 kHz) lies close to our interesting frequency range and could be excited
by high frequency acoustic emissions.
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H
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Figure 13. Electrode placement for the rectangular sensing element, ground (blue) and electrode (red).
The electrode coverage is specified by the parameter ξ, that together with the sensing element length L
defines the length of the electrode measured from the end on the sensing element.

The material used in this simulation was the predefined Zinc Oxide piezoelectric material avail-
able in COMSOL Multiphysics. Geometry and mesh are available in Figure 14 and the manually
specified boundary conditions used are shown in Figure 15. The Nelder-Mead optimization solver
was used together with an eigenfrequency study in COMSOL Multiphysics to find a value of ξ
that would give a zero output potential at the second eigenfrequency for the first and second sens-
ing element. A frequency domain study was also performed with a frequency range of 500−1300
kHz in order to investigate the frequency response at different values of ξ.

(µm)

Figure 14. Geometry and mesh, sequence type: user-controlled mesh with 2466 elements.

The middle area, marked with 0 is the foundation/base for the two sensing elements see Fig-
ure 15a.
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(µm)

(a) Manually specified boundary conditions, fixed constraint (blue)

(µm)

(b) Manually specified boundary conditions, ground (blue) and floating potential (red)

Figure 15. (a) manually specified mechanical boundary conditions: fixed constraint (blue) and (c)
manually specified electrical boundary conditions: ground (blue) and floating potential (red).

The results from these simulations are available in Section V B.
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C. Electrical damping

In order to investigate the damping effect of different electrical loads on the sensing elements 2D
simulations were performed. A 2D simulation was chosen in order to reduce the compute time,
since large sweeps over different electrical loads were performed. The material used in this simu-
lation was the predefined Zinc Oxide piezoelectric material available in COMSOL Multiphysics.
The geometry and mesh can be found in Figure 16a and the manually specified boundary con-
ditions can be found in Figure 16b, 16c.

(µm)

(a) Geometry and mesh, sequence type: physics-controlled mesh with element size = extremely fine (608 elements)

(µm)

(b) Manually specified boundary conditions, fixed constraint (blue)

(µm)

(c) Manually specified boundary conditions, ground (blue) and floating potential (red)

Figure 16. (a) 2D geometry and mesh, (b) manually specified mechanical boundary conditions: fixed
constraint (blue) and (c) manually specified electrical boundary conditions: ground (blue) and floating
potential (red), the length of the floating potential (red) is defined as in Figure 13 with ξ = 0.7704.

For these simulations a frequency domain study was performed at a fixed frequency of 100
kHz which equals the first eigenfrequency of the 2D sensing element geometry used. An auxil-
iary sweep was then performed for an inductive load (10−20 H ≤ L ≤ 1020 H), capacitive load
(10−20 F ≤ C ≤ 1020 F) and an resistive load (10−20 Ω ≤ R ≤ 1020 Ω), these large range of
values was then narrowed down in to smaller ranges for which interesting damping effects could
be seen. The results of these simulations can be found in Section V C.
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D. Viscous damping

An analysis of the viscous damping for the sensing elements was performed, starting with a full
three dimensional fluid–structure interaction (FSI) simulation of the squeeze film effect described
in Section II D. These three dimensional FSI simulations were then compared with simulations in
which the thin-film damping boundary condition available in COMSOL Multiphysics had been
used to model the squeeze film effect.

For theses viscous damping simulations three different cases were studied, in the first case the
separation distance h as defined in Figure 8 was swept over these values h = 3.5, 3, 2.5, 2, 1.5
µm, while keeping the temperature fixed at T = 293.15 K and the eigenfrequency of the sensing
element was set to f1,1 = 100 kHz. For the second case the separation distance was kept at
h = 2 µm while the temperature was swept over the values T = 200, 275, 350, 425, 500 K and the
eigenfrequency of the sensing element was set to f1,1 = 100 kHz, for the last case the separation
distance and temperature was fixed at h = 1.5 µm and T = 293.15 K while the eigenfrequency
of the sensing element was swept over fi,1 = 100, 325, 550, 775, 1000 kHz.

The sensing element eigenfrequency was changed by reducing the sensing element length L ac-
cording to Equation (14). The materials used in these simulations were the predefined gas
material Air (fluid) and a custom defined linear elastic material (solid) with properties equal to
the Zinc Oxide piezoelectric material using ρ = 5680 kg/m3, E = 1.43074×1011 Pa and ν = 0.33.

1. Fluid–structure interaction

To investigate the squeeze film damping of the sensing element a full three dimensional
fluid–structure interaction simulation was performed. For this simulation a transient study
was used with a study time of t = 50 µs and an maximum time step of 250 ns, to be able to
determine the damping a Gaussian body load was used to excite the sensing element this body
load can be described by

Fv = ae−
(t−c)2

2σ2

a = 2×10−7 N

σ = 1×10−6

c = 5σ.

(36)

The transient displacement (in the z-direction) of the sensing element was then measured and
the damping ratios were calculated using the logarithmic decrement method as described in
Section II C. For theses simulations the geometry, mesh and the manually specified boundary
conditions used are shown in Figure 17, 18, these simulations also uses the symmetry of the
sensing element in the y-direction to reduce the compute time.
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(µm)

(a) Geometry and mesh, sequence type: physics-controlled mesh with element size = coarse (190191 elements)

(µm)

(b) Manually specified boundary conditions, open boundary (red) and wall (blue)

Figure 17. (a) geometry and mesh used in the simulation, here the mesh at the symmetry boundary has
been hidden. (b) the manually specified open boundary (red) and the wall boundary condition (blue).
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(µm)

(a) Manually specified boundary conditions, fluid-solid interface (blue) and fixed constraint (red)

(µm)

(b) Manually specified boundary conditions, fluid symmetry (blue) and solid symmetry (red)

Figure 18. (a) fluid-solid interface (blue) and the fixed constraint (red) boundary conditions, (b) the
two symmetry boundary conditions one for the surrounding fluid (blue) and one for the sensing element
(red).

The results from these simulations are available in Section V D.
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2. Thin-film boundary condition

Since the memory demand and compute time for the three dimensional fluid–structure interaction
modeling of the squeeze film damping was very large there was a need for a faster way of modeling
the squeeze film damping of the sensing elements. This was achieved by modeling the squeeze
damping using the predefined thin-film damping boundary condition [9] available in COMSOL
Multiphysics.

For these simulations an eigenfrequency study was performed together with a parametric sweep
over h, T and fi,1 using the range specified in Section III D, a smaller step size was used compared
to the three dimensional FSI simulation in order to achieve a smooth curve. The damping ratio
was then calculated from the eigenvalues (λ) using Equation (23).

The same materials was used in these simulations as for the three dimensional FSI simulation
and the same type of symmetry was also used, when using symmetry and the thin-film damping
boundary condition it is important to specify symmetry at the edge of the boundary at which
the thin-film damping boundary condition has been applied. The geometry and mesh used for
these simulation is available in Figure 19 and the manually specified boundary conditions used
are shown in Figure 20 below.

(µm)

Figure 19. Geometry and mesh, sequence type: user-controlled mesh with 348 elements.
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(µm)

(a) Manually specified boundary conditions, thin-film damping (blue) and fixed constraint (red)

(µm)

(b) Manually specified boundary conditions, symmetry (blue)

Figure 20. (a) the manually specified thin-film damping (blue) and fixed constraint (red) boundary
conditions. (b) the symmetry boundary condition for the sensing element, here symmetry for the thin-
film damping boundary condition also has to be specified on the lower edge.

The results from these simulations are available in Section V D.
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E. The finalized sensor model

To create a model of the whole sensor, all the knowledge gained from the previous simulations
were put to use in order to create an accurate model with a low memory footprint and a low
compute time. This model will be based on the second concept (Figure 9b) the electrodes will
be placed as in Figure 13. The value of the electrode coverage parameter ξ used for this finalized
model was ξ = 0.7704 this value is derived from the simulations described in Section III B the
result of which are available in Section V B. To dampen the sensing element the squeeze film
damping effect was used, this effect was modeled using the thin-film damping boundary condition
described in Section III D 2. Here the piezoelectric sensing elements were polarized parallel to
the x-axis.

(µm)

Figure 21. Geometry and mesh, sequence type: user-controlled mesh with 8034 elements.

One of the first things this model was used for was to determine the damping characteristics
of the sensor, five different damping characteristics were theorized all of which are presented
in Section V E together with the results from these simulations. After an optimal damping
characteristic of the sensor had been determined this model was used together with that optimal
damping characteristic in order to evaluate the sensor using a more realistic input data. This
realistic input data was gathered in the experiment described in Section IV and then specified at
the sensor base which in the simulation is modeled by the prescribed velocity boundary condition
shown in Figure 22a. The results from these simulation is available in Section V F.
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(µm)

(a) Manually specified boundary conditions, thin-film damping (red) and prescribed velocity (blue)

(µm)

(b) Manually specified boundary conditions, ground (blue) and floating potential (red)

Figure 22. (a) the manually specified thin-film damping (red) and prescribed velocity (blue) boundary
conditions, (b) manually specified electrical boundary conditions ground (blue) and floating potential
(red).

The results from these simulations are available in Section V F.
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IV. EXPERIMENT

To be able to validate the sensor with a more realistic set of input data an experiment was
performed. In this experiment a steel ball impacts a steel plate, the surface displacement of the
plate is then measured using a laser doppler vibrometer [12] (LDV). The output from the LDV
is connected to a computer and sampled at 2.56 MHz, the sampled data (surface velocity of the
plate) is saved to a file and later used as an input in the sensor simulations. Two different cases
was studied, in the first case (Experiment 1) the ball directly impacts the steel plate and in
the second case (Experiment 2) there is a thin film of grease between the ball and the plate to
dampen the impact.

A. Experimental setup

1
2

3

4

5

Figure 23. The experimental setup used in Experiment 1 and 2, here one can see the steel plate 1, ball
pendulum 2, measurement point 3, release mechanism 4 and its power supply 5.

The experimental setup is shown in Figure 23, here 1 is the steel plate used in the experiment its
dimensions can be found in Table III, 2 is the ball connected via rigid metal wires to the overhead
frame to create a pendulum for increased repeatability of the experiment. 3 is the measurement
point of the LDV, this measurement point is located directly behind the ball-plate impact point
on the backside of the plate. The actual LDV scanning head can be seen in Figure 24a, it is
made by Polytec [13] width the model name OFV-056.
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(a) Scanning head Polytec OFV-056 (b) Grease sample SKF VL-GWZ

Figure 24. (a) The scanning head of the LDV, it uses a helium neon laser with wavelength of 633 nm.
(b) The grease used in Experiment 2, a thick and sticky grease.

To increase the repeatability of the experiment ever further a release mechanism was added, the
release mechanism consists of an electromagnet 4 which is driven by the power supply 5. This
release mechanism together with the fact that the ball drops with a pendulum motion allows
the ball to be dropped in the same way and from the same location every time an experiment is
performed, resulting in extreme repeatability of the experiment. The grease used in Experiment
2 can be seen in Figure 24b, it is a grease sample from SKF with model name VL-GWZ.

Table III. Parameters for the experiments

Experiment 1 Experiment 2

General
Sampling rate 2.56 MHz 2.56 MHz
Sampling time 1 ms 1 ms
Nr of samples 2560 2560

Nr of measurement 5 3
Nr of impacts/measurement 1 1

Impact type Elastic Inelastic
Steel plate

Width 240 mm 240 mm
Height 221 mm 221 mm

Thickness 5 mm 5 mm
Applied grease no yes

Ball pendulum
Ball diameter 19 mm 19 mm
Drop angle, θ 23◦ 23◦
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B. Experiment 1: Impact without grease

The first experiment was performed with the parameters seen in Table III. With no grease
applied to the plate there is a steel-steel impact, because of the extreme repeatability of this
steel-steel impact it was possible to make a series comprising of five measurements. These five
measurements was then average to create a data set with reduced noise, this data can be found
in Figure 34a together with its standard deviation.

C. Experiment 2: Impact with grease

For the second experiment as seen in Table III a thin film of grease was applied to the steel plate
at the impact zone. The grease was applied with a wooden spatula making it difficult to achieve
a perfectly uniform thickness as shown in Figure 25a. This experiment had less repeatability
as compared to Experiment 1 because of the fact that the ball created an impact crater in the
grease seen in Figure 25b, thus changing the thickness of the grease for the next measurement.
Even so the repeatability was good enough to make a series comprising of three measurements.
These three measurements was then average to create a data set with reduced noise, this data
can be found in Figure 34b together with its standard deviation.

(a) Before impact (b) After impact

Figure 25. (a) The applied grease layer before the ball impact. (b) The state of the grease layer after
an impact, an impact crater is clearly visible.
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V. RESULTS AND DISCUSSION

Here the results of this master thesis work will be presented and discussed, the results are
gathered from the simulation models described in Section III and from the experiments described
in Section IV.

A. Eigenfrequency
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(a) Cylindrical sensing element
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(b) Cylindrical sensing element
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(c) Rectangular sensing element
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(d) Rectangular sensing element

Figure 26. Here only the data corresponding to eigenfrequencies in the range 100−1000 kHz has been
included.
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A deciding factor when choosing between the first (Figure 9a) and the second (Figure 9b) concept
is the behavior of the eigenfrequency for the sensing elements. From the analytical expressions
Equation (11) and Equation (14) one can see that behavior of the cylindrical and the rectangular
sensing elements is similar although the rectangular sensing element is more sensitive to changes
in its length L.

This is also observed in the results (Figure 26a, 26c) from the simulations described in Sec-
tion III A, the relative error shown in Figure 26b, 26d between the numerical simulations and the
analytical expressions shows that for the rectangular sensing element the relative error increases
as the height of the sensing element increases.

This discrepancy between the analytical formula and the numerical simulations for the rectangu-
lar sensing element can be described by the fact that the mounting of the sensing element shown
in Figure 9b is not identical to the one in Figure 4a that is used to derive the analytical formula.
The larger the height H is for the rectangular sensing element the worse its eigenfrequency will
match the one given by Equation (14).

The arguments presented in Section III A together with the results from Figure 26, gives a good
reason to base the sensor on the second concept (Figure 9b) as long as the height H of the sensing
element is kept small ≤ 5 µm so that Equation (11) can be used to determine the length L of a
sensing element in order to achieve a particular eigenfrequency for that sensing element.

B. Electrode placement

The idea behind the placement of the electrodes is to reduce the output potential at the sec-
ond eigenfrequency for the first and second sensing element, this is important as we want the
activity (output potential) for each sensing element to correspond to one eigenfrequency (the
lowest eigenfrequency). The model used for these electrode placement results are described in
Section III B.

The results from the simulations of the electrode placement on the sensing elements shows that
it is indeed possible to reduce the output potential at the second eigenfrequency for the first and
second sensing element (Figure 27a). An interesting fact is that the minimum output potential at
the second eigenfrequency occurs at different values of ξ, electrode coverage, for the two sensing
elements in question. Although this effect has not been investigated further it’s been theorized
that it may arise from the way that the sensing element is mounted on the sensor base (see
Figure 9b) and that the value of ξ which would give a close to zero output potential at the
second eigenfrequency may depend on the ratio of the length L and the height H of the sensing
element, as this ratio decreases the value of ξ would also decrease.

Another interesting idea is to look at the ratio between the output potential at the first and second
eigenfrequency for the two sensing elements (Figure 27b), here one can see that at optimal values
of ξ the output potential at the second eigenfrequency is a about 1000 times smaller than the
output potential at the first eigenfrequency for both of the sensing elements. The best way to
reduce the output potential at the second eigenfrequency for all the sensing elements in the sensor
would be to optimize the value of ξ for each sensing element, although due to time constraints
this was not done. Instead one value of ξ was chosen and then applied to all the sensing elements
in the sensor. The choose value for ξ was one that lies in between the optimal value for the first
and second sensing element, this happens to be ξ = 0.7704.
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Looking at Figure 27b one can see that this value for ξ still gives a
|Ufi,1 |
|Ufi,2 |

ratio of about 100 for

both the sensing elements which is still impressive.
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(c) Frequency response for the sensing elements.

Figure 27. The output potential of the sensing elements as a function of the electrode coverage parameter
ξ at (a) the second eigenfrequency, (b) as a ratio between the output potential at the first and second
eigenfrequency and (c) the frequency response at two different values of ξ.

Finally the frequency response of the two first sensing elements was investigated at two different
values of ξ, ξ = 1 which correspond to the case in which the electrode covers the whole topside of
the sensing element (from the mounting to the end of the sensing element) and ξ = 0.7704 which
was the value chosen to be applied to all of the sensing elements inside the sensor. In Figure 27c
it’s clear that at ξ = 0.7704 the placement of the electrode acts as a ”low-pass” filter lowering
the output potential at frequencies higher than that of the first eigenfrequency for the sensing
elements.
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C. Electrical damping

As described in Section III C there was an idea to use an electrical load to dampen the sensing
elements individually. In Figure 28 the results are presented, it’s clear that only the inductive
load Figure 28a results in a damping effect for the sensing element. This damping occurs at an
inductive load of about 19.8 H which is a very large value corresponding to a coil with a weight
of around 1 kg, this type of coil is not suitable to use for this type of sensor.

The reason why the capacitive load (Figure 28b) and the resistive load (Figure 28c) does not exert
any damping effect on the sensing element is because they do not match the output impedance
of the piezoelectric sensing element [14]. Although as stated by [14] a more advanced electrical
circuit could be used to dampen the piezoelectric sensing element, however this has not been
investigated further since it’s beyond the scope of this thesis.
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(c) Resistive load

Figure 28. Here only the interesting parts of the parametric sweeps (described in Section III C) are
presented. (a) The result of the inductive load, damping occurs at an inductive load of 19.8 H. (b) the
interesting range of the capacitive load and (c) the interesting range of the resistive load.
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D. Viscous damping

Viscous damping was also investigated as a possible way of damping the sensing elements, mainly
focusing on the squeeze film effect/damping. The squeeze film effect was modeled in two different
ways, first as a full 3D fluid–structure interaction simulation seen in Figure 29 and then the
thin-film damping boundary condition available in COMSOL Multiphysics was used to
model the squeeze film effect.
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Figure 29. (a) the damping ratio as a function of separation distance h, (b) the damping ratio as a
function of the fluid temperature T and (c) the damping ratio as a function of the eigenfrequency fi,1
for the sensing element.
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Three interesting cases were investigated, first the damping ratio ζ as a function of the separation
distance h (see Figure 8) was investigated. Figure 29a shows the results, here one can see that
the damping ratio decreases as a power law of the separation distance h. This means that the
damping ratio ζ of each sensing element can be tuned by changing the separation distance h
between the sensing element and the sensor base.

Secondly in Figure 29b the temperature dependency of the damping ratio was investigated, here
one can see that the damping ratio ζ follows a polynomial function of the temperature T . Since
the damping ratio only changes by ∼0.08 for the large temperature range (300 K) in Figure 29b
one can conclude that the damping ratio is rather independent of temperature. For the normal
operating temperature of a bearing 250−400 K the damping ratio only changes by ∼0.04 and in
this temperature range the change in damping ratio can also be considered to be linear.

The third and last case investigates the effect that the change in eigenfrequency fi,1 for a sensing
element has on the damping ratio ζ. The eigenfrequency fi,1 for a sensing element is changed
by using Equation (14), meaning that the length L of the sensing element is changed while the
outer parameters are kept constant. As one can see in Figure 29c the damping ratio follows a
power law of the eigenfrequency fi,1, its expected that the damping ratio should decrease when
the eigenfrequency of a sensing element increases (it’s length L decreases) since the squeeze film
damping is dependent on the area exposed to the thin fluid interface.

The reason for the discrepancy seen in Figure 29 between the full 3D fluid–structure interaction
simulation and the thin-film damping boundary condition can be understood by the
fact that the 3D FSI simulation does not account for the rarefied gas effects (slip flow) that
occurs in our miniaturized system, and hence overestimates the viscous damping. The thin-film
damping boundary condition is also easier to compute and will reduce the complexity of the
final sensor model as compared to using the full 3D fluid–structure interaction modeling of the
viscous damping, hence the thin-film damping boundary condition was used to model the
viscous damping of the sensing elements for the rest of the simulations performed.
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E. Sensor damping characteristics

Now that modeling the damping for a sensing element has been figured the next step is to
investigate the damping characteristics of the whole sensor. The were lots of discussions on how
the damping characteristics of the sensor should look like, from these discussions five different
cases of damping for the sensor was chosen to be investigated.

These five different damping characteristics can be seen in Figure 30, here we have ,
that corresponds to equal damping across all sensing element at two different values of ζ. ,

corresponds to an equal separation distance h for all sensing elements giving an damping
ratio follows a power law of the eigenfrequency as seen in Figure 29c, at two different values of
h. The case of no viscous damping (ζ = 0) was also included as a reference.
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Figure 30. The five different damping characteristics of the sensor that were investigated, for theses
simulations the model described in Section III E was used.

To investigate these damping characteristics given in Figure 30 a transient simulation was per-
formed for each, these transient simulations featured a Gaussian displacement d of the sensor
base modeled by

d = ae−
(t−c)2

2σ2

a = 1×10−9 m

σ = 5.556×10−7

c = 5σ.

(37)

For stability reasons the displacement of the sensor base could not be specified directly in the
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simulation, instead a velocity input was used. This velocity input would be specified at the sensor
base and would correspond to the displacement given by Equation (37), this velocity input can
be derived by taking the first derivative with respect to t of Equation (37). The velocity input
used in the simulation can be found in Figure 31a.
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(a) Input velocity at the sensor base.
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(b) Acceleration at the sensor base.

Figure 31. (a) the specified velocity input (first derivative of Equation (37)) at the sensor base. (b) the
acceleration (second derivative of Equation (37)) applied to the sensor base.

The second derivative with respect to t of Equation (37) is shown in Figure 31b, this would
correspond to the acceleration at the sensor base. This acceleration of the sensor is interesting
since according to Section II A the electrical charge/potential of the piezoelectric material is
coupled to the mechanical stress, and the stress on the material can be coupled to the forces
acting on the solid and of course the force is related to acceleration by F = ma.

The idea is to compare the activity at each output (sensing element) of the sensor with the
frequency content (FFT) of the acceleration at the sensor base, the acceleration at the sensor
base could be thought of as being attributed to an acoustic emission exciting the sensor. The
activity at each sensing element of the sensor will be measured by taking the root mean square
(RMS) of the output potential as defined by Equation (38), which will be generated at the
electrodes when the sensing elements are excited by the input velocity.

URMS(i) =

√
1

n

∑
n

(Ufi,1)
2
(t) (38)

The results of the damping characteristics investigation are shown in Figure 32. Here the RMS
of the output potential for each channel of the sensor has been calculated and then normalized,
this is then compared to the normalized FFT of the input acceleration (the acceleration at the
sensor base). As stated before each channel (sensing element) of the sensor should correspond
to one eigenfrequency and the activity as measured by the RMS of the output potential at this
channel should correspond to the frequency content of the input signal (AE).

In Figure 32a the results for the undamped case ζ = 0 is presented, here one can see that the
RMS of the output potential and the FFT of the input acceleration are not a perfect match. The
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peak of the FFT lies at a frequency of 400 kHz but the activity (events) from the sensor peaks
at a sensing element corresponding to a frequency of 500 kHz, neither is the general shape of
the RMS of the output potential from the sensor a good match to the shape of the FFT of the
input acceleration. The same thing can be seen in Figure 32b corresponding to the case where
an equal separation distance h was used for all of the sensing elements, here the peeks are also
mismatching and the shape of the RMS is not a good match to the shape of the FFT.
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(a) Zero damping (ζ = 0)
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Figure 32. The result of the five different damping characteristics for the sensor.

For the case where equal damping was used for all of the sensing elements Figure 32c the result
is however different. Here one can see that the peeks of the RMS and the FFT lineup showing
the same value of 400 kHz, the shape of the RMS and that of the FFT are also a good match
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although no perfect. The RMS seems to be overestimating the activity at the high frequencies
as compared to the FFT. This may be attributed to a scaling error and might be correctable by
calibrating the sensor. To calibrate the sensor would be easy since each of the outputs can be
amplified individually however this has not been investigated further because of time constraints.
Looking at Figure 32c one can see that the difference between the two different damning ratios
tested (ζ ≈ 0.012 and ζ ≈ 0.025) is small, hence an equal damping ratio of ζ ≈ 0.025 was used
for all the sensing element in the rest of the simulations.

Using this damping ratio of ζ ≈ 0.025, the frequency response of the whole sensor can be
investigated.
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Figure 33. The frequency response from the sensor, here → is the frequency response for the
individual sensing elements in the sensor and is the summation of all the outputs.

In Figure 33 one can clearly see the overlap of the eigenfrequencies for the different sensing
elements inside the sensor. The two first eigenfrequencies f1,1 and f1,2 for the first sensing
element is clearly visible, the effect of the electrode placement ξ on the second eigenfrequency of
the first sensing element (f1,2) can also be seen. One thing to note is that the frequency response
is not flat, but this could probably be achieved by individually amplifying each output of the
sensor. This has not been investigated further because of time constraints.
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F. Experiential results

For all the previous results presented synthetic data was used as an input to the sensor, meaning
that the input velocity at the base of the sensor was described by simple mathematical equations.
For a more realistic evaluation of the sensor more realistic input data was needed. To gather this
data the experiment presented in Section IV were performed. In this experiment two different
cases were examined, the ”without grease” and the ”with grease” case. Data was gathered in the
experiment by the use of an laser doppler vibrometer (LDV). This LDV measured the surface
velocity at a specific point on the plate used in the experiment. The surface velocity measured
by the LDV was then specified as an input velocity at the sensor base in the simulations. To
account for the difference in the sample time used in the experiment and the time step used in
the simulation, linear interpolation of the experimental data were performed in COMSOL.
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(a) Surface velocity, without grease
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(b) Surface velocity, with grease
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(c) Surface acceleration, without grease
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(d) Surface acceleration, with grease

Figure 34. (a) and (b) shows the surface velocity as measured by the LDV for the two different cases. (c)
and (d) is the first derivative with respect to t of the surface velocity which gives the surface acceleration.
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The goal is for the sensor to be able to distinguish between the two different experimental cases
(”without grease” and ”with grease”). The RMS of the output potential from the sensor should
also correspond to the FFT of the first derivative with respect to t of the surface velocity (the
surface/sensor base acceleration) as measured by the LDV.
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(a) FFT of the surface acceleration (Figure 34c, 34d)
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Figure 35. The result from the simulations where experimental data was used as input velocity for the
sensor. (a) FFT of the experimental data and (b) RMS of the output from the sensor.
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The frequency content of the data gathered from the experiment can be seen in Figure 35a, here
the FFT for the acceleration at the surface of the plate (first derivative of the data in Figure 34c,
34d) is shown for the two different cases (”without grease” and ”with grease”).

Here one can see that without grease the FFT amplitude at the low frequencies (0−400
kHz) are higher compared to the case with grease . The case without grease also shows a
higher FFT amplitude at frequencies higher than ∼650 kHz. One thing to note is that the peak
in the FFT amplitude is shifted to a higher frequency for the case in which grease was used, the
peak is shifted as compared to the case without grease from ∼490 kHz to ∼560 kHz a shift of
approximately 70 kHz.

The response from the sensor is available in Figure 35b, here the RMS of the output potential of
each channel (sensing element) is plotted for the two different cases (”without grease” and ”with
grease”). It’s clear from looking at Figure 35b that the sensor can distinguish between the case
without grease and that with grease .

Even more impressive is that the same conclusions about the frequency content of the two
different cases can be drawn by using Figure 35b as could be done with Figure 35a, meaning
that the RMS of the output potential from the sensor is a good representation of the frequency
content of the surface acceleration for the plate.
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VI. CONCLUSIONS

In the beginning of this thesis the limitations of today’s acoustic emission sensors were presented.
To overcome these limitations a new type of acoustic emission sensor was proposed;
The smart sensor.

This smart sensor should be based on a couple of basic concepts as described in Section I B.
Although the concepts on which the sensor is based are relatively simple the final sensor is
very powerful as compared to today’s sensors. To aid in the design of this new type of sensor,
computer models were created and evaluated using COMSOL Multiphysics.

One of the more difficult part in designing this new type of sensor was to make the sensing
element output potential only to correspond to the first eigenfrequency of the sensing element.
This problem was solved by the placement of the electrode on the topside of the sensing elements
as described in Section III B and for which the results can be seen in Section V B.

It was shown in Section V E that with the correct damping characteristics and some simple analog
electronics to measure the RMS of the output potential, the sensor output would correspond to
the frequency content of the input acceleration Figure 32c. This proves that the sensor can do
signal processing directly without the need to first sample the signal and then process it with a
computer, a huge benefit over today’s sensors.

To further investigate the signal processing attributes of the sensor for a more realistic case the
experiment described in Section IV was performed, with the goal of gathering realistic surface
velocities corresponding to acoustic emissions. These surface velocities was then later used as an
input to the sensor model as described in Section V F. The results available in Figure 35 further
proves that the sensor is capable of doing signal processing directly.

The objectives of this thesis work as described in Section I C was clearly met, a new type of
acoustic emission sensor has been designed and modeled based on the concepts described in
Section I B. When designing and modeling the sensor it was important that the materials chosen
for the sensor made it manufacturable using a reasonable manufacturing process.

The limitations set for this work are reasonable, since it would not had been enough time to
manufacture the sensor or to design an electrical readout circuits that could be used together
with the sensor.

To conclude, in this work a new design for a smart acoustic emission sensor has been proposed.
This design has also been implemented in a computer model using COMSOL Multiphysics and
then evaluated an optimized using both synthetic and experimental data. The results show
that the smart sensor is able to perform signal processing without the need to first sample the
acoustic emission signal and then analyze the sampled data using a computer. This results in an
extremely energy efficient way of performing measurements and analysis of acoustic emissions.
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VII. FUTURE WORK

Future work concerning the smart sensor would be to create an actual real life prototype of
the sensor, this prototype would be based on the model described in section III E. Although
this model could not be used directly as input for manufacturing it contains all of the basis
needed to manufacture the smart sensor. Some improvement could be made on the damping
of the sensing elements before the sensor is manufactured. These improvements could make
the sensor somewhat easier to manufacture and would consist of changing the way that the
damping of the sensing elements is varied. Meaning that instead of changing the damping by
changing the separation distance h between the sensing elements and the sensor base the depth D
(Figure 4a) of the sensing elements would be changed instead. Further investigations on varying
the damping of the sensing elements has to be examined, to make sure that changing the depth
D of the sensing elements does not greatly affect the first eigenfrequency. More work could also
be done in order to make the sensor usable in other fields where the smart sensor concept could
be greatly beneficial, such as using the sensor together with emerging event-based and parallel
neuromorphic processors or used for context-dependent signal processing and basic classification
tasks in advanced conditioning monitoring.
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