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Abstract

Structural Health Monitoring is one of the most important tools for maintaining the safety
and integrity of structures, such as in the fields of civil engineering or aerospace. Because
the consequences of inadequate structural integrity monitoring leading to failure can be
devastating, it is important to be able to detect the smallest defect in a structure as
quickly as possible. An increasing number of powerful technologies are emerging in the
field of structural monitoring.

This work is based on the study and dynamic characterization of strain sensor exploiting
the piezoresistive effects of silicon in CMOS technology. Silicon is a semiconductor material
with a high sensitivity to deformation, mainly due to its intrinsic piezoresistive properties,
which derive from its crystalline structure and the modulation of charge carrier mobility
under stress. The combination of these properties with the ease of integration of silicon
into electronic systems makes it an ideal candidate for use in strain sensors.

The two main objectives and results of this work are: firstly, to develop a model based
on an experimental setup consisting in a vibration generator, which is simulated by a
piezoelectric actuator, and a strain sensor. An initial model has been established using a
simple silicon strain gauge as a sensor with a gauge factor of 150. The model has been
studied, simulated, tested and validated in the WELCOME laboratories at UCLouvain.
Secondly, the strain gauge has been substituted with a CMOS strain sensor developed and
patented at UCLouvain. This is a self-biased current reference circuit with a high supply
rejection based on a β-multiplier configuration. Two distinct topologies have been analysed.
The first involves eight transistors and a resistor, while the second is a full-transistor
configuration. These devices demonstrate a gauge factor of over 300 in a previous work.
The frequency responses of the two topologies have been extracted over a wide frequency
range while subjected to excitations, ranging from a few hertz to hundreds of kilohertz.
An additional static operation study at high temperatures, up to 80°C, and a differential
analysis before and after bonding the sensor have been carried out.
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Introduction

Structural Health Monitoring (SHM) is a critical tool for maintaining the safety and
integrity of structures, particularly in fields such as civil engineering and aerospace. Given
the potentially devastating consequences of structural failure, it is imperative to detect
even the smallest defects as early as possible. Numerous advanced technologies are being
developed for structural monitoring, among which this work focuses on a sensor exploiting
the piezoresistive properties of complementary metal-oxide-semiconductor (CMOS) tran-
sistors to detect deformation. This sensor is particularly notable for its compact size, low
power consumption, and high sensitivity.

The first chapter provides an overview of structural health monitoring techniques and the
various types of sensors used in this field. Special attention is given to dynamic structural
analysis, introducing the fundamental principles that govern sensor operation and offering
a comparative analysis of their performances. This context sets the stage for the technical
investigations that follow.

The second chapter presents the development of an initial model for the dynamic charac-
terization of strain sensors which is based on the piezoresistive properties of silicon. It
includes a detailed study of a silicon strain gauge with a gauge factor of 150, combined
with a piezoelectric actuator to simulate mechanical deformations. The actuator’s behavior
is reduced to a simplified electrical model, which is then simulated using LTSpice and
experimentally validated in the Wallonia ELectronics & COmmunications MEasurements
(WELCOME) laboratories at UCLouvain. The experimental setup and methodologies
studied in this chapter are intended to determine the accuracy and reliability of the model
developed, and also lay the foundations for the dynamic analysis and characterisation that
will be used in the third chapter.

The final chapter is dedicated to an in-depth analysis and dynamic characterization of
the CMOS strain sensor. Building on the validated model from the previous chapter, this
study employs an essentially identical setup to investigate two slightly different topologies
of the sensor, both developed and patented by UCLouvain. These topologies are based
on self-biased current reference circuits employing a β-multiplier configuration, which
enables the sensor to achieve a gauge factor exceeding 300, along with a high power supply
rejection ratio. The chapter includes a vibration analysis covering a frequency range
from a few hertz to tens of kilohertz. In addition, the sensor’s thermal behavior and
differential response before and after bonding are characterized. These thermal static
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analyses are conducted using I-V measurements from a low-signal probe station, providing
a comprehensive understanding of the sensor’s temperature dependencies and its overall
performance for temperatures up to 80°C.
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Chapter 1

State of the art

The CMOS strain sensor used in this work has the advantage of low power consumption, is
very compact and very sensitive. However, it is much more expensive than a conventional
metal or semiconductor strain gauge, which is already widely used in the structural health
monitoring field [1]. Consequently, the sensor must be employed in a context where its
advantages over other sensors can compensate for its cost.

Composite materials are defined as a combination of different materials forming a heteroge-
neous structure. The utilisation of these materials allows the enhancement of performance,
including weight, strength, and durability, as well as other characteristics. This is achieved
through the exploitation of the synergistic effects between the constituent materials [2].
Composite materials are increasingly used in the construction of aerospace structures, as
conventional metallic materials are gradually being replaced [3].

The monitoring of aerospace composites is subject to more rigorous controls on the con-
dition of structures than other fields [4]. The monitoring of composite materials is a
challenging process due to the heterogeneous nature of their composition and the fact
that damage to these structures may be less perceptible than damage to a conventional
homogeneous structure, given their enhanced strength.

Furthermore, sensing mechanisms can be integrated into the manufacturing process of
composite materials. The CMOS strain sensor, due to its small size, low power consump-
tion and design, can be efficiently implemented within a wireless digital system that could
provide real-time assessments of composite structures [5]. This would facilitate the early
detection of damage, thereby reducing costs and preventing potential catastrophic failures.
For these reasons, the CMOS strain sensor could be a suitable option for monitoring
composite materials in the aerospace industry, for instance.

The objective of this initial chapter is to present a series of applications in which dynamic
measurements of strain are employed, and to introduce two methods in which these
measurements are used for the purpose of SHM. The methods presented are mainly used
in damage detection and localisation. An overview of damage localisation methods is
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presented. This is followed by a review of the various existing strain sensor technology
used for damage localisation. Finally the objectives of this work are presented.

1.1 Dynamic strain analysis in structural health mon-
itoring for damage detection and localization

1.1.1 Overview
Structural health monitoring is the practice of monitoring the operation of an infrastructure
to ensure its integrity and proper functioning. It is a critical process for extending the
lifespan of a structure, increasing its safety and efficiency through advanced maintenance
monitoring. Furthermore, real-time detection of damage enabled by advanced SHM tech-
niques prevents deterioration in the health of the structure. SHM is a fundamental aspect
of civil engineering, employed in the monitoring of diverse structures such as bridges,
turbines, and aviation infrastructure.

Structural health monitoring is a crucial process for detecting damage within an infrastruc-
ture that could potentially alter its properties. The health of the structure is assessed using
a network of sensors that are strategically installed and positioned. The data collected
is then processed and analysed in different ways, depending on the method used, and a
report can be generated based on the results obtained. In summary, an SHM system can
be conceptualised as shown in Figure 1.1.

Figure 1.1: Structural health monitoring system process flow from [6].

This section is dedicated to the analysis of process flow and the algorithms used for damage
detection and localisation. Damage detection methods can be classified into two principal
categories [7]:

4



• Localised techniques for the identification of damage in discrete areas of the structure.
These offer a high degree of accuracy in the assessment of damage, but have limited
scope for coverage. The techniques include radiography, infrared thermography,
ultrasonic testing, and so forth.

• Global methods facilitate the monitoring of an entire structure; however, they can
result in the creation of more restrictive and complex systems. Global methods can
be classified into two main categories: static-based and vibration-based methods.

Static-Based
(Global) Methods

Figure 1.2: Classification of structural damage detection methods [7].

Vibration-based damage detection (VDD) methods are the most widespread in the field of
SHM [7] and will be presented in this section. The objective of these methodologies is to
ascertain and localise damage within a structure by identifying the dynamic parameters.
The dynamic parameters correspond to the physical properties of the structure, such as
modal frequencies, mode shapes, stiffness, and so forth. The fundamental principle of
these methods is to compare the dynamic parameters of a structure undergoing testing
with those of a known undamaged structure to apply an algorithm to detect damage and,
if necessary, to locate it. Figure 1.3 provides a schematic illustration of such a system.

The initial work conducted in the field of structural dynamics entailed an investigation into
the utilisation of a combination of natural frequency measurements and finite elements,
which emerged in the late 1970s [8]. Further studies were conducted on vibration modes
at the end of the 1980s, and finally, the analysis of the frequency response function was
completed at the end of the 1990s. Advances in damage detection and location over the last
few decades have consisted in developing methods based on the analysis of the dynamic
parameters of structures extracted using frequency response function, natural frequencies
or modes of vibration analysis, for example.
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Figure 1.3: A schematic of a parametric vibration-based damage detection methods [7].

Two simple methods are presented in this work:

• The mode shape curvature method (MSCM) is a relatively straightforward technique
that can be easily implemented, but it does require a high level of minimal damage
to be detected due to measurement noise [9].

• The frequency response function shape curvature method (FRFSCM) provides a
complete analysis of the dynamic parameters of a structure without the necessity of
identifying the modal frequencies [10]. However, its effectiveness is highly dependent
on the range of frequencies analysed, and a large network of sensors may sometimes
be required to achieve good damage detection accuracy [11]. And it should be noted
that artificial intelligence is also strongly implemented and developed to assist these
types of methods in SHM [12].

1.1.2 Frequency response function
The frequency response function (FRF) is a measure of the response of a dynamic
system to a given input excitation as a function of the frequency [13]. This function is
employed to ascertain and identify resonant frequencies, shape modes, damping, and other
characteristics of structures in SHM. It corresponds to the response X(ω) of a system
following an excitation F (ω) normalised by the value of this excitation. Its mathematical
definition is as follows [13]:
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H(ω) = X(ω)
F (ω) (1.1)

In the context of a single-degree-of-freedom (SDOF) system, the response can be concep-
tualised as the relative displacement x of a system’s proof mass of mass m, which depends
on a set of dynamic parameters such as a spring with a stiffness constant k and a damper
with a damping coefficient d. This relative displacement is divided by the input excitation,
which is defined as the force F applied to the system.

Fixed
electrodes

Movable
electrode

Figure 1.4: Single-degree-of-freedom mass-spring-damper system.

For such a system, the equation of motion is [14]:

m
∂2x(t)

∂t2 + d
∂x(t)

∂t
+ kx(t) = F (1.2)

∂2x(t)
∂t2 + d

m

∂x(t)
∂t

+ k

m
x(t) = F

m
(1.3)

And defining the system’s natural frequency ω0 and damping ratio ζ:

ω0 =
√

k

m
ζ = d

2mω0
(1.4)

Taking the Fourier transform of the equation 1.3, the frequency response function is given
by:

X(ω)
F (ω) = 1

k

(
ω2

0
ω2

0 − ω2 + j(2ζωω0)

)
(1.5)

In terms of amplitude and phase, equation 1.5 is expressed as follows:∣∣∣∣∣X(ω)
F (ω)

∣∣∣∣∣ = 1
k

 ω2
0√

(ω2
0 − ω2)2 + (2ζωω0)2

 ϕ = arctan
[

2ζωω0

ω2
0 − ω2

]
(1.6)

The utility of the FRF is founded upon the equations presented above. Any given structure
can be modelled by a DOF system, with its own dynamic parameters, including resonance
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frequencies, stiffness, damping, and so forth. Under certain assumptions, a DOF system
can be reduced to an SDOF system. Per example in some cases, this could applicable to
the case of a beam in vibration [15].

The FRF can be employed to extract its parameters and conduct a dynamic characteri-
zation of the structure. A multitude of methodologies exist, but in the case of the two
methods outlined in the following subsections, the objective is to undertake a differential
analysis of these dynamic parameters between a structure deemed healthy and a poten-
tially damaged structure to be tested. A variation in the damping factor or a shift in
the resonance frequency could serve as an indicator of damage [16], thus enabling the
implementation of preventive measures aimed at averting material losses and accidents.

The objective of the excitation is to cover a wide frequency range, thereby enabling a
broad frequency response of the structure to be covered. In practice, this can be carried
out in two different ways. Firstly, an impulse signal can be applied, which should be as
narrow as possible and take the form of a Dirac delta pulse. This can be achieved, for
example, by using an instrumented hammer. Secondly, a sinusoidal sweep excitation can
be applied using a piezoelectric actuator [11].
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Figure 1.5: Sweep sinusoidal and impulse signals on the left and their Fourier transform
on the right.

Once the excitation has been applied to the system, sensors such as accelerometers measure
the strains undergone [11], and the FRF can be computed. Different frequency peaks can
be used to determine the modes, as illustrated in Figure 1.6.

This method, which is widely used in dynamic testing, enables the dynamic parameters
of a structure to be extracted efficiently for monitoring or testing bridge structures [17]
for example. The frequency response function is used in SHM damage detection and
localization methods because of its effectiveness in analysing the dynamic parameters of a
structure. Figure 1.6 is used to determine the natural frequencies of the structure at the
point where a resonance peak is found. The width of the peaks gives information about
the damping, with a large peak corresponding to high damping and, invariably, a narrow

8



Figure 1.6: Typical FRFs of undamaged (dashed line) and different levels of damages
(solid lines) beams from [16].

peak corresponding to low damping. The FRF phase combined with a graph such as
the one shown in Figure 1.6 can also be used to determine the mode shapes of the structure.

1.1.3 Mode shape curvature method
This methodology employs the structural shape modes to identify and localise damage.
The shape mode of a structure describes the relative displacement of the entire structure at
a well-defined natural frequency. A beam of a specified length and configuration exhibits
fixed and known natural frequencies [18] as shown in Figure 1.7. When subjected to an
excitation at a frequency corresponding to one of these natural frequencies, the beam will
begin to vibrate in a specific way. The benefit of exploiting these characteristics in this
SHM method is that, in the event of beam damage, differences will be observed in the
beam’s behaviour when subjected to these excitations.

It is first necessary to know the frequencies at which these modes appear. Once the
frequencies of the vibration modes have been identified, a differential analysis is then
carried out between a healthy structure and the structure to be tested.

Let us consider a simple structure from [11], such as a beam of a given length, with a
specified number of measurement points j (j = 13 in this example), as illustrated in Figure
1.8. The modal displacement, denoted by the variable ϕij, is defined as the displacement
relative to measurement point j at a certain modal frequency fi. This corresponds to the
magnitude of the imaginary part of the FRF. The difference in modal shapes between a
healthy beam ϕij and a damaged beam ϕd

ij for the ith modal frequency can be determined
at each measurement point j:

∆ϕij = ϕij − ϕd
ij (1.7)
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Figure 1.7: Two mode shapes representation (modes 2 and 3) and an example of mode
shape difference usage under three damage locations on three structures from [19].

Figure 1.8: Beam analysed from [11] with sensor locations from 1 to 13 and damage
locations highlighted by yellow dots.

The ith mode shape curvature corresponds to the second derivative of these values [11]:

ϕ
′′

ij = ∂2ϕij

∂x2 ≈ ϕi,j−1 − 2ϕij + ϕi,j+1

h2 (1.8)

With h the distance between the measurement point j − 1 and j + 1. The absolute
difference method is introduced and is therefore defined as the absolute value of the
difference between the mode shape curvature of the damaged beam and the healthy beam:

∆ϕ
′′

ij = |ϕ′′

ij − ϕ
′′d
ij | (1.9)

Measurement point j where higher values of absolute difference ∆ϕ
′′
ij are found correspond

to the damage location. Figure 1.9 shows the numerical and experimental results obtained
by [11] for two different damage scenarios.
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Figure 1.9: Numerical and experimental values of the absolute difference method (ADM)
indicator for the first three modes in the damage scenarios D1 (a) and D2 (b). Vertical
red lines indicate damage locations [10].

The case study above employs a one-dimensional demonstration of the shape curvature
method. This method can also be applied to two-dimensional structure analysis. This
enables the detection and localisation of damage in more complex structures, but also
necessitates a more sophisticated implementation, requiring, in particular, the application
of more complex algorithms to locate damage and being more sensitive to measurement
noise [20, 21].

1.1.4 Frequency response function shape curvature method
Similar to the previous method, the FRF shape curvature method [10] is based on the
assumption that the damage is located where the change in a mode shape function is
greatest. However, in this method, the assumption is extended to a complete frequency
range. The curvature of the FRF is still determined by a central difference approximation,
resulting in the following equation:

H
′′

ij(ω) = ∂2Hij(ω)
∂ω2 ≈ Hi−1,j(ω) − 2Hij(ω) + Hi+1,j(ω)

h2 (1.10)

In this case, the function H(ω) represents the frequency response function over a specified
range of angular frequencies, ω. The value h corresponds to the distance between two
measurement points, with i and j denoting the locations where the excitation for the
measurement is applied. The absolute difference between the FRFs of a healthy beam and
a damaged beam is computed by summing multiple measurements at different frequencies
[10].

∆H
′′

ij =
∑
ωk

|H ′′

ij(ωk) − H
′′d
ij (ωk)| (1.11)
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Finally, if several forces are tested at different points, the results are added together:

FRF_SCi =
∑

j

∆H
′′

ij (1.12)

It should be noted that these methods may necessitate the implementation of more rigorous
post-processing algorithms to achieve the desired results. It is important to recognise that
the results may be subject to measurement errors, which have the potential to distort
them. One possible approach to consider is to determine the number of occurrences where
the difference between the FRF of the damaged and healthy beams is at its maximum.
This could help to counteract the aforementioned issues.

In this study case, [10] simulates the case of a beam equipped with eleven measurement
points, a damage at point 7 and tests three different force points F3, F7 and F9. The
result is shown in figure 1.10.

Figure 1.10: Simulation results obtained using FRFSCM on the left and number of
maximum occurrences on the right from [10].

1.2 Overview of dynamic strain monitoring sensors.

1.2.1 Accelerometers
Accelerometers are a widespread technology employed in the domain of vibration-based
damage detection. The operation of an accelerometer can be conceptualised as a mass-
spring-damper system. When the system moves a specific distance x(t), the proof mass of
mass m will move a different distance xm(t) with a certain delay due to inertia phenomena,
which are modelled by the spring with a stiffness constant k or the damper with a damping
coefficient d, as illustrated in Figure 1.11.

The fundamental principle of accelerometers is to quantify the force applied to the struc-
ture they are monitoring. When the structure undergoes deformation, the system will
also deform, and the accelerometer will determine the force applied as a function of the
displacement of the system’s mass. The working principle of accelerometers remains
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Sensing
element

Accelerometer frame

Figure 1.11: Schematic representation of the structure of an accelerometer.

identical; the only difference is in the sensing element that converts this displacement of
the mass into useful information for defining the state of the system.

Using the proof mass displacement xm(t) and the accelerometer frame displacement xf (t),
the relative displacement of the mass is computed:

x(t) = xf (t) − xm(t) (1.13)

And the equation of motion of the structure is given by:

m
∂2x(t)

∂t2 + d
∂x(t)

∂t
+ kx(t) = f(t) = m

∂2xf (t)
∂t2 (1.14)

With the external force applied f(t) and the frame acceleration a(t) = ∂2xf (t)
∂t2 . By applying

Laplace transform, the transfer function of the relative movement is expressed as:

X(s)
F (s) = 1

s2m + sd + k
= 1

m

 a(s)
s2 + ω0

Q
s + ω2

0

 (1.15)

With the natural frequency ω0 =
√

k
m

and the quality factor Q = ω0m
d

to simplify the
equation. The accelerometer already has mechanical limitations as the frequency response
of this relative displacement of such a system has a resonant frequency.
Figure 1.12 shows three regions:

• At low frequency ω << ω0 and under quasi-static conditions:

X(s)
F (s) ≈ 1

mω2
0

= 1
k

(1.16)

At low frequencies, the displacement only depends of the stiffness k which is a
constant.
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Figure 1.12: Accelerometer relative displacement frequency response reproduced from [22].

• When ω ≈ ω0: ∣∣∣∣∣X(s)
F (s)

∣∣∣∣∣ = 1

m

√(
ω2

0
Q

)2
= Q

mω2
0

= Q

k
(1.17)

Around the resonant frequency, the transfer function depends on the quality factor,
which is also linked to the damping factor via the equation:

ζ = 1
2Q

= d

2mω0
(1.18)

This means that the width of the resonance peak is affected by this parameter.

• When ω >> ω0: ∣∣∣∣∣X(s)
F (s)

∣∣∣∣∣ = 1
mω2 (1.19)

The transfer function decreases with frequency.

The functional frequency range of the accelerometers is therefore below the resonant
frequency ω0, as illustrated in Figure 1.12. In addition to the operational and mechanical
constraints previously outlined, the sensing element introduces further limitations. This
section provides an analysis of the various types of sensors (piezoresistive, capacitive and
piezoelectric) and their distinctive working principles, along with the constraints associated
with each.

Piezoresistive sensing

This type of sensor exploits the piezoresistive nature of these materials, i.e. their capacity
to alter their electrical resistivity when subjected to compression or stretching forces.
Piezoresistive sensors exhibit high sensitivity, making them well-suited for applications
requiring the detection of small strains [23]. This type of sensor demonstrates acceptable
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frequency performance but is often more temperature-dependent than others [24]. The
resistance of a material can be expressed as:

R = ρ
L

A
(1.20)

Where ρ is the electrical resistivity, L is the length and A is the cross sectional area of
the material. When subjected to small deformations, the change in the resistance can be
expressed by [25]:

∆R

R
≈ ∆ρ

ρ
+ ∆L

L
− ∆A

A
(1.21)

Area, Force

Figure 1.13: Illustration of the dimensional change in a conductor with an applied force
reproduced from [26].

In the equation 1.21, all the denominators correspond to the nominal value, i.e. the value
at rest before the strain is applied. Each of these three terms can be interpreted as:

• ∆ρ
ρ

, the change in electrical resistivity,

• ∆L
L

, the change in the relative length of the material which by definition corresponds
to the strain ε,

• ∆A
A

, the change in the area of the material.

The gauge factor K is a unitless parameter used to determine the sensitivity of a strain
sensor. It is defined as the ratio between the relative variation in resistance and the stress
[25]:

K =
∆R
R

ε
= (1 + 2ν) + 1

ε

∆ρ

ρ
(1.22)

Where ν, the Poisson’s ratio, links the deformations of the area of the material with the
perpendicular deformations. This expression is simplified in the case of certain materials
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for which the variation in electrical resistivity can be neglected. As in the case of metallic
materials, the expression is simplified to:

K ≈ 1 + 2ν (1.23)

Given that the Poisson’s ratio for these materials is between 0.25 and 0.5 [27], the maximum
achievable gauge factor for metallic materials is approximately K ≈ 2.

For more advanced materials, such as semiconductors, the variation in resistivity will have
a greater impact, so if 1

ε
∆ρ
ρ

>> 1 + 2ν the gauge factor for these materials is simplified to:

K ≈ 1
ε

∆ρ

ρ
(1.24)

The change in resistivity is mainly due to material changes. The effect of strain on the
resistivity of a material can be computed using the piezoresistivity coefficient π, which is
defined as the change in resistivity per unit stress:

π =
∆ρ
ρ

Eε
=

∆ρ
ρ

E ∆L
L

(1.25)

With Young’s modulus E, ε = ∆L
L

is the strain corresponding to the change in length
divided by the nominal length. A more detailed analysis of these coefficients is given in
chapter 2 for silicon materials.

Piezoresistive accelerometers use piezoresistors, such as simple strain gauges, as their
fundamental component. The innovative design of this type of sensor allows the effects
described above to be exploited by integrating piezoresistors into the structure. The mass
is connected to the system frame by flexural components on which the piezoresistors are
placed [28]. When the system is subjected to a force, the frame will move and the mass
will follow by inertia, but with a certain delay. Stresses will be applied to the flexural
components and the piezoresistors will measure the induced stresses. Figure 1.14 illustrates
this structure.

Figure 1.14: Three-dimensional schematic of a piezoresistive accelerometer on the left and
the same system under stress on the right using finite element analysis from [28].
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The integration of piezoresistors into Wheatstone bridges allows for the displacement
linked to the vibrating structure to be monitored [29]. The variation in resistance of the
piezoresistive elements, as previously mentioned, can be converted into a voltage by the
bridge, which can then be used for the purpose of monitoring the strain applied to the
system.

Capacitive sensing

A capacitive accelerometer functions in a manner similar to a piezoresistive accelerometer,
with the exception that, rather than measuring a change in resistivity within a piezoresistor,
it measures a variation in capacitance across capacitors.

A comb-type capacitive accelerometer such as the one represented in figure 1.15 is generally
composed of an array of electrodes fixed to the accelerometer frame [30]. The proof mass
is also connected to the frame but via suspension beams which allow it to move relative to
the frame. In this frame of reference, the electrode array is fixed while the proof mass
array is in motion.

Fixed
electrodes

Movable
electrode

Figure 1.15: Accelerometer structure with capacitive sensing reproduced from [31] on the
left and an exemple of a capacitive accelerometer with lateral sensing technique from [30]
on the right.

When the system is in motion, the mass will move a certain relative distance x define in
equation 1.13. The mobile electrode fixed to the mass will move towards one of the two
fixed electrodes and away from the other. The value of a capacitor is defined as:

C = ϵ
A

h
(1.26)

With ϵ the permittivity of the dielectric, A the area of the capacitor plates and h the
distance between these plates. Taking h to be the distance between the fixed electrodes
and the movable electrode when the system is at rest. Assuming that the capacitors
have the same area and the same dielectric material, the value of the capacitance can be
expressed as a function of the relative distance of the mass x.
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Cs1(x) = ϵ
A

h + x
Cs2(x) = ϵ

A

h − x
(1.27)

The variation in capacity for a sense finger is given by:

∆C = Cs2 − Cs1 = ϵA

h + x
− ϵA

h + x
= C

(
1

1 − x
h

− 1
1 + x

h

)
(1.28)

If x << h, the sensitivity of a capacitive accelerometer is therefore defined in [32, 30] by
the ratio:

∆C

C
= 1

1 − x
h

− 1
1 + x

h

≈ 1 + x

h
−
(

1 − x

h

)
= 2x

h
(1.29)

In steady state operation (ω << ω0), the equation 1.14 is redefined and the relative
displacement of the mass expressed as:

kx = m
∂2xf (t)

∂t2 −→ x = m

k

∂2xf (t)
∂t2 (1.30)

The variation in capacitance is linked to the acceleration that the system undergoes by
the equation:

∆C

C
≈ 2m

kh

∂2xf (t)
∂t2 (1.31)

Piezoelectric sensing

Piezoelectric sensors are able to generate an electric field when subjected to mechanical
deformation. Conversely, piezoelectric actuators can generate mechanical deformations
when an electric field is applied to them. According to the IEEE Standard [33], the linear
constitutive equations for piezoelectric material in stress-charge form are given by: Préciser
accronymes IEEE [

σ
D

]
=
[
−dσ sE

d ϵσ

] [
ε
E

]
(1.32)

With strain ε, compliance s, piezoelectric coefficients d, electric displacement D, electric
permittivity ϵσ and electric field E. The superscript σ indicates a constant stress and the
E a constant electric field. The majority of this type of sensor is made up of a piezoelectric
material surrounded by two electrodes [25], which makes it possible to simplify the matrix
equation 1.32 according to the two configurations shown in figure 1.16.

Considering the case of the longitudinal configuration with vertical direction 3, the matrix
equation 1.32 is simplified to:

D3 = d33ε3 + ϵE3 (1.33)
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Figure 1.16: Longitudinal (left) and transverse (right) configurations of piezoelectric sensor
from [25].

Strain and electrical displacements in other directions are neglected. The current within
the transducer is given by:

i(t) = dq

dt
= A

dD3(t)
dt

(1.34)

Where A is the area of the electrode. This expression can be simplified to:

i = Ad33
dε3

dt
+ Aϵ

dE3

dt
= Ad33

dε3

dt
+ C

dV

dt
(1.35)

By simplifying that E3(t) = V (t)
h

with V(t) the applied voltage, the capacitance of the
transducer C = Aϵ

h
can be computed. In practice, the current generated by the piezoelectric

transducer must be followed by a circuit to process and exploit it. [34] proposes the circuit
shown in figure 1.17. The current from the piezoelectric transducer passes through a
transimpedance amplifier, a low-pass filter, a gain stage and finally is digitised through an
ADC in this case.

Piezoelectric strain sensors are designed exclusively for the measurement of dynamic
charges and are not suitable for use in the static regime. This is due to the fact that they
only generate electrical charges when deformations are variable [35].

1.2.2 Fiber Bragg grating sensor
Fiber Bragg grating (FBG) is an optical sensor that is employed to measure a range of
physical quantities, including strain within a structure or temperature [36]. The operational
principle of the FBG sensor is based on the detection of a variation in the wavelength of
the light emitted through the fiber once it has passed through the sensor. This process is
illustrated in Figure 1.18.

In an FBG sensor, the fibre is exposed to an interference pattern of UV light, which
induces periodic local changes in refractive index represented by the blue areas in Figure
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Figure 1.17: Schematic of signal conditioning circuit for piezoelectric sensor reproduced
from [34].

1.18. Depending on the effective refractive index and the distance between these areas
of refractive index variation, a certain wavelength of the incident light will be reflected.
The Bragg resonance wavelength λB is the specific wavelength of the light reflected by the
Bragg grating in the optical fibre [38] and is expressed as:

λB = 2neffΛ (1.36)

With neff the effective refractive index and Λ the grating period, i.e. the distance between
the zones of modified refractive index. Once deformed under a certain stress, the effective
refractive index and the grating period will vary. According to the equation 1.36, the
Bragg wavelength will also vary and reflect another part of the light spectrum. This allows
for the analysis of the strain undergone by the sensor. Further details on equations can be
found in [38]. The variation in Bragg wavelength is expressed as follows:

∆λB = 2Λ∆neff + 2neff∆Λ (1.37)

The dependence of the effective refractive index on stress is defined as [38]:

∆neff = −
n3

eff

2 ∆
(

1
n2

eff

)
(1.38)

∆
(

1
n2

eff

)
= [p12 − ν(p11 + p12)]ε (1.39)

Where pij are the Pockel’s coefficient of the stress-optic tensor in i, j directions and ν the
Poisson’s ratio of the fiber. The variation of the grating period can be obtained:
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Figure 1.18: Schematic of the working principle of Fiber Bragg grating sensors, and its
response to strain from [37].

ε = ∆Λ
Λ −→ ∆Λ = εΛ (1.40)

By injecting the equation 1.38 and 1.40 into the expression 1.37, the variation of the bragg
wavelength as a function of stress is defined by:

∆λB = 2neffΛ
(

1 −
(

n2
eff

2

)
[p12 − ν(p11 + p12)]

)
ε (1.41)

As mentioned above, the Bragg grating is also sensitive to temperature. The effective
refractive index and the grating period depend on it:

∆neff = ∂neff

∂T
∆T −

n3
eff

2 [p11 + 2p12]αth∆T (1.42)

∆Λ = Λαth∆T (1.43)

With αth the coefficient of thermal expansion of the fibre. The expression 1.41 can be
completed with the temperature dependence of the Bragg wavelength:

λB = 2neffΛ
[(

1 −
(

n2
eff

2

)
[p12 − ν(p11 + p12)]

)
ε

+
αth +

(
dneff

dT

)
neff

−
n2

eff

2 [p11 + 2p12]αth

∆T

 (1.44)
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1.2.3 Sensor comparison

Sensor type Sensitivity Range Bandwidth References

Piezoresistive 1.4-150 mΩ
µε

±30000µε 10-100 kHz [39, 40, 41, 42,
43]

Capacitive 0.265-1.8 fF
µε

±1000µε 0.26-1 kHz [44, 45, 46, 47,
48, 49, 50]

Piezoelectric 0.18-50 mV
µε

±800µε 0.5Hz to
100kHz

[51, 52, 53, 54,
55, 56]

FBG 0.627-6.2 pm
µε

±7000µε 1-1.88 kHz [57, 58, 59, 60,
61, 62]

Table 1.1: Strain sensor performances comparison.

Piezoresistive sensors are less expensive than other types of sensors but have lower res-
olution. Despite this, they are widely used because of their low cost and robustness.
Metal piezoresistive sensors can reach maximum deformations of up to 30000-50000 µε,
whereas semiconductors can reach 5000 µε but with much better resolution. As with the
piezoelectric sensor, the power consumption will typically be influenced by the electronic
interfaces employed for signal processing.

Capacitive strain sensors exhibit low power consumption, high sensitivity and a high re-
sponse speed. However, they are susceptible to environmental and external field influences
and are quickly limited in the deformations they can undergo due to their design. This
specific sensor is less commonly encountered in practice, despite its low cost, principally
due to the complexity of its design and the requirements of an appropriate detection circuit.

Piezoelectric sensors are employed in dynamic applications, as their structural and opera-
tional characteristics make it impossible to measure stable deformations over an extended
period of time. The deformations generate a charge in the crystal of the piezoelectric
material, which is susceptible to dissipation if it is not continually renewed. While they
possess high sensitivity, piezoelectric strain transducers are more expensive than piezore-
sistive strain gauges. The intrinsic properties of piezoelectric transducers enable them to
function without a power supply, as they are self-powered. However, the transducer must
be accompanied by an electronic interface to make use of the generated charges, which
will consume power.

Optical sensors, such FBG sensors, are able to accurately measure deformation and tem-
perature variations. They are not affected by electromagnetic variations and can withstand
environments that electronic sensors cannot. However, they are also highly susceptible to
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damage, and packaging methods have been developed to protect them.

1.3 Objectives of this work
The following chapters of this work focus on the study of sensors that make use of the
piezoresistive effects of silicon. The objective of the Chapter 2 is to develop an experimental
setup for simulating and analysing the operation of these sensors in dynamic regimes.
The setup includes a piezoelectric actuator for simulating the vibration of a system and a
strain sensor. An initial study of these components was conducted to develop a model for
characterising their operation. The setup is then configured and the system response is
measured using two different sensors:

• A conventional strain gauge with a gauge factor of 150.

• A CMOS strain sensor with a low power consumption that has exhibited gauge
factors over of 300 in previous works [63, 64].

In addition to the dynamic analysis, experimental noise estimates are analysed for the
strain gauge case. A study was conducted to investigate the behaviour of the sensor
as a function of temperature. This was achieved by first analytically calculating the
impact of temperature on the sensor’s operation, and then validating the results through
experimental testing.
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Chapter 2

Vibration and dynamic strain analysis
of semiconductor strain gauge

The aim of this chapter is to develop and validate a reference test bench for the dynamic
analysis of strain sensors, which will be used as a basis for characterizing the CMOS strain
sensor in Chapter 3. This stage involves a commercial strain gauge from BMC Sensor
[39] and a piezoelectric actuator from PI Ceramic [65] to generate controlled vibrations.
By analyzing the dynamic strains and vibrations using the strain gauge, the aim is to
establish a reliable model that can be extended to the CMOS sensor evaluation.

The first two sections explain the working principle of the silicon gauge and the piezoelectric
actuator. A model is developed to represent the electrical and mechanical behaviour of
the actuator. The third section describes the different elements that compose the setup.
The final section integrates the experimental setup into the actuator model to predict the
frequency response of the complete system, which is measured using the silicon gauge.
Measurements of the frequency response of the sensor are discussed, and an estimate of
the effect of noise on the measurements is shown.

2.1 Silicon strain gauge fundamentals

2.1.1 Piezoresistive effect in silicium
The resistivity of a material depends on the internal arrangement of its atoms and the
intrinsic atomic properties, as well as the dynamics of the movement of charge carriers.
Stress that alters these parameters results in a change in the resistivity of the material
[66].

The formulation of the effect is derived from the expression that links the current density
J and the electric field E by the matrix equation:
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J = σe · E (2.1)
E = ρ · J (2.2)

Where σe represents electrical conductivity and ρ its inverse, electrical resistivity. Ex-
pressed in matrix form, the equation 2.2 becomes:E1

E2
E3

 =

ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33


J1
J2
J3

 (2.3)

It can be demonstrated that in the case of a single crystal material with cubic symmetry,
such as silicon [26], the terms from equation 2.3 can be simplified to yield: ρ11 = ρ22 =
ρ33 = ρ. The application of mechanical stress or strain to the device will result in a
variation in resistivity, which can be calculated using the resistivity tensor.E1

E2
E3

 =

ρ + ∆ρ11 ∆ρ12 ∆ρ13
∆ρ21 ρ + ∆ρ22 ∆ρ23
∆ρ31 ∆ρ32 ρ + ∆ρ33


J1
J2
J3

 (2.4)

The resistivity value without mechanical load is represented by ρ, while the variations in
resistivity due to piezoresistive effects are represented by ∆ρi,j . The first chapter provided
an introduction to piezoresistive sensing. By repeating the equation 1.25, it is possible to
link the variation in resistivity to the stress knowing that the stress tensor σ is linked to
the strain tensor ε via Young’s modulus E in a case of elastic deformation by the formula
[67]:

σ = Eε (2.5)

The relative variation in resistivity is linked to stress by:

∆ρ

ρ
= ΠEε = Πσ (2.6)

With Π corresponding to the tensor of the piezoresistive coefficients. This tensor is initially
of rank 4. The diamond atomic structure of silicon belongs to the hexoctahedral (Oh)
crystal class, which is highly symmetrical [68]. This allows the tensor to be simplified
significantly in the case of silicon. The tensor of the piezoresistive coefficients of silicon is
reduced to three independent terms, and the matrix form of the equation referenced as
equation 2.6 is written as follows:

1
ρ



∆ρ11
∆ρ22
∆ρ33
∆ρ12
∆ρ13
∆ρ23


=



π11 π12 π12 0 0 0
π12 π11 π12 0 0 0
π12 π12 π11 0 0 0
0 0 0 π44 0 0
0 0 0 0 π44 0
0 0 0 0 0 π44





σ1
σ2
σ3
σ4
σ5
σ6


(2.7)
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With the ∆ρ and σ tensors expressed using Voigt’s notation [69]. The matrix system is
oriented along the cubic crystal axes, and thus requires the application of a transformation
according to an arbitrary coordinate system. The useful area of the silicon device is
typically oriented along a particular direction [70]. This allows for the expression of
the relative variation in resistivity according to a longitudinal piezoresistive coefficient
transverse to the direction of the device:

∆R

R
= πlσl + πtσt (2.8)

With the indices l and t corresponding to the longitudinal and transverse respectively
in a specific crystallographic direction. After development [70], for example, these coeffi-
cients are expressed with regards to those of the cubic crystal axes system in the [110]
crystallographic direction per example:

πl = π11 + π12 + π44

2 πt = π11 + π12 − π44

2 (2.9)

The values of the piezoresistive coefficients for the case of low doped silicon in the [110]
crystallographic direction are provided in the table 2.1.

Figure 2.1: Longitudinal πl and transverse πt piezoresistive coefficients for an P-type
silicon on the left and an N-type silicon on the right at room temperature in (001) silicium
wafer [23].

Direction π11 π12 π44 πl πt

P-type Si -102.2 53.7 -13.6 -31.6 -17.6
N-type Si 6.6 -1.1 138.1 71.8 -66.3

Table 2.1: Piezoresistivity coefficients for bulk silicium (10−11Pa) at room temperature for
the [110] crystallographic direction from [71].

26



2.1.2 Non-idealities in strain gauge
The main disadvantage of using a semiconductor piezoresistive sensor is the introduction
of noise through the resistor. Semiconductor components are subject to three main sources
of noise [25]:

• Thermal noise

• Shot noise

• Flicker noise

Thermal noise

Thermal noise, also known as Johnson-Nyquist noise, is a common phenomenon in electronic
devices. It is generated by the thermal agitation of charge carriers and can affect the
performance of piezoresistive sensors by reducing the sensitivity [25]. Thermal noise is
characterized as white noise, meaning that its spectral density is constant and independent
of frequency. The noise voltage generator can be defined as follows:

v2
n = 4kBTR (2.10)

In this expression, the quantity kB represents Boltzmann’s constant, T denotes the
temperature in Kelvin, and R is the value of the resistance.

Shot noise

In semiconductor gauges such as the one analysed in this section, shot noise can be defined
as the random diffusion of carriers across a potential barrier at a metal-semiconductor
interface. The noise current spectral density is defined by [25]:

in =
√

2qeI (2.11)
It depends on the charge of an electron qe and the current through the potential barrier.
Across a resistor, the equivalent voltage noise is:

vn =
√

2qeIR (2.12)
This noise occurs when poor contacts are found between different interfaces on a component
and depends on the current flowing through it.

Flicker noise - 1/f noise

In electrical components, flicker noise is caused by the random trapping and release of
electrical carriers. It is frequency dependent, Flicker noise across a resistor can be expressed
by experimental Hooges formula [25]:

v =
√

αH

fN
V (2.13)
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Where αH is the Hooges’s factor, N is the total number of carriers in the resistor, V is
the voltage across it and f is the frequency. The Hooges factor depends on the process
and the component material.

The intensity of the noise in question decreases as the frequency increases. In general,
the noise will be dominant up to a certain frequency, denoted as fc, which is the corner
frequency. This is the frequency at which thermal noise or shot noise becomes dominant
in relation to flicker noise. Figure 2.2 illustrates a typical curve for noise sources in a
piezoresistor.

Figure 2.2: Typical noise density curve of a piezoresistor from [72].

2.2 Piezoelectric actuator model
An introduction to the piezoelectric effect and the constitutive equations were provided in
order to present the piezoelectric sensor in section 1.2.1. These equations remain applicable
in the context of the actuator. A piezoelectric actuator, as opposed to a piezoelectric
sensor, is employed to transform electrical energy into mechanical energy. The objective
of this section is to develop a representative model of the actuator for the purpose of
analysing its dynamic behaviour. The following equations and models are presented and
developed in [73]. The dynamic regime equations of a piezoelectric are expressed as:

m
∂2x

∂t2 + d
∂x

∂t
+ cx = F + αV

1
Celec

[q − αx] + R

[
∂q

∂t
− α

∂x

∂t

]
= V

(2.14)

With the force F , the mechanical stiffness c of the system, the mechanical displacement x,
electro-mechanical coupling factor α, the applied electric voltage V , the electrical charge

28



q, the electrical capacitance Celec and the resistance R which represents dielectric losses.
We have taken into account the dynamical effects, i.e. the acceleration term m∂2x

∂t2 which
represents the inertia of the system, the structural damping d∂x

∂t
and the dielectric losses.

Mechanical representation

The figure 2.3 shows a mechanical representation of equation 2.14 from [73].

Figure 2.3: Mechanical representation of a piezoelectric actuator reproduced from [73].

This is a single degree of freedom model, which is applicable only to piezoelectric systems
with a maximum of one vibration mode [73]. The mechanical representation considers the
displacement x in only one direction. This analogy is considered valid for the piezoelectric
actuator used in the experimental setup described in section 2.3, since it is assumed that
the actuator can displace in only one direction.

Figure 2.3 depicts the mechanical components of the equation 2.14, which can be represented
as a mass-spring-damper system. The modal mass represented by m, the modal stiffness
represented by cm, and the modal damping represented by dm, are the key parameters of
the mechanical behaviour within this system. The electrical capacitive behaviour of the
piezoelectric material is represented by the shunted capacitance, Celec, and the resistor, R.
A lever is used to represent the electro-mechanical coupling. A multi-degree of freedom
model could have been represented by the addition of mass-spring-damper systems [73].

Electrical representation

The figure 2.4 below shows an electrical representation of equation 2.14 from [73].
The integration of mechanical parts into the electrical representation is achieved through
the introduction of coupled inductances for the electro-mechanical coupling, an inductance
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Figure 2.4: Electrical representation of a Piezoelectric actuator reproduced from [73].

for the modal mass, an impedance for the modal damping and a capacitor for the modal
stiffness.

2.2.1 Modelisation of the piezoelectric actuator
On the basis of the two representations 2.3 and 2.4, it is possible to determine the
well-known Butterworth Van Dyke model established in 1925 [74] which describes the
electromechanical operation of the actuator. By expressing the current and velocity of the
simplified electrical model of the actuator in figure 2.4 as:

I = ∂q

∂t
v = ∂x

∂t
(2.15)

The dynamic behaviour of the system can be fully characterized using the matrix equation
[73]: (

I
v

)
=
(

Y11 Y12
Y21 Y22

)
=
(

V
F

)
(2.16)

The admittance matrix of the system is constituted by four terms, the first of which, Y11,
represents the short-circuit impedance of the system. The term Y22 represents the short-
circuit mechanical output impedance of the system. And the terms Y12 and Y21 respectively
describe the electro-mechanical conversion and are identical. The mathematical expressions
are defined on the basis of the matrix equation 2.16 and the electrical representation 2.4
from [73], as follows:
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Y11 = jωQ

V

∣∣∣∣
F =0

= α2

jωm + dm + cm/(jω) + 1
R + 1/(jωCelec)

(2.17)

Y12 = Y21 = jωx

V
= α

jωm + dm + cm/(jω) (2.18)

Y22 = jωQ

F

∣∣∣∣
V =0

= 1
jωm + dm + cm/(jω) (2.19)

The objective of this section is to reduce the actuator operation to a simple electrical
equivalent. Given that the system is excited with a specific voltage amplitude of V and that
it is mechanically unloaded, with F = 0, it is possible to convert the mechanical component
of Figure 2.4 in the electrical domain. This allows us to arrive at the Butterworth Van
Dyke topology from Figure 2.5 [73].

Figure 2.5: Butterworth Van Dyke (BVD) model of the piezoelectric actuator.

In practice, the dielectric losses are low and R is neglected [73]. The mechanical part
composed of m, dm and 1

cm
has been converted in the electrical part into Lm, Rm and Cm

respectively and are defined according to the following expressions:

Lm = m1

α2 Rm = dm

α2 Cm = α2

cm

(2.20)

The first term of the system’s matrix admittance can be rewritten by identification:

Y11 = jω

(
Celec + Cm

1 + ωCm(jRm − ωLm)

)
(2.21)

The presented topology will be used to model the behaviour of the actuator in the rest of
this work.

2.2.2 Mechanical noise in actuator
A first overview of the characteristics of noise with a focus on thermal noise in electrical
systems was provided with regard to the silicon gauge. It is also important to note
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that mechanical systems are subject to noise issues too. The equipartition theorem of
thermodynamics states that the average thermal energy for each degree [25] of freedom is:

Eth = 1
2kBT (2.22)

Once more with the Botzmann constant kB and the temperature T . In this context, the
degree of freedom can be defined as the way in which the system is capable of storing
energy independently of the other variables. By applying this theorem to the specific case
of the piezoelectric actuator presented above, and by using its single-degree-of-freedom
representation, which is valid for the specific device used in this chapter, it is possible to
determine the thermal noise associated with the mechanical system [25]. The equation of
motion of an SDOF system with a noise generator force representing the added mechanical
noise can be used to calculate the thermal noise:

m
∂2x(t)

∂t2 + d
∂x(t)

∂t
+ kx(t) = f(t) = Fn (2.23)

[25] shows that the mean square velocity developed by the noise generator Fn is expressed:

∂xn

∂t

2
= F 2

n

d2 + (ωm − k/ω)2 (2.24)

With noise velocity ∂xn(t)
∂t

. By the equipartition theorem of thermodynamics, the kinetic
energy stored in the system is:

Ek =
∫ ∞

0

1
2m

∂xn

∂t

2
df = 1

2kBT (2.25)

This gives the expression noise force generator:

F 2
n = 4kBTd (2.26)

This mechanical noise source will be translated into the electrical. The resistor from
RLC mechanical branch of the BVD model was employed by Van Dyke to model the
mechanical losses [74]. The mechanical noise source in the model used thus corresponds to
the following:

v2
n = 4kBTRm (2.27)

2.3 Experimental methodology
The experiments and measurements in this work were all carried out in the WELCOME
laboratories at UCLouvain. This section describes the setup used during these experiments
and some of the specific procedures put in place to ensure that they ran properly.
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2.3.1 Setup

Tektronix
MSO2024B

Tektronix
AFG2021

Falco systems
WMA-280

Keightley
SMU 2450

Actuator
and gauge

Figure 2.6: Setup for dynamic characterization of the silicon gauge strain sensor.

Figure 2.7: Silicon gauge on actuator setup.
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The complete setup needed to characterize and study the silicon gauge under dynamic
strain is shown in Figures 2.6 and 2.7. This setup required four devices:

• Tektronix AFG2021: Arbitrary Function Generator used to supply the actuator.
Only sinusoidal signals were generated. It has an amplitude range up to 10V and
can generate sinusoidal waves between 1µHz and 20MHz with an output impedance
of 50Ω.

• Falco Systems WMA-280 amplifier: This amplifier is used to extend the voltage
range of the generator up to 20 times and therefore the strain range applied to the
silicon gauge. This allows us to reach the piezoelectric actuator limit and to highly
reduce the output impedance of the generator to 0.1Ω. However, the amplifier has a
bandwidth of 100kHz.

• Keightley SMU 2450: Source Meter Unit used to accurately inject current into the
gauge.

• Tektronix MSO2024B: Oscilloscope used to measure the output of the generator, the
amplifier and the voltage variation of the silicon gauge.

Figure 2.8 shows the setup and its connections.

V

X20

Figure 2.8: Scheme of the connections for the silicon gauge experimental setup.

2.3.2 Semiconductor strain gauge
The semiconductor strain gauge used in this work is a silicon gauge produced by BCM
sensor [75]. The exact model is the BPY_1000_2.6_U_I_RL, its main parameters are
listed in Table 2.2 and its layout represented in Figure 2.9.
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Figure 2.9: Dimensions of B-series of gauge length of 2.6mm from BMC sensor [39].

Parameters Specifications
Nominal resistance 1[kΩ]± 2%
Gauge factor 150± 10%
Doping type P-doped
Gauge length 2.6[mm]

Table 2.2: Main parameters of the BPY_1000_2.6_U_I_RL gauge from BMC [39].

This strain gauge has a dynamic tensile strain limit of 5000µε which is well above the
limits of the piezoelectric actuator used to generate its strains. At the orders of mag-
nitude of strain to which the gauge will be subjected in this work, the datasheet [39]
ensures good linearity and the gauge factor is correct for the desired range of measurements.

The longitudinal and transverse piezoresistive coefficients used at the beginning of the
chapter in equation 2.9 corresponded to the [110] direction but the BCM sensor gauges
are oriented in the [111] direction of the crystallographic axes. The new coefficients for
the BMC sensor BPY_1000_2.6_U_I_RL gauge extracted from [76] correspond to:

πl = π11 + π12 + π44

2 πt = π11 + 5π12 − π44

6 (2.28)

Table 2.3 shows the piezoresistive coefficients for all crystallographic main directions of
lightly doped silicon [25]:

n-type p-type
[100] [110] [111] [100] [110] [111]

πl [10−11Pa−1] -102.2 -31.2 -7.5 6.6 71.8 93.5
πt [10−11Pa−1] 53.4 -17.6 6.1 -1.1 -66.3 44.6

Table 2.3: Longitudinal and transverse piezoresistive coefficients of silicon in different
crystallographic directions from [25].
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Using the expression for the gauge factor for semiconductor materials 1.24 and the equation
which relates the deformation to the piezoresistive coefficients 1.25, we obtain the following
expression:

K ≈ E(πl + πt) (2.29)
The longitudinal component of the gauge is aligned along the crystallographic axis [111].
Neglecting deformations in the transverse direction, taking Young’s modulus E = 188GPa
[77] and πl = 93.5 × 10−11Pa−1 in the [111] direction, the theoretical gauge factor is:

K ≈ 175.78 (2.30)

2.3.3 Piezoelectric actuator
Physik Instrumente Ceramic is a manufacturer of piezo systems and developed the piezo-
electric actuators used during this work. Two different models were used: P-882.11 and
P-882.51 from the PICMA Stack Multilayer Piezo Actuators product family. A photo and
a technical drawing of the actuators are shown in Figure 2.10 and the main parameters of
the first model in Table 2.4.

Figure 2.10: Technical draws and picture of the actuators from [65].

Model Dimensions
AxBxL [mm]

Nominal
displacement [µm]

Electrical
capacitance [µF]

Resonant
frequency [kHz]

P-882.11 3x2x9 6.5 ±20% 0.15 ±20% 135 ±20%

Table 2.4: Main parameters of the P-882.11 actuator from Physik Instrumente [65].
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In this chapter, only the P-882.11 model was used for the analysis of dynamic deformations
with the silicon gauge. The second model was used exclusively in the next chapter. It can
be seen from the figure 2.10 that these stack actuators have their electrodes placed on
opposite side surfaces and the datasheet [65] indicates that they move in the direction of
their length L. According to [25], simplifications can be made to the constitutive equations
1.32 presented in the previous chapter:

σ1 = Eε1 − d31E3 (2.31)

Considering direction 1 that of the length and therefore of the displacement of the actuator
and direction 3 that of the electric field. In the case where the actuator is free to deform,
the stress becomes zero σ = 0 and the expression 2.31 as a function of the strain becomes:

ε1 = d31

E
E3 = d31

EA
V (2.32)

With the electric field expressed as E3 = V
A

the voltage applied V across the two electrodes
of area A. Substituting ε = ∆L

L
, the change in length of the actuator is:

∆L = d31L

EA
V (2.33)

The parameters of the BVD model can be determined experimentally on the basis of the
impedance of the piezoelectric actuator [78, 79]. Based on the parameters in the table
2.4, the resonance frequency indicated by the manufacturer can be used to establish an
initial equation that links the capacitance and inductance of the mechanical branch of the
model.:

fr = 1
2π

√
LmCm

(2.34)

In accordance with the typical literature values [78, 80, 81, 82], a value was assigned to
one of the two unknowns in equation 2.34, resulting in the parameter values of Lm =
0.02mH and Cm = 69nF. As this has no impact on the resonant frequency, the resistance
of the mechanical branch was set to Rm=1Ω, which is also consistent with the literature.
As the electrical capacitance is also given by the manufacturer, Celec = 0.15µF, the four
final parameters of the BVD model for this particular actuator model are established.

2.4 Measurements and results

2.4.1 Extraction methodology
In order to conduct a dynamic analysis, it is necessary to determine the frequency response
of the system. This is achieved by measuring the electrical response of the gauge when
the actuator is supplied with a specific voltage. Initially, the aim was to compute the
measured strain based on the expression of the gauge factor, which is defined as:
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εout(t) =
∆V (t)

V0

K
(2.35)

Where V0 is the voltage in the gauge at rest for 5mA injected into the gauge (which is the
value recommended by the datasheet [39]) by the source meter. K is the theoretical gauge
factor of 150 provided by the datasheet and ∆V (t) is used to denote the variation of the
voltage in the gauge with respect to its voltage at rest. The voltage in the gauge when it
is subjected to deformation and a current is injected into it can be expressed as follows:

Vgauge(t) = V0 + ∆V (t) (2.36)

The value of the V0 component is obtained when the system is at rest, and the value of the
∆V (t) component is that which is measured in order to compute the frequency response
of the gauge when it is subjected to dynamic strains. This deformation εout is compared
to the strain generated by the actuator denoted by εin:

εin(t) = Vin,actuator(t)
Vmax,actuator

εmax,actuator (2.37)

With εmax,actuator the maximum strain and Vmax,actuator the maximum voltage range pro-
vided by the actuator datasheet [65], respectively 722.22µε and 100V. And Vin,actuator(t)
the voltage at the actuator input.

The frequency response of the system is computed as the ratio between the amplitude of
the strain measured at the strain gauge and the amplitude of the strain generated at the
input by the actuator across the entire frequency range.

H(f) = εout(f)
εin(f) (2.38)

It should be noted, however, that the results presented here are dependent on a number of
factors. These include uncertainties regarding the values presented in the datasheets, the
impact of the glue on the amplitude of the gauge response, and the potential non-linear
deformation of the actuator. This work focuses exclusively on the frequency response of
the silicon gauge when subjected to dynamic deformations. It is recommended that these
topics be addressed in the continuity of this work.

An automated code was compiled directly via a computer connected to the equipment in
order to control the signal delivered by the generator and to manage the signals acquired.
This enabled the raw data to be extracted and post-processed. Three nodes were measured:

• Wave generator output

• Amplifier output

• Voltage variations across the silicon gauge
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The Figure 2.12 shows the flow diagram of the measurement procedure. Figure 2.11 shows
an example of the raw data recorded using the equipment mentioned in the explanation of
the setup and the automated code.
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Wave generator signal
Amplifier signal
Silicon gauge signal

Figure 2.11: Measurement example composed of the generator output in blue and the
amplifier output in dark blue with the values displayed on the left y-axis. And the output
voltage of the gauge in orange displayed on the right y-axis.

In the example of the signals measured in Figure 2.11, the instruction sent to the sine
wave generator was a signal of 0.5V amplitude and 7.9kHz. The output of the amplifier,
which used as the input to the piezoelectric actuator indicated by the variable Vin,actuator(t),
multiplied the output of the sine wave generator by a factor of 20. A x10 probe has
been used to ensure that the amplitude of the signal at the output of the amplifier does
not exceed the measurable limit of the oscilloscope in case of electronic resonance. The
measured signal is therefore divided by a factor of 10 compared with its real value. The
signal expected to be measured at the output is 10V in amplitude. Figure 2.19 illustrates
the inductive effect observed at this frequency in the setup employed, which generates a
5V overshoot in the voltage. Finally, the orange curve represents the variation voltage
∆V (t) measured at the strain gauge.

The raw data can be employed to obtain further information, including details on the
phase shift between the measured signal from the gauge and the signals at the output
of the wave generator and amplifier, the evolution of noise in different measurements as
a function of frequency, and the frequency response of the sensor analysed over the full
range. The results are presented and discussed in the final section of this chapter.
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Figure 2.12: Flow diagram of the data extraction methodology.

2.4.2 Experimental model
The mechanical and electrical operation of a piezoelectric actuator has been presented in
section 2.2 of this chapter. An electrical model based on both mechanical analogies and
electrical equations was presented and simplified to a Butterworth Van Dyke topology.
The circuit supplying the actuator can be integrated with the BVD dipole to obtain the
circuit shown in Figure 2.13, which will define the overall setup behaviour in both electrical
and mechanical terms.

Voltage
source

Figure 2.13: Equivalent Circuit of the actuator setup.

The results presented in this section are based on two different experimental setups. The
initial configuration does not involve the utilisation of the amplifier. The output of the
wave generator is connected directly to the input of the piezoelectric actuator. The second
setup is identical to the simplified scheme in Figure 2.8. In this case, the voltage source is
the output of the amplifier.
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The piezoelectric actuator parameters Celec, Rm, Lm and Cm have already been developed
in section 2.2 and computed in section 2.3.3. For ease of use, these parameters are listed
in the table 2.5.

Components Celec Rm Lm Cm

Value 0.15[µF] 1[Ω] 0.02[mH] 69[nF]

Table 2.5: Parameters of the Butterworth Van Dyke model of the P-882.11 piezoelectric
actuator from Physik Instrumente..

Considering the output voltage as the input of the actuator Vin,actuator and the input as the
voltage source Vin, the transfer function of the experimental equivalent circuit model of
figure 2.13 can be computed in three steps. The impedance of the RLC branch is expressed
as:

Zm = Rm + jω(Lm − 1
Cm

) (2.39)

Taking into account the capacitance Celec in parallel, the equivalent impedance of the
actuator is:

Zactuator =
( 1

Zm

+ jωCelec

)−1
(2.40)

The voltage Vin,actuator corresponds to the voltage at the terminals of this voltage divider:

Vin,actuator = Vin
Zactuator

Rout + Zactuator

= Vin

(
1

Zm
+ jωCelec

)−1

Rout +
(

1
Zm

+ jωCelec

)−1 (2.41)

where Rout is the output impedance of the voltage source. The frequency response of the
equivalent circuit will depend on the resonance of the RLC circuit linked to the mechanical
branch of the piezoelectric actuator. The datasheet 2.4 indicates a resonant frequency of
135kHz± 20% and using the parameters determined for the equivalent BVD model of the
actuator, the resonance frequency of this RLC circuit is given by:

fr = 1
2π

√
LmCm

= 135.481kHz (2.42)

The frequency response will also depend on the equivalent circuit of the voltage source.
The two different setups are presented individually below.
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First setup without the amplifier

Figure 2.14: Equivalent circuit of the actuator setup without the amplifier used.

The RC circuit formed by Rout and Celec will act as a low-pass filter and will operate
at a different frequency from the RLC circuit. The arbitrary function generator has an
output impedance Rout = 50Ω, the electrical capacitance of the piezoelectric actuator is
Celec = 0.15µF which gives an electrical cut-off frequency:

fcut_off = 1
2πRoutCelec

= 21.22kHz (2.43)

The Bode diagram of this equivalent circuit for this setup is shown in Figure 2.16 is
represented using LTspice. The frequency response of this configuration is therefore
composed of a low-pass filter with a cut-off frequency at a lower frequency, followed by a
resonance at approximately 135 kHz. In the region above the cut-off frequency, the results
obtained in practice become increasingly random, due to the very small size of the signals.

Second setup with the amplifier

Figure 2.15: Equivalent Circuit of the actuator setup with the amplifier.

First of all, in this model, the resistor Rfilter and the capacitor Cfilter were added in
order to simulate the 100kHz bandwidth of the amplifier. Experimental tests revealed
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an electronic resonance at around 12kHz following the introduction of the amplifier into
the setup. The very low output resistance Rout = 0.1Ω allows the cut-off frequency of the
Rout-Celec part to be shifted to fcut_off = 10.6MHz and is therefore not even perceived in
future results.

The underdamped electronic resonance peak, with a slope of -40dB/dec which follows the
pole can be observed in Figure 2.16. The resonance caused by the actuator at approximately
135kHz is still present, but its amplitude is significantly weaker than that of the first setup.
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Figure 2.16: Gain Bode diagrams on the left and phase Bode diagrams on the right for
the two setup presented.

Setup considerations

Now that the experimental model has been defined, a number of considerations need to be
made specifically for the analysis of the silicon gauge under dynamic deformation.

It is first necessary to recall the objectives of this chapter. The main objective is to
establish a valid experimental setup for the dynamic analysis of the silicon gauge, which
will be reused for the CMOS sensor studied in the next chapter. The following section
will present models developed to characterize the frequency response of the silicon gauge
under dynamic deformations caused by the piezoelectric actuator. Figure 2.17 illustrates
the block diagram of the system analysed in this chapter.

Wave
generator Amplifier Silicon

gaugeActuator

vn,source vn,gaugeFn,actuator

Mechanical domainElectrical domain

voutvin

Figure 2.17: System block diagram.
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It can be assumed that the silicon gauge has a constant bandwidth throughout the
frequency range analysed, and therefore will not affect the frequency response of the
system. However, it is possible that the response amplitude may be attenuated due to the
influence of different noise sources, as previously discussed in this chapter. The shape of
the frequency response is influenced exclusively by the voltage supply and the piezoelectric
actuator.

The BVD model is used to characterize the operation of the piezoelectric actuator. The
aim of this equivalent model is to transcribe the mechanical behaviour of this device into
the electrical domain. The models from Figures 2.14 and 2.15 also include the impact
of the voltage supply on the rest of the circuit, including the amplifier bandwidth and
the generator output resistance, for example and the electrical frequency response. This
means that the simulated Bode diagrams for the equivalent circuits of these setups in
Figure 2.16 already take into account the mechanical response of the actuator in addition
to the electrical behaviour of the setup.

It is essential to distinguish between the mechanical and electrical frequency responses
of the system. The Bode diagrams, which have been simulated above, take account of
these two effects together. However, the electrical measurement made at the actuator
input will obviously not take account of its mechanical behaviour, whereas the model
does. The low-pass filter generates a cut-off frequency based on the R-C circuit with the
output resistance of the voltage source and the electrical capacitance of the actuator. The
mechanical behaviour of the actuator could alter this response, resulting in the generation
of a shift on the frequency pole.

2.4.3 Results
This section summarises all the results of the dynamic analysis of the experimental models
presented previously. First of all, two different models have been established according to
two different set-ups, and the initial results enable them to be validated. An analysis of
the frequency response will be carried out using the method described in section 2.4.1 and
on the basis of their Bode diagrams. Experimental noise estimates are then analysed.

Amplifier impact on input voltage

The addition of the amplifier from the first setup 2.14 to the second setup 2.15 introduced
a voltage overshoot at the input of the piezoelectric actuator only around 12kHz as shown
in Figure 2.19. This overshoot is linked to the appearance of a resonance. Two possibilities
have been considered:

• Either this resonance is caused by an inductive effect already present in the actuator
with the setup without amplifier but has just been masked by its cut-off frequency
of 21.22kHz.

• Or the amplifier has added an inductive effect, which in this case is perceptible
because the cut-off frequency of this setup is set at 100kHz.
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This hypothesis was verified using an extension to the second setup shown in Figure 2.18.

Figure 2.18: Equivalent circuit of the setup with amplifier and a series resistor connected
to the amplifier output.

A series resistor with a value of Rseries = 47Ω has been connected in series with the
amplifier output. Assuming that electronic resonance has been induced by the piezoelectric
actuator, placing this resistor reduces the cut-off frequency of the RC circuit formed by
the amplifier’s output resistor Rout and the actuator’s electrical capacitance Celec. If the
first assumption mentioned above is correct, the voltage at the actuator input should be
identical over the frequency band of 10kHz between the setup without amplifier and the
setup in figure 2.18 since a pole has been added to the frequency in this second case:

fcut_off = 1
2π(Rout + Rseries)Celec

≈ 22.53kHz (2.44)

Experimental measurements of the input voltage as a function of generator frequency
for the three different cases (setup without amplifier, with amplifier, with amplifier and
resistor in series) are shown in Figure 2.19.
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Figure 2.19

We can therefore see that the electrical resonance peak appears even if a pole of the same
frequency has been deliberately added in the second setup in order to match that of the
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first setup. The first hypothesis is invalidated and the second is confirmed. The amplifier’s
user manual mentioned a potential overshoot of the output voltage if a capacitive load is
connected to its output. These initial results validate the addition of the Lout inductance
in the second setup presented.

Frequency response analysis

Figure 2.21 shows the frequency response in amplitude for the two initial setups as well as
the one in Figure 2.18. This work does not focus on their values for the reasons mentioned
in the previous section, but rather on the shape of these curves. These frequency responses
are functions of:

H(f) ∝ εout(f)
εin(f) (2.45)

With εin and εout defined in equations 2.37 and 2.35 respectively. These values were
extracted by post-processing over the entire frequency range from 10Hz to 300kHz. The
amplitude of the output voltage of the generator is fixed at 10V which gives the voltage
amplitude at the actuator input in Figure 2.19.

101 102 103 104 105

Frequencies [Hz]

60

40

20

0

20

Ga
in

 [d
B]

No amplifier
Amplifier
Amplifier and Rseries

101 102 103 104 105

Frequencies [Hz]

25.0

22.5

20.0

17.5

15.0

12.5

10.0

7.5

5.0

Ga
in

 [d
B]

No amplifier
Amplifier
Amplifier and Rseries

Figure 2.20: Frequency response of the system for three different configurations simulated
on the left and measured on the right.

The nominal resistance of the silicon gauge is 1kΩ. Knowing the operating parameters of
the actuator and the voltage at its input, the deformations it will theoretically undergo:

εestimated = Vin

Vmax,actuator

εmax,actuator = 10
100 · 6.5 × 10−6

9 × 10−3 = 72.22µε (2.46)

The gauge factor of the theoretical gauge is used to calculate the variation in theoretical
resistivity of the gauge:

∆R = KεestimatedR = 150 · 72.22 × 10−6 · 1000 = 10.83Ω (2.47)
The source meter injects a current of Iinj = 5mA in order to measure this variation in
resistivity in voltage for the oscilloscope. The voltage measured across the gauge is:
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Vgauge(t) = RnomIinj + ∆R(t)Iinj = 5 + 0.054 sin (ωt) (2.48)

The measured voltage thus corresponds to a direct current (DC) voltage dependent on the
nominal resistance value of the silicon gauge, plus an alternating current (AC) component
representing the variation in resistivity of the gauge at a much smaller amplitude. In
order to analyse the lower amplitude frequency response, it was necessary to impose AC
decoupling when probing the voltage across the gauge. This eliminated the DC component,
allowing the AC component to be accurately measured. This is why the frequency range
under consideration commences at 10Hz. The AC component was influenced by AC
decoupling when the generated signal was of low frequency. Figure 2.20 illustrates that the
amplitude value diminishes as the frequency approaches 10Hz, which can be attributed to
the aforementioned AC decoupling of the measurement.

The graph also illustrates a plateau where the frequency response is stable from several
kHz in all three cases. Thereafter, the three slopes exhibit a decrease, and it can be
observed that the two setups using the amplifier decrease more significantly than the
one without the amplifier. This is a consequence of the electrical resonance effect in-
troduced when the amplifier was added which causes a decrease of -40dB/dec from this
frequency compared to a decrease of -20dB/dec for the first setup from its cut-off frequency.

Finally, the resonance peak of the piezoelectric actuator at 135kHz is identified in all three
cases. Beyond that, the signals observed are of a low amplitude and the results become
random.

Signals phase

Figure 2.21 illustrate the phase differences between the signal emitted by the generator and
the signal measured by the gauge. This was completed efficiently through the utilisation
of post-processing techniques. The Fourier transform of the measured signal at the output
of the gauge and the signal at the output of the generator or amplifier was calculated.
The frequency at which the amplitude of the transforms is at its maximum was then
extracted. The phase of the signal associated with this frequency for each of the two
signals is compared across the entire frequency range over which measurements were taken.
Figures 2.21 illustrate the Bode phase plot for the two setups presented in section 2.4.2.

The illustration on the left depicts the phase shift of a low-pass filter with a cut-off
frequency of approximately 15kHz. As previously stated, the mechanical parameters of the
BVD model may potentially influence the position of this pole in the frequency response
of the overall system. In practice, the actuator datasheet provides an uncertainty of 20%
on the value of the electrical capacitance. This uncertainty could theoretically reduce the
pole to the value:

fcut_off_uncertainty = 1
2πRout(0.15 × 1.2)10−6 = 17.88kHz (2.49)
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Figure 2.21: The Bode phase plot of the setup for the case where the amplifier is not
included on the left, and for the case where the amplifier is included on the right.

As illustrated in the figure on the right, the resonance introduced by the amplifier is
once again evident. The abrupt 180° phase shift at approximately 12 kHz is indicative of
resonance in an underdamped RLC circuit. In the context of a series RLC circuit, the
damping factor is defined as:

ζ = R

2

√
C

L
(2.50)

In the case of the right figure, R = Rout = 0.1Ω. Figure 2.22 depicts the Bode phase
diagram for the identical configuration with the inclusion of a series resistor Rseries = 47Ω
connected in series to the amplifier’s output. The damping factor is multiplied by a factor
of 500. As illustrated in Figure 2.19, the response remains underdamped, although the
resonance peak is attenuated.
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Figure 2.22: The Bode phase plot of the setup with the amplifier and the series resistor.

The three Bode phase plots demonstrate that the phase responses of the models established
for the three setups coincide with the experimental results. This indicates that the
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Butterworth Van Dyke model is an effective approach for simulating the mechanical and
electrical operation of the piezoelectric actuator in terms of the phase of the signals.

Noise

This section provides a brief overview of the influence of noise on the measured signal.
All the results presented so far have been computed on the basis of data that has been
attenuated to a lower level of noise. An initial averaging was performed by the oscilloscope
during the measurement process, and post-processing was employed to further attenuate
any residual noise in the signal. In order to obtain the results included in this noise
analysis, the averaging performed by the oscilloscope was removed, thus producing a raw
version of the measured signal.

A curve fitting procedure was conducted on the signal measured at the output of the
gauge with the objective of separating the useful signal from the noisy experimental signal.
Curve fitting was performed using the curve_fit function from the SciPy API on Python.
The curve_fit function uses non-linear least squares to fit a function to the input data.
Once the useful signal has been extracted, it is subtracted from the measured signal in
order to isolate the noise, as illustrated in Figure 2.23.
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Figure 2.23: Silicon gauge measurement noise extraction.

Once the useful signal component and the noise component had been extracted separately,
the signal-to-noise ratio (SNR) was computed according to the following formula:

SNRdB = 10 log10

(
Psignal

Pnoise

)
(2.51)

The power of the useful signal Psignal and the power of the noise signal Pnoise are determined
by:
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Psignal = 1
N

N−1∑
i=0

Vsignal[i]2 Pnoise = 1
N

N−1∑
i=0

Vnoise[i]2 (2.52)

With N the number of samples of the measured signals. The computations were performed
over the entire measured frequency range with the amplifier configuration. Figure 2.24
depicts the results for SNR and noise power.

101 102 103 104 105

Frequencies [Hz]

15

10

5

0

5

10

15

20

SN
R 

[d
B]

101 102 103 104 105

Frequencies [Hz]

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

P n
oi

se
 [V

2 ]

1e 6

Figure 2.24: Signal-to-noise ratio on the left and experimentally estimated noise power on
the right as a function of the frequency.

The signal-to-noise ratio demonstrates a slight increase at low frequencies before reaching a
plateau. Then, there is a gradual decline from 3 kHz, accompanied by the reappearance of
the resonance peak of the piezoelectric actuator at 135 kHz. The noise power is significant
and declines precipitously at low frequencies, remaining at a stable value throughout the
remainder of the bandwidth.

The SNR curve exhibits a typical pattern, with flicker noise initially decreasing and then
dominating until the corner frequency, after which thermal noise from the voltage source
and silicon gauge, and mechanical noise from the piezoelectric actuator, become the
dominant sources.

2.4.4 Conclusion
The objective of this chapter was to develop and validate a theoretical model of the
piezoelectric actuator and silicon strain gauge to predict their behavior in a dynamic
regime. This goal was successfully achieved by modeling the actuator with a simplified
Butterworth Van Dyke topology and integrating it with the experimental setup. The
silicon strain gauge was then used to measure the system’s frequency response, effectively
validating the predicted model.

Two configurations were tested:
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• The initial setup connected the signal generator directly to the actuator with an
output resistance of 50Ω, forming a low-pass filter with a cutoff frequency of approx-
imately 22 kHz due to the electrical capacitance of 0.15µF of the actuator.

• The second setup used an amplifier with an output resistance of 0.1Ω, which shifted
the RC circuit’s pole to a higher frequency well beyond the frequency range analysed,
but also introduced unexpected inductive effects, reducing the effective bandwidth.
To model this, an output inductance, represented by Lout, was added to the amplifier
setup model.

Comparing the models and experimental results, the frequency response exhibited stability
up to approximately 3-4 kHz, after which they were impacted and decreased for the reasons
outlined above. There is a consistent phase alignment between the predicted and measured
signals, demonstrating the robustness of the model used. Additionally, a noise analysis
was conducted, providing estimates of the experimental noise.

This chapter successfully established a dynamic test bench for strain sensor characterization,
focusing on the system’s frequency response shape and phase. Future work could extend this
study by comparing dynamic deformation amplitudes with known static performance. The
techniques presented here were used to analyse the CMOS strain sensor in the next chapter.
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Chapter 3

Characterization and dynamic strain
analysis of the CMOS strain sensor

The objective of this chapter is to characterize a CMOS strain sensor and analyse its
dynamic behaviour. The sensor, developed at the Université Catholique de Louvain,
employs a self-bias current reference circuit inspired by the Widlar current source topology,
resulting in the formation of a β-mutiplier reference circuit. Two distinct topologies are
examined and detailed in [63, 64]. One employs a full transistor configuration, while
the other substitutes a transistor with a polysilicon resistor. The sensor relies on the
piezoresistive properties of silicon and a specific arrangement of transistors to make its
current dependent to applied stress.

The aim is to analyze the sensor when subjected to dynamic vibrations and deformations.
The CMOS strain sensor and its topologies are presented in the initial section, covering
practical operation, equations, and non-idealities. The impact of temperature and dopant
concentration on sensor sensitivity is investigated. Building on the model established in
Chapter 2 for the dynamic analysis of the strain gauge, adjustments are made, and an
adapted setup for the CMOS strain sensor is presented in the second part of this chapter.
Additionally, the static setup used to characterize the sensor’s behavior under temperature
variations is described. The methodology for each of these analyses and the results are
discussed in the final section.

3.1 Theoretical specifications of the CMOS strain
sensor

The two implementations employed in this thesis are illustrated in Figure 3.1. This section
introduces the sensor, which is presented in [63].

The sensor is made up of three parts:

• PMOS transistors M3 and M4, which impose the same current in both branches of
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the circuit when no strain or stress is applied.

• Transistors M5 to M8 form a cascode to strongly reduce the sensor’s dependence on
the voltage supply. These transistors have no impact on the behaviour of the circuit
when subjected to stress or strain.

• NMOS transistors M1 and M2 with the passive component R in one topology and
replaced by an active load M9 in the other. This part of the circuit imposes a
quadratic relationship in both branches.

Further implementations of this sensor aimed at improving sensitivity and reducing tem-
perature dependence are included in [63]. A full detailed analysis of the operation, a noise
study, discussions on the impact of different parameters, integration into test circuits and
more are included in the thesis [64]. 6HQVRUV DQG $FWXDWRUV� $� 3K\VLFDO ��� ������ ������
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Fig. 2. β--ultiplier reference circuits with 5a7 resistor and 5b7 full-transistor i-ple-entations. The reference currents are, respecti*ely, written Ia and I,.  

%. +oisin et a�.                                                                                                                                                                                                                                  

!!!

!!"

Figure 3.1: β-multiplier reference circuits. βR topology with polysilicon resistor R on the
left and full-transistor implementations β+ topology on the right. The reference currents
are, respectively, written IβR

and Iβ+ [63].
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3.1.1 Impact of strain on transistor operation
Strain affects the resistivity of the semiconductor material. In the case of transistors, the
carrier mobility is subject to variations. For infinitesimal displacements, these variations
are defined by [63]:

−dµi

µi

= πi,lσl + πi,tσt (3.1)

where µi is the mobility for carriers "i" which is denoted "n" for electrons and "p" for holes.
πl and πt are the longitudinal and transverse piezoresistive coefficients respectively and σl

and σt are the longitudinal and transverse stress components respectively. By solving this
equation gives the dependence of mobility on stress:

µi = µ0
i e−(πi,lσl+πi,tσt) (3.2)

With µ0
i is the mobility in the relaxed case. The expression for the drain-source current in

an NMOS transistor taking into account the piezoresistive effects on mobility and Early
effect becomes:

IDS(σ) = µn(σ) Cox
W

L

(VGS − V th)2

2 (1 + VDS

VEA

) (3.3)

where Cox refers to the oxide capacitance, W
L

the ratio of width to length of the transistor,
VGS the gate-source voltage, V th the threshold voltage, VDS the drain-source voltage and
VEA the Early voltage. To simplify developments, the transconductance factor [63] is
introduced and defined as:

βi(σ) = µi(σ) Cox
W

L
(3.4)

In the rest of this work, uniaxial stress and strain is considered. The operation of the
piezoelectric actuator used in the setup described in section 2.3.3 validates this assumption
about its displacement. The value of the piezoresistive coefficients in silicon depends
on their direction as shown in the table 2.1. By orienting the channel of the sensitive
transistors of one branch in the longitudinal direction of the strain and those of the
other branch in the perpendicular direction, the sensor’s sensitivity to deformation can
be enhanced, thereby increasing its gauge factor [64]. The subsequent equations will
provide further evidence to support this assertion. In the following sections, the numbered
subscripts are used to correspond to the related transistor.

3.1.2 Current equations for βR topology
In absence of strain

If PMOS transistors M3 and M4 have identical dimensions, operate in saturation, and
neglecting the Early effect and threshold voltage mismatch, then in the absence of stress,
their currents are equivalent:
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µ0
p,3 = µ0

p,4 (3.5)
IDS,3(σ = 0) = IDS,4(σ = 0) (3.6)

This system of equations can be established for both topologies:


VSG,3 = VSG,4

IDS,3 = IDS,4

IDS,1 = IDS,3

IDS,2 = IDS,4

(3.7)

A Kirchoff’s law can be applied to establish these expressions for the NMOS transistors
M1 and M2 and the resistor R:

VGS,1 = R IDS,2 + VGS,2 (3.8)
If transistors M1 and M2 are in saturation and the Early effect is neglected, their gate-source
voltage is expressed as:

VGS,j = V th
j +

√
2IDS,j

βn,j

(3.9)

The letter "j" is used to indicate a specific transistor. The transconductance factor also
depends on the ratio K21 between the dimensions of transistors M1 and M2:(

W

L

)
1

= K21

(
W

L

)
2

−→ βn,1 = K21βn,2 (3.10)

Neglecting the threshold voltage mismatch between the transistors, the two expressions
above can be injected into 3.8 to obtain:√

2IDS,2

K21βn,2
= R IDS,2 +

√
2IDS,2

βn,2
(3.11)

After development and simplification, the current in the branches is defined by the following
quadratic relationship:

IDS,2(σ = 0) = IβR
(σ = 0) = 2 (1 − 1

√
K21)2

βn,2R2 (3.12)

With strain applied

By taking strain into account, the second expression of the system of equations 3.7 must
be modified because the mobility of transistors M3 and M4 is no longer equal:

IDS,3 = IDS,4
βp,3(σ)
βp,4(σ) (3.13)
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The transconductance factors have been revised and now differ between M3 and M4. This
is due to the fact that the transistors are oriented differently and the stress applied is
assumed to be uniaxial. [63] provides the developments and the expression of the branch
current of the βR-multiplier topology 3.11 becomes in the presence of strain:

IβR
(σ) = 2(e(π3−π1−π4) σ

2 − e−π2
σ
2 /

√
K21)2e2πrσ

R2β0
n

(3.14)

3.1.3 Current equations for β+ topology
An improvement on the above topology is its equivalent with an NMOS transistor in
triode, which replaces the resistor shown in figure 3.1. The current in the branches can
therefore be tuned using the gate voltage of this transistor [64]. Kirchoff’s law is applied
to obtain the relationship between the voltages of transistors M1, M2 and M9.:

VGS,1 = VGS,2 + VDS,9 (3.15)
After development [63], the current in the branch of the β+-topology without or with the
presence of deformation is:

No stress applied: Iβ+(σ = 0) = 2V 2
ovβ0

n

(1 − 1/
√

K21)2[
(1 − 1/

√
K21)2 + 1/K91

]2 (3.16)

(3.17)

Stress applied: Iβ+(σ) = 2V 2
ovβ0

n

(e(π3−π1−π4) σ
2 − eπ2

σ
2 /

√
K21)2[

(e(π3−π1−π4) σ
2 − eπ2

σ
2 /

√
K21)2 + eπ9σ/K91

]2 (3.18)

The value of K91 corresponds to the ratio between the dimensions of transistors M9 and
M1. The overdrive voltage is defined as Vov = Vbias − V th, where the terms Vbias and V th

correspond to the gate voltage of transistor M9 and its threshold voltage, respectively.

3.1.4 Temperature and dopant dependencies in CMOS strain
sensor

The current equations presented above do not take into account certain non-idealities.
The expressions 3.14 and 3.18 for the currents in each topology are revised. The effects of
doping and temperature on the various parameters are taken into account. The validity of
these new expressions are then assessed experimentally.

Temperature and dopant dependencies of piezoresistive coefficients

The piezoresistive coefficients are subject to variation as a function of temperature T and
doping N , as expressed by [83]:

π(N, T ) = π(N0, 300K) P (N, T ) (3.19)
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In this expression, the reference piezoresistive coefficient for a low doping level N0, and
a reference temperature of 300K is represented by π(N0, 300K). The function P (N, T )
represents a correction factor that takes into account the variations linked to the doping
level and the temperature. It is expressed by [84] as follows:

P (N, T ) = 300
T

1(
1 + e

−
Ef
kbT

)
ln
(

1 + e
−

Ef
kbT

) (3.20)

where kb is the Boltzmann constant and Ef is the Fermi level, which depends on doping
of the material:

N-doped silicon: Ef = Ec + kBT ln
(

n

Nc(T )

)
(3.21)

P-doped silicon: Ef = Ev − kBT ln
(

p

Nv(T )

)
(3.22)

Ec and Ev represent the energy of the conduction and valence bands respectively. The
conduction and valence density of states are Nc(T ) = Nc,T0T 3/2 and Nv(T ) = Nv,T0T 3/2,
where the subscript T0 represents these values at a reference temperature. This work
will focus on measurements between 300K and 355K. The concentration of carriers in a
semiconductor is known to vary with temperature, and can be divided into three distinct
regions [85] as shown in Figure 3.2:

• Freeze out temperature region: the thermal energy is very low. It gradually becomes
sufficient to ionise the dopant atoms as the temperature rises and the number of
carriers is increasing.

• Extrinsic temperature region: Once all the dopant atoms have been ionised, the
number of carriers in the semiconductor material can be approximated by the values
given in equation 3.23. This approximation is no longer dependent on temperature
until the latter affects the intrinsic properties of the material.

n ≈ ND p ≈ NA (3.23)

The concentration of donor and acceptor dopant atoms is represented by ND and
NA, respectively, for n-type and p-type doped materials.

• Intrinsic temperature region: The very high thermal energy enables electrons to
transfer from the valence band to the conduction band.
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Figure 3.2: Evolution of carrier concentration in a semiconductor as a function of temper-
ature reproduced from [85].

Figure 3.3 illustrates the evolution of the correction factor P (N, T ) as a function of doping
within the semiconductor, for different temperatures expressed in Celsius.

nbba

Figure 3.3: Correction factor P (N, T ) as a function of doping concentration and tempera-
ture for (a) p-type silicon and (b) n-type silicon from [72].

In the present study, the temperatures under consideration range from 300 to 355 K, or
from 25 to 80°C. Figure 3.3 illustrates that the correction factor remains relatively constant
at these temperatures as a function of doping up to NA = 1018cm−3 for p-doped silicon,
and ND = 1019cm−3 for n-doped silicon. In the following sections, it is assumed that the
doping level of the channel in the CMOS sensor under study is below the aforementioned
values. In this case, the correction factor doping term is neglected, and its expression is as
follows:
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P (T ) ≈ 300
T

(3.24)

Temperature dependencies of mobility, polysilicon resistor and threshold volt-
age

Considering the dependence of mobility on temperature, given by the relation µ ∝ T
−3
2

resulting from lattice scattering [86], the transconductance factor is rewritten:

βi(σ, T ) = βi,T0(σ)
(

T

T0

)−3/2
(3.25)

With βi,T0 the transconductance factor value at reference temperature T0. The temperature
dependence of simple resistor is derived from the following equation:

R(T ) = RT0(1 + α(T − T0)) (3.26)

With RT0 the resistor value at reference temperature T0 and α the temperature coefficient
of the resistor. The variation in threshold voltage with temperature for the β+-mutliplier
has also been taken into account through the expression of the overdrive voltage:

V 2
ov(T ) = (Vbias − V th(T ))2 (3.27)

V th(T ) = V th
T0 + ∂V th(T )

∂T
(3.28)

With V th
T0 = V th(T = T0) the threshold voltage at the reference temperature.

Final expression of temperature dependency

The equations of current for the two topologies, taking into account the impact of tem-
perature on the piezoresistive coefficients, mobility, resistance and threshold voltage, and
neglecting the impact of doping, are defined as follows:

IβR
(T, σ) = 2(e(π3,T0 −π1,T0 −π4,T0 ) 300

T
σ
2 − e−π2,T0

300
T

σ
2 /

√
K21)2e2πr,T0

300σ
T

R(T )2β0
n,T0

(
T

T0

)3/2
(3.29)

Iβ+(T, σ) = 2V 2
ov(T )β0

n,T0

(e(π3,T0 −π1,T0 −π4,T0 ) 300
T

σ
2 − eπ2,T0

300
T

σ
2 /

√
K21)2[

(e(π3,T0 −π1,T0 −π4,T0 ) 300
T

σ
2 − eπ2,T0

300
T

σ
2 /

√
K21)2 + eπ9,T0

300σ
T /K91

]2 ( T

T0

)−3/2

(3.30)

Where the terms πj,T0 are defined as the piezoresistive coefficient of transistor j at the
reference temperature T0.
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3.2 Experimental methodology

3.2.1 Static analysis setup

All static measurements of the CMOS
sensor at rest were conducted using the
PM8PS probe. This prober is a low-
signal probe station with a Probeshield
and a thermal chuck, and is used for I-V
and C-V measurements. The station is
equipped with a module for temperature
testing and has been employed for the
characterisation of the device up to 80°C.

Figure 3.4: PM8PS prober employed for static
characterization of the CMOS strain sensor.

3.2.2 Dynamic analysis setup

Tektronix
AFG2021

Tektronix
MSO2024B

Keightley
SMU 2450

Falco systems
WMA-280

Sensor and
actuator

Figure 3.5: Setup for dynamic characterization of the CMOS strain sensor.
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Figure 3.6: Assembly of the CMOS strain sensor on the piezoelectric actuator.

The setup is essentially similar to that employed in Chapter 2 for the dynamic analysis
of the silicon gauge. The wave generator and amplifier are employed to supply the
piezoelectric actuator. The two source meters are used as DC power supply to generate
accurately the VDD voltage of the CMOS circuit and the gate of transistor M9 of the
β+-multiplier see Figure 3.1. The sensor output is connected to a simple resistor so that
its voltage drop can be measured on an oscilloscope. Figure 3.7 shows a simplified diagram
of the connections in this setup.

  X20

Figure 3.7: Scheme of the dynamic experimental setup for the CMOS sensor.
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The piezoelectric actuator model used in this chapter is different from the one used in the
previous one. The parameters specific to this model are given in Table 3.1. A slightly
larger model has been chosen in order to have enough space for the sensor, which in turn
increases the electrical capacitance of the actuator. The choice was made to minimise
the value of this capacity in order to avoid reducing the system’s bandwidth as much as
possible.

Model Dimensions
AxBxL [mm]

Nominal
displacement [µm]

Electrical
capacitance [µF]

Resonant
frequency [kHz]

P-882.51 3x2x18 15 ±10% 0.31 ±20% 70 ±20%

Table 3.1: Main parameters of the P-882.51 actuator from Physik Instrumente [65].

CMOS sensor assembly

An assembly was carried out to simplify the integration of the sensor into the setup. The
schemes of the different parts of the assembly are shown in Figure 3.8.

a)

b)

c)

Figure 3.8: Top view (a), front view (b) and side view (c) of the assembly.

As the CMOS strain sensor is fabricated on a silicon die, it required wire bonding between
its pads and copper contacts to connect it to the rest of the setup. Gold bond wires
were used. Their fragility required a robust and stable anchor point to withstand the
deformations the sensor underwent. The piezoelectric actuator is fixed at its base to the
centre of a first U-shaped piece. Two pieces have been placed on either branch of this U,
so that they can be raised to the height of the sensor pads which is on the piezoelectric
actuator. Finally, simple cables were soldered to these copper contacts to connect the
device sensor to the setup.
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3.3 Measurements and results

3.3.1 Temperature testing and differential analysis with glued
device

Extraction methodology

Temperature tests were performed on the device at rest, with no strain applied, both before
and after the sensor was bonded to a steel strip. The tests were conducted between 25°C
and 80°C in 5°C increments, with a 15-minute interval following the probe’s reach of the
specified temperature. The descent from 80 to 25°C was also measured. The methodology
employed to extract the measurements is illustrated in Figure 3.9.

25�C VeW I-V
PeaVXUePeQW 5�C iQcUeaVe 15 PiQXWeV

ZaiW
I-V

PeaVXUePeQW

 NR 

 YeV 

IV 80�C ?

5�C decUeaVe15 PiQXWeV
ZaiW

I-V
PeaVXUePeQW

 NR 

 YeV IV 25�C ?EQd

Figure 3.9: Flow diagram of the data extraction methodology for the temperature testing.

Under these conditions, i.e. without applied strain, and taking into account the effects
of temperature, the expressions for the currents for the two topologies 3.29 and 3.30 are
simplified:

IβR
(T, σ = 0) = 2(1 − 1/

√
K21)2

R(T )2β0
n,T0

(
T

T0

)3/2
(3.31)

Iβ+(T, σ = 0) = 2V 2
ov(T )β0

n,T0

(1 − 1/
√

K21)2[
(1 − 1/

√
K21)2 + 1/K91

]2 ( T

T0

)−3/2
(3.32)

Temperature testing results

The results of the temperature tests are presented in Figure 3.10. In the analytical
computation of currents, the various parameters that constitute the expressions 3.31 and
3.32 are derived from [63].

The resistor employed in the βR configuration is made from poly-silicon and exhibits a
nominal value of RT0 =10kΩ at reference temperature. In the absence of strain, equation
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3.26 is adapted to that given below by [87]:

R(T ) ≈ RT0(1 + TCR(T − T0)) (3.33)

The temperature coefficient of resistivity (TCR) describes the variation in resistance with
temperature. In the case of a poly-silicon resistor, the value of the TCR is 100ppm

K [87].

For the β+ topology, the variation in threshold voltage for an NMOS transistor has been
determined by [88] to be equal to −1.27mV

°C .
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Figure 3.10: Impact of temperature on the current of the two topologies, with no strain
applied between 25 and 80°C in 5°C steps. Analytically computed and measured results
on the evice not glued yet.

Table 3.2 illustrates the diverse slopes of the current versus temperature curves for each of
the topologies depicted in Figure 3.10. In addition, the table incorporates the theoretical
sensor sensitivities outlined in [63]. The values estimated on the basis of equations 3.31
and 3.32 both underestimate the temperature sensitivity of the sensor. With regard
to the βR-multiplier, there is a 19% and 26% reduction in sensitivity compared with
the theoretical and measured values, respectively. In the case of the β+-multiplier, the
sensitivity is underestimated by approximately 5% in both instances.

This has several possible meanings. Firstly, the device is placed on the chuck of the prober.
Both materials have different coefficients of thermal expansion that are likely to leave
residual stresses. The expression for the change in resistance with temperature of the
polysilicon resistor is an approximation and has a second order term depending on the
stress applied to the resistor [87].
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Topology Computed temperature
sensitivity [nA

°C ]
Theoritical temperature

sensitivity [nA
°C ]

Experimental temperature
sensitivity [nA

°C ]
βR 42.3 52.06 56.97
β+ -44.64 -47.74 -46.83

Table 3.2: Computed, theoritical from [63] and experimental temperature sensitivities of
the two studied topologies.

Impact of bonding the device on sensor calibration

The material to which the sensor is bonded is likely to deform as the temperature rises, to
a greater or lesser extent depending on its coefficient of thermal expansion.

In this work, the temperature tests were reproduced on the device once it had been bonded
to a steel strip which has a coefficient of thermal expansion of αth,steel = 12µε/K [89].
Since silicon has a thermal expansion coefficient of αth,Si = 2.6µε/K [90], the deformation
experienced by the sensor as a result of the temperature rise depends on the difference
between the two expansion coefficients:

αth,effective = αth,steel − αth,Si = 9.4µε

K (3.34)

Assuming that the device is perfectly bonded and undergoes all the deformation generated
by the steel strip, the transistors of the CMOS sensor are subjected to the following stress
as a function of temperature:

σ(T ) = E αth,effective (T − T0) = 1.551(̇T − T0) MPa (3.35)

With T0=25°C=298.15K the reference temperature and E = 165GPa the Young’s modulus
of silicon in the [110] crystal direction [91]. The steel expands, a positive stress is considered.
Once the device is bonded to a material, the simplified expressions 3.31 and 3.32 are no
longer valid. The current-temperature dependencies for the two topologies are computed
using the equations 3.29 and 3.30 and by injecting the stress 3.35.

The difference between what is computed and what is measured is quite significant. These
differences may be a consequence of the initial assumptions. Firstly, the bond is assumed
to be perfect, whereas in practice, depending on the quality of the bond, it can potentially
attenuate the deformations imposed by the strip.

Secondly, the current equations and the parameters chosen to compute them assume an
uniaxial stress, which is not the case when the steel strip and the sensor expand. Steel
is an isotropic material, which means that it expands in all directions when subjected to
temperature changes, thereby generating stress in all directions. This phenomenon is not
taken into account in the expression of the piezoresistive coefficients.
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Figure 3.11: Impact of bonding the device to a steel strip at different temperatures on the
current of the βR-multiplier. Figure above: Currents measured before and after bonding
and current computed after bonding. Figure below: difference between the measured
currents and the computed currents before and after the bonding of the device.
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Figure 3.12: Impact of bonding the device to a steel strip at different temperatures on the
current of the β+-multiplier. Figure above: Currents measured before and after bonding
and current computed after bonding. Figure below: difference between the measured
currents and the computed currents before and after the bonding of the device.
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3.3.2 UMC180 sensor under dynamic strain characterization
Extraction methodology

The principle remains the same as for the analysis of the silicon gage in the previous
chapter. The frequency response of the system is determined by comparing the deformations
estimated from the CMOS sensor current measurements and the deformations generated
by the piezoelectric on the basis of its parameters.

H(f) = εout(f)
εin(f) (3.36)

The strains generated by the piezoelectric are once again computed using Equation 2.37
shown below for ease of use:

εin(t) = Vin,piezo(t)
Vmax,actuator

εmax,actuator (3.37)

The piezoelectric actuator in this chapter is a different model to the one used with the
silicon gauge. According to the datasheet, Vmax,actuator and εmax,actuator are 100V and
833.33µε respectively. The deformation measured by the CMOS sensor at the output is
determined using the expression:

εout(t) =
∆I(t)

I0

K
(3.38)

Where K is the theoretical gauge factor taken from [63] for the two topologies: 324 for
the βR-multiplier and 415 for the β+-multiplier. ∆I(t) is the variation of the transducer
current with respect to the current at rest I0. The current extracted from the transducer
can be seen as the sum of a higher value DC component and a lower value AC component
dependent on the applied stress, which in turn is dependent on the voltage applied to the
piezoelectric actuator.

The code used to automate the measurements and the extraction method in Figure 2.12
from the previous chapter have been reused here.

Experimental model

For the reader’s convenience, the model established for the initial setup in chapter 2,
which is employed in the dynamic analysis of the CMOS strain sensor, is illustrated in
Figure 3.13. In order to obtain the BVD model parameters for this configuration, the
methodology described in section 2.3.3 is applied to the new actuator model, resulting in
the parameters presented in Table 3.3.

The resonant frequency related to the mechanical branch for this model of piezoelectric
actuator is therefore equal to:

fcut_off = 1
2π

√
CmLm

= 70kHz (3.39)
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Figure 3.13: Equivalent circuit of the actuator setup without the amplifier used.

Components Celec Rm Lm Cm Rout

Value 0.31[µF] 1[Ω] 56[µH] 92.3[nF] 50[Ω]

Table 3.3: Parameters of setup of the dynamic analysis of the CMOS strain sensor and the
Butterworth Van Dyke equivalent topology of the P-882.51 piezoelectric actuator from
Physik Instrumente.

The cut-off frequency of the low pass filter formed by Rout and Celec is set to:

fcut_off = 1
2πRoutCelec

= 10.268kHz (3.40)

Figure 3.14 depicts the theoretical response of the complete system in relation to the
established model.
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Figure 3.14: Bode diagram of the system frequency response using LTSpice.

68



Dynamic analysis results

The results of the dynamic analysis of the system, as measured by the CMOS strain sensor,
are presented in Figure 3.15.
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Figure 3.15: Frequency response of the system measured by the CMOS strain sensor.
Measurements of the βR-multiplier in blue and the βR-multiplier in orange.

The results demonstrate a stable plateau in frequency response up to approximately 2–3
kHz. A first resonant peak in the βR-multiplier occurs at 10 kHz, followed by another peak
in both topologies at 21 kHz. From this point, the results become increasingly random
due to the low-pass filter generated by the actuator’s electrical capacitance combined with
the signal generator’s output resistance, which significantly reduces the amplitude of the
signals. However, a peak can be identified at 70 kHz, corresponding to the mechanical
resonance of the actuator.

A comparison of the results presented in Figure 3.15 with the Bode diagram of the system
generated by LTSpice from 3.14 reveals the presence of two peaks at 10 kHz and 21
kHz, which are not expected. To investigate this more closely, Figures 3.16 and 3.17
illustrate the signal at the input of the piezoelectric actuator and the voltage measured
across a 100kΩ resistor through which the output currents of the transducer were measured.

Figures 3.16 and 3.17 illustrate that the resonance peaks at 10 kHz for the βR-multiplier
and the peak at 21 kHz for the two topologies in the transfer function are generated by
a peak present only in the measurements of the sensor outputs. As the input voltage of
the piezoelectric actuator follows the curve predicted by the established model, it can be
concluded that this is not a case of electronic resonance in the power supply setup as may
have been the case in certain configurations in the chapter 2. Two different assumptions
can be made:

• Either this is an unexpected mechanical resonance in the behaviour of the actuator.
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Given that this phenomenon did not occur during the strain gauge’s dynamic testing
and considering the reliability of PI ceramic products, this hypothesis is less probable.

• Or it is possible that these are electrical resonance peaks that manifest during the
operation of the CMOS sensor at the moment of the measurements. However, to
confirm this potential justification for the observed behaviour, it would be necessary
to conduct an in-depth theoretical study of the behaviour in the dynamic regime
and test the sensor on several measurement sets.
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Figure 3.16: Signal at the input of the piezoelectric actuator in green solid line and
its simulated signal on the basis of the transfer function in green dashed line. Voltage
measured at a 100kΩ resistor through which the output current of the βR-multiplier in
blue passes.
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Figure 3.17: Signal at the input of the piezoelectric actuator in green solid line and
its simulated signal on the basis of the transfer function in green dashed line. Voltage
measured at a 100kΩ resistor through which the output current of the βR-multiplier in
orange passes.
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3.4 Conclusion and recommendations
This chapter aimed to characterize the CMOS strain sensor and analyze its dynamic
behavior, particularly under the influence of temperature on its piezoresistive coefficients.
Additionally, the temperature dependencies of different current terms, including the polysil-
icon resistance for the βR-multiplier and the threshold voltage for the β+-multiplier, were
integrated into the analysis.

Thermal measurements demonstrated a good agreement between theoretical values, com-
puted values, and measured temperature sensitivity for the β+-multiplier. However, for
the βR-multiplier, there was a notable disparity, likely due to an oversimplified estimation
of the polysilicon resistor’s behavior. The temperature tests conducted on the sensor after
bonding to a steel strip revealed significant divergences between expected and observed
deformation levels. This difference was attributed to the initial current equations, which
assumed uniaxial stress, whereas the bonded steel, being isotropic, deformed and generated
stress in all directions.

The study highlighted the limitations of the current model in predicting sensor behavior
when bonded to an isotropic material. However, the results suggest that the model could
be adapted for use with anisotropic materials, where the directions and magnitudes of
stress due to thermal expansion could be more accurately predicted and matched to the
initial assumptions on the current expressions.

The frequency response of the CMOS strain sensor was evaluated, showing stable per-
formance up to 3 kHz. However, unexpected resonance peaks were observed, affecting
measurement accuracy. The source of these resonances remains unidentified, indicating
the need for further investigation to isolate potential causes. The study demonstrated that
the sensor can reliably capture the frequency response of a dynamic strain system up to 3
kHz, although this bandwidth might be limited by external factors rather than the sensor
itself.

During the dynamic analysis, significant challenges were encountered, particularly with
the durability of the setup. The setup experienced multiple failures, primarily due to the
recurrent breakage of the gold wires used for wire bonding on the silicon chip. The device
contained ten wire-bonded connections, but only five were actively used for measurements.
Notably, it was observed that the majority of the breakages occurred in these five critical
wires. It was assumed that breakages were linked to two factors:

• The vibrations and deformations generated by the piezoelectric actuator were ob-
served. The system was subjected to mechanical resonance effects, which generated
displacements of up to approximately 2 µm along the length of the actuator.

• The possibility of heat generation due to repeated and prolonged use of these
connections.

Given these issues, future work should consider reinforcing the wire bonding welds on the
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sensor side by providing additional mechanical support.

This chapter has enabled to experiment with the temperature dependence of the CMOS
strain sensor and to analyse its dynamic behaviour. However, the challenges encountered,
including uncertainties in the frequency response results and repeated connection failures,
indicate the necessity of improvements of the sensor model and enhancements of the
experimental setup for more reliable dynamic testing in the future.
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Conclusion

This work enabled an in-depth exploration of the dynamic characterization of a CMOS
strain sensor exploiting piezoresistive effects in silicium. The study was structured around
three main chapters to aiming to answer various objectives included the development of a
theoretical and experimental model to analyse the dynamic behaviour of strain sensors, as
well as the evaluation of the impact of temperature on CMOS sensor operation.

The first chapter contextualized structural health monitoring techniques and the different
types of sensors used in this field. This section placed the importance of the CMOS sensor
developed in this work in relation to other available technologies, highlighting its high
sensitivity, low power consumption and small size. This established the relevance and
potential of the CMOS sensor for SHM applications and justified the subsequent technical
studies.

The second chapter focused on developing and validating an experimental model using a
silicon strain sensor coupled to a piezoelectric actuator to simulate structural vibrations.
The model, based on a Butterworth Van Dyke topology, accurately predicted the system’s
frequency response, with experimental validation confirming its robustness. These results
demonstrated the validity of the model with regards to the proposed setup, which demon-
strated the functionality of the strain gage up to 4kHz. However, challenges such as noise
and unexpected inductive effects highlighted the complexity of dynamic system modelling
and the areas for potential future enhancement.

The third chapter investigated the dynamic behavior and thermal sensitivity of the CMOS
strain sensor under various conditions. The dynamic analysis revealed that the sensor
demonstrated a stable frequency response up to 3 kHz, validating its potential for high-
frequency applications in SHM. However, the study also uncovered unexpected resonance
peaks, which introduced inaccuracies in the measurements. These resonances were not
fully understood, suggesting that further research is required to identify their sources and
mitigate their effects. Thermal analysis of the sensor showed significant differences between
the theoretically determined analytical expression and the measured results. This indicated
the need for better modeling of different temperature dependencies of the equations, such
as the polysilicon resistor, and a deeper understanding of the sensor’s behavior when
bonded to isotropic materials.

In summary, this work showed the CMOS strain sensor’s dynamic capabilities and also
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highlighted key areas for improvement, for example to model thermal behaviour and
the robustness of the experimental setup. Future research could focus on solidifying the
sensor connections and then improve the sensor model to account temperature variations
more accurately, and further exploring the sensor’s integration into complex systems.
These developments will be essential for the realization of the sensor’s full potential in
aerospace engineering applications per example, where accurate and reliable measurements
are essential for maintaining the safety and longevity of critical structures.
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