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A B S T R A C T

This work is focused on the design, simulation, microfabrication, and characterization of an uniaxial piezo
electric MEMS accelerometer. It investigates the capability of the proposed device to monitor the combustion 
instability induced by the addition of air into jet-A1 fuel in a combustion chamber. The membrane structure of 
the accelerometer is modeled using the commercial FEM package COMSOL Multiphysics to optimize the 
geometrical parameters and validated through both analytical and experimental results. Aluminum nitride (AlN) 
thin film, deposited by sputtering process and characterized for its nanomechanical properties, was chosen as the 
active piezoelectric material of the accelerometer thanks to its compatibility with the complementary metal 
oxide semiconductor (CMOS) technology. The accelerometer has been characterized in terms of frequency 
response, sensitivity, and linearity. All experimental results, which are in good agreement with simulations, show 
that the functional characteristics of the accelerometer are as follows: resonance frequency of about 3.8 kHz; 
linear bandwidth in the range 0.3 – 1.2 kHz; dynamic sensitivity of 0.25 mV/g with a linearity of 99.1 %. Ex
periments for the monitoring of the combustion instability were conducted on a liquid-fueled swirling combustor 
with a nominal power of 300 kW at two global equivalence ratios (Φ), i.e. 0.36 and 0.18. The microfabricated 
accelerometer was positioned on the combustion chamber structure near the flame in the combustion zone for 
the measurement of the chamber vibrations. Its response was compared with the one of a commercial pressure 
sensor to assess its reliability, demonstrating good correlation between the signals coming from the two devices. 
Mean, variance and Kurtosis data analysis techniques were employed to elaborate signals coming from both 
sensors to provide a quantitative indicator of the combustion instability. Given its high sensitivity and wide 
linear bandwidth, the accelerometer can detect subtle variations in chamber vibrations, which are critical for 
early identification of combustion instability. By providing real-time, high-resolution monitoring, the device 
offers a non-invasive method for detecting and diagnosing instability phenomena that are often difficult to assess 
with traditional pressure sensors. The results demonstrate the potential of the realized piezoelectric acceler
ometer in understanding combustion instability mechanisms in gas turbines. Moreover, together with being a 
promising non-invasive tool of diagnosis of this phenomenon, the proposed solution is also expected to be a 
challenge for combustion instability prediction, contributing to the development of more stable combustors.

1. Introduction

Accelerometers are traditionally used for the measurement of me
chanical parameters such as vibrations [1]. The monitoring and identi
fication of abnormal vibrations during the working operations of 

mechanical components in aerospace, automotive, and industrial com
plex systems, are necessary to prevent damage and failure phenomena 
[2]. Among the different working mechanisms of accelerometers [3–6], 
piezoelectric one is the most accurate and reliable for vibration moni
toring [7]. In addition, it allows for the mutual conversion between 
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vibration signals and electrical signals without the need for external 
power supply, promoting the development of no-power consumption 
devices [8]. Moreover, MEMS (Micro-Electro-Mechanical Systems) 
technology offers significant advantages over bulk technology including 
miniaturization, lightweight, low power requirement, cost- 
effectiveness, reliability, and simple integration into small scale sys
tems. These benefits do not compromise the accelerometer’s function
ality, making MEMS-based piezoelectric accelerometers ideal for 
portable devices and compact systems [9]. Most commercially available 
piezoelectric accelerometers are based on bulky PZT (lead zirconate 
titanate), which exhibits excellent piezoelectric properties and high 
sensitivity [10], but it contains lead, a toxic element that poses envi
ronmental risks [11]. This has led to increased interest in lead-free 
materials such as ZnO and AlN, which offer promising performance 
without the environmental concerns associated with lead, though their 
lower piezoelectric coefficient results in slightly reduced sensitivity 
compared to PZT. As a lead-free material [12], AlN is compatible with 
MEMS fabrication processes, exhibits low dielectric losses, and can be 
easily deposited using reproducible methods, like sputtering [13]. It also 
offers a significantly higher maximum operating temperature compared 
to PZT, making it suitable for high-temperature applications. In recent 
years, accelerometers have been proposed as a practical tool for moni
toring combustion instability, particularly in gas turbines [14]. Com
bustion instability, caused by the coupling of heat release fluctuations 
with the acoustic vibrations of the flame, results in high noise levels, 
abnormal vibrations, and potential structural damage [15]. Monitoring 
these vibrations is critical for early detection of instability and for 
mitigating the associated risks. The vibrations related to this phenom
enon occur at discrete frequencies associated with the natural acoustic 
modes of the combustor, contrary to the case of combustion stability 
where the fluctuations are spanned in a very large bandwidth distrib
uted in a wider frequency interval [16]. Specifically, the frequency 
bandwidth generally attributed to combustion-borne vibrations ranges 
from 0.3 to 1.5 kHz [17]. The increasing focus on monitoring combus
tion instability is driven not only by the need to improve engine per
formance but also by environmental concerns, because pollutants 
generated by combustion lead to acid rain, smog, and greenhouse gases 
[18]. The European Union has set a target to reduce greenhouse gas 
emissions by 40 % by 2030, making the development of efficient, stable 
combustion systems more critical than ever [19,20]. Accelerometers 
have been proposed as a possible alternative to overcome the known 
drawbacks of the conventional methods used by researchers to study 
combustion instability in laboratory-scale combustors [21,22], i.e. dy
namic pressure sensors, Photo Multiplier Tube (PMT), high-speed im
aging camera for chemiluminescence and OH– Planar Laser Induced 
Fluorescence (PLIF) [23,24]. In gas turbines, the most used commercial 
piezoelectric accelerometers are Endevco 6222 [25] and IMI sensor 
EX611A20 [26] which are macroscale devices.

This work proposes a MEMS-based uniaxial piezoelectric acceler
ometer for monitoring combustion instability in gas turbines by 
measuring the vibrations associated with this phenomenon. To the best 
of our knowledge, no existing literature has explored the use of MEMS- 
based piezoelectric accelerometers specifically microfabricated for 
combustion instability monitoring. The designed accelerometer consists 
of a circular proof mass suspended by a piezoelectric ring based on AlN 
thin film. The symmetry ensures the dominant movement along the axis 
perpendicular to the plane of the proof-mass, minimizing the contribu
tion coming from the other two axes. The vibrations cause the oscillation 
of the suspended proof mass with the consequent deformation of the 
piezoelectric layer which generates electric charges. These charges are 
detected by a charge-to-voltage amplifier which output measures of the 
applied acceleration (vibration). The importance of the proposed work 
lies in the possibility of using microfabricated miniaturized piezo-MEMS 
accelerometer to monitor vibration signals coming from combustion 
chamber as a reliable non-invasive tool of diagnosis of combustion 
instability and damage prediction. The proposed accelerometer 

represents a significant advancement over the aforementioned tradi
tional methods used to study combustion instability [22,23]. While 
these conventional methods provide valuable data, they often face 
challenges in real-world applications, including complex setup, bulki
ness, and difficulty in integration into operational systems. In contrast, 
the proposed device provides a compact, reliable, and non-invasive so
lution for vibration measurement, which can be easily integrated into 
gas turbine systems. Our accelerometer not only ensures enhanced ac
curacy in monitoring combustion instability but also offers a practical 
alternative that overcomes many of the limitations inherent in the 
larger, more cumbersome equipment currently used.

In summary, the novelty of the work proposed can be highlighted in 
the following points: 

• the design and development of a uniaxial piezoelectric MEMS 
accelerometer with a particular focus on the monitoring application 
for gas turbine combustion instability. To our knowledge, this is the 
first microfabrication process conceived to fulfill the special de
mands of this application.

• Application of AlN as the piezoelectric material, whose content is 
free from lead; it demonstrates even higher temperatures versus 
traditional PZT-based accelerometer devices that feature CMOS 
processes.

• The device herein presented assures a small-scale, precise, reliable 
measurement unit, compared with traditionally used measurement 
methodologies, namely the dynamic pressure sensors or high-speed 
cameras, that were in most situations unimplementable in a 
context of real factory production chains.

• By design, the accelerometer easily integrates into gas turbine sys
tems and represents a practical means of monitoring combustion 
instability vibrations with less bulky equipment.

• The capability for combustion instability prediction and diagnosis 
could be realized with this accelerometer by monitoring the vibra
tions in real time, one of the main factors in the improvement of gas 
turbine engines for reliability and efficiency.

The paper is organized as follows: first, design, simulation and 
fabrication process of the piezoelectric accelerometer are presented. 
Then the results about the device characterization both in laboratory 
and in realistic working conditions are deeply discussed. Finally, in the 
conclusion section the main findings of the work are reported, high
lighting the advantages of the proposed device compared to the tradi
tional ones in the field of the combustion instability monitoring, and the 
future perspectives of its application.

2. Experimental details

2.1. Design and simulation of the piezoelectric accelerometer

The piezoelectric uniaxial accelerometer was designed using COM
SOL Multiphysics. The 3D model comprises a circular membrane 
constituted by a 10 μm-thick Si device layer and a 1 μm-thick thermal 
SiO2. The Si membrane is fully clamped to the edge and has a central 
circular proof mass of thickness 400 μm on the backside. The model was 
developed by using the Solid Mechanics, Layered Shell, Electric Currents in 
Layered Shells, and Electric Circuit physics interfaces, properly coupled 
with Piezoelectricity and Layered Shell-Structure Transition. The Solid 
Mechanics interface modeled the elastic behavior of the silicon mem
brane with an added proof mass. The piezoelectric ring is a multilayer 
placed in the high-strain annular region between the clamped edge and 
the proof mass. It comprises a 0.5  μm-thick AlN film sandwiched be
tween two 0.2  μm-thick Ti electrodes. The piezoelectric ring was 
modeled by the layered shell technology, based on the layerwise theory 
[27]. The multilayer was defined using a surface (2D) geometry and a 
virtual extra dimension (1D) geometry in the through-thickness direc
tion. Both the thickness and materials properties of each layer were 
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explicited, and the governing equations were solved within the spanned 
local 3D space. The Layered Shell and Electric Currents in Layered Shells 
interfaces enabled the accurate simulation of the coupled electrome
chanical behavior of the piezoelectric ring and its interaction with the 
surrounding mechanical structure. The piezoelectric coupling was 
formulated using the stress-charge form: 

T = cES − eTE 

D = eS+ ε0εrE 

where S denotes the strain tensor, cE is the elasticity matrix, T is the 
stress tensor, e is the piezoelectric couling matrix, D is the electric 
displacement tensor, ε is the electrical permittivity, and E is the elec
trical field. The Electric Currents in Layered Shells interface solved the 
governing equation that accounts for both conduction and displacement 
currents: 

− ∇t • d((σ + jωε0)∇tV − (Je + jωP) ) = dQj 

where d is the thickness of the shell, σ is the electrical conductivity, Je is 
the external generated current density, Qj is the external current source, 
P is the polarization vector. The operator ∇t represents the tangential 
derivative along the shell. The Piezoelectricity, Layered Shell multiphysics 
interface provided the linkage between the mechanical and electrical 
domains within the layered shell formulation. The Electric Circuit inter
face was used to evaluate the output voltage as a function of the 
piezoelectric layer impedance. By Finite Element Analysis (FEA) simu
lations, the optimal combination of proof mass, silicon membrane 
diameter and annular piezoelectric ring width that maximizes the on- 
axis sensitivity within the operating bandwidth of the accelerometer 
was identified. Fig. 1 depicts the 2D model geometry of the acceler
ometer, showing the main components of the device.

Typically, an accelerometer should be designed with the first 
fundamental resonance frequency at least three times higher than its 
operating bandwidth to minimize resonance effects, ensure stability in 

dynamic environments, and improve the linearity and signal-to-noise 
ratio within the operating range. Since the device has to operate 
under accelerations between 0.6 and 1.6 g with frequency in the range 
0.3–1.2 kHz, its fundamental resonance frequency has to be higher than 
3.6 kHz (about three times the bandwidth) [28]. However, it is worth to 
consider that the on-axis sensitivity in the operating bandwidth tends to 
decrease as the resonance frequency of the accelerometer increases. 
Simulations allowed to design the accelerometer for optimizing the 
performance and minimizing the footprint. Eigenfrequency and fre
quency domain analyses were performed on a 3D model by varying: i) 
the proof mass volume, between 7.7 and 8.3 mm3, ii) the silicon mem
brane diameter, between 5.1 and 5.5 mm, and iii) the width of the 
piezoelectric ring, in the range 150–300 μm. The effect of mechanical 
and piezoelectric coupling losses on the accelerometer performance was 
also considered. In all the simulations, a mechanical isotropic loss factor 
of 0.10 was modeled as a minimum value of significant damping. 
Piezoelectric coupling losses varying in the range 0.02–0.10 were 
considered in addition to the mechanical damping for evaluating the 
performance of the optimal accelerometer, in terms of mean output 
voltage in the operating bandwidth and on-axis sensitivity, under ac
celerations comprised in the range 0.6–1.6 g. Table 1 reports the prop
erties of the materials used in the simulations.

2.2. Fabrication process

Using standard MEMS techniques, we have developed a fabrication 
process to realize the proposed device, as shown in Fig. 2. It includes 
photolithography, thin film deposition and etching process steps.

As shown in Fig. 2, the selected substrate (a) is Silicon-on-insulator 
(SOI), a wafer substrate consisting of a single crystalline siliconsilicon 
layer (10 μm-thick) separated from the bulk substrate (400 μm-thick) by 
a thin buried layer (1 μm-thick) of thermal silicon oxide (SiO2). This 
technological choice allows for the minimization of the substrate 
leakage and eliminate cross talk between circuits. The first layer defined 

Fig. 1. 2D model geometry, showing the main components of the accelerometer, including the AlN piezoelectric ring, proof mass and membrane size.
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by photolitography is the bottom electrode (b). Titanium (Ti) thin film 
200 nm-thick was deposited by sputtering, followed by lift-off process to 
remove the excess metal and photoresist; the RF power applied to the Ti 
target was equal to 200 W and the Ar pressure in the chamber was fixed 
at 2.5 x 10-2 mbar, as alrealdy largely discussed in an our previuos work 
[32]. A second photolitography step allows for the outlining of piezo
electric area; then, AlN thin film with a thickness equal to 500 nm was 
grown by reactive RF magnetron sputtering by applying an RF power of 
150 W to the Al target [31] (c). After the definition of the top electrode 

by photolitography, the deposition of a Ti thin film followed by lift-off 
(d), and the deep etching of the silicon handle layer by Inductively 
Couple Plasma (ICP) Etcher process down to the buried silicon oxide 
which acts as etch stop layer (e), the front structure of the accelerometer 
was protected by a polymeric film (f) before starting the backside 
pattern process. The backside fabrication starts with the definition and 
the etching of silicon proof mass (handle wafer) by ICP (g) while buried 
silicon oxide etch stop layer was removed by wet etching in BOE 
(Buffered Oxide Etchant) and (h). Finally, the suspended structures are 
released by etching the front protective coating (i), completing the 
fabrication of the accelerometer, shown in Fig. 3.

2.3. Piezoelectric characterization of the device

The fabricated devices were characterized by using the experimental 
setup sketched and photographed in Fig. 4.

It includes a miniature electrodynamic shaker (Model 
K2007E007–PCB PIEZOTRONICS) equipped with a calibrated com
mercial accelerometer used as reference (Model: 352C22–PCB PIEZO
TRONICS), a power amplifier (Model 2100E21-100 – PCB 
PIEZOTRONICS), a function generator and a digital oscilloscope to re
cord the Device Under test (DUT) output signals. Piezoelectric elements 
produces some picocoulombs of charge in one working cycle, whose 
amount can be measured by a charge amplifier. To this aim the exper
imental set-up was equipped with an in-line charge converter (PCB 
Piezotronics − 422E5x) with a high internal load resistance (120 GΩ). 
The instrument converted the high-impedance signal produced by the 
piezoelectric element into a measurable low-impedance signal. Low- 
noise cables were necessary to reduce both the charges generated by 
cable motion (triboelectric effect) and the noise caused by radio fre
quency and electromagnetic interferences. A voltage amplifier (FEMTO 
DLPVA 100-F-S) was used to measure the voltage generated by the 
accelerometer when mechanically deformed. It was characterized by an 
extremely high input impedance equal to 1 TΩ such to consider the input 
current approximately zero. Thus, it can be used as buffer to link 

Table 1 
Materials properties used in the simulations.

Material Properties

Si [29] ρ = 2.33 g/cm3;  

Orthotropic material properties 
Young’s modulus 
Ex = Ey = Ez = 130 GPa 
Poisson’s ratio 
νyz = νzx = νxy = 0.28 
Shear modulus 
Gyz = Gzx = Gxy = 79.6 GPa

SiO2 [30] ρ = 2.2 g/cm3; E = 70 GPa; ν = 0.17
Ti [31] ρ = 4.51 g/cm3; E = 100 GPa; ν = 0.34
AlN [28] ρ = 2.70 g/cm3; 

εii = 9, εij = 0 
Elasticity matrix coefficients (GPa) 
C11 = C22 = 345 
C12 = 125 
C13 = C23 = 120 
C33 = 395 
C44 = C55 = 118 
C66 = 110 
Coupling matrix coefficients (C/m2) 
e24 = e15 = − 0.48 
e31 = e32 = − 0.58 
e33 = 1.55

Fig. 2. From (a) to (h) flowchart of the experimental steps followed for the fabrication of the mems piezoelectric accelerometer. The entire fabrication process was 
carried out in the Advanced Micro And Nano DEvices laboratory (AMANDe Lab) at the Institute for Miroelectronics and Microsystems in Lecce.
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piezoelectric accelerometer output to the oscilloscope for the evaluation 
of the generated voltage.

2.4. Nanomechanical characterization of the piezoelectric thin film

The AlN film used as the active layer in the proposed accelerometer, 
deposited according to the optimized sputtering conditions that guar
antee suitable crystallographic orientation and piezoelectric response, 
as reported elsewhere [33], was subjected to nanoindentation mea
surements to investigate its nanomechanical properties. Nano
indentation was performed on a film 0.5 μm thick using a nanoindenter 
(Anton Paar mod. TTX-NHT2) equipped with a Berkovich diamond tip, 
following the international standard ISO 14577. Load-displacement 
characterization was performed in load control mode at constant 
loading/unloading rates of 4 mN/min and maximum load of 2 mN, 
resulting in a maximum penetration depth of about 75 nm. Preliminary 
tests were conducted by setting a 30 s hold time both at the maximum 
load and at a low load (i.e. 10 % of maximum load) to account for any 
creep or thermal drift phenomena, respectively, both resulting at an 
acceptable level below 5 % during the measurements. Poisson’s ratio of 
0.21 for wurtzite aluminum nitride [34,35] was used for the Oliver and 
Pharr analysis of the unloading curves to obtain instrumented indenta
tion hardness HIT and elastic modulus EIT values. Several regions of the 
film surface were sampled by nanoindentation measurements to exclude 
disuniformity of the values over the surface, arranging a set of 10 in
dentations, separated by 20 μm within the indentation set in each 

region, and then calculating the average values of HIT and EIT.

2.5. Test set-up for combustion monitoring

The microfabricated piezoelectric accelerometer was characterized 
under realistic working conditions at the Green Engine Laboratory of the 
University of Salento. For this purpose, a high-performance 300-kW 
liquid-fueled swirled combustor was employed, featuring a cylindrical 
combustion chamber with an internal diameter of 4 cm and a length of 
29 cm. A schematic diagram of the combustion chamber, including the 
positioning of the piezoelectric accelerometer, is presented in Fig. 5.

The combustion system’s airflow was delivered to the chamber 
through a dual-flow mechanism using concentric annular tubes, allow
ing for optimized mixing of fuel and air. The inner passage is equipped 
with a fixed-geometry axial swirler, consisting of eight vanes inclined at 
45◦. This configuration imparts significant angular momentum to the 
inner air stream, playing a key role in flame stabilization by promoting 
internal recirculation and enhancing air–fuel mixing. Based on the 
swirler geometry and the dimensions of the flow passages, the swirl 
number was calculated to be approximately 0.67, which is a typical 
value for inducing the formation of an axial flow recirculation zone. The 
Jet-A1 was injected into the combustion chamber at 7 bar, with an in
jection angle of 45◦. The fuel mass flow rate was monitored with a 
precision of ± 2 % of the reading, while the air mass flow rate was 
estimated with an accuracy of ± 1 % of the full-scale value (f.s.v.). To 
monitor the combustion phenomenon, a highly accurate Kistler Pie
zoSmart Type 4045A2 pressure sensor was located near the flame and 
cooled to keep the local temperature below 413 K which is the maximum 
declared operating limit. The fabricated accelerometer was placed on 
the structure of the combustion chamber in a position such to be more 
sensitive to combustion-related vibrations and less to other noise sour
ces. The signals coming from both sensors have been elaborated through 
variance and Kurtosis data analysis techniques to achieve quantitative 
information about combustion instability [36].

3. Results and discussion

3.1. Nanomechanical characterization of the active layer of the 
accelerometer

The evaluation of the mechanical properties of the active thin films is 

Fig. 3. Image of the fabricated piezoelectric accelerometer.

Fig. 4. Schematic representation of the experimental set-up used for the functional characterization of the piezoelectric accelerometer; in the inset, the photo of the 
experimental bench set-up in the multifunctional and devices design and characterization laboratory (m2dcl) at the institute for miroelectronics and microsystems 
of lecce.
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indispensable for designing piezo-MEMS devices, since they play a key 
role for the device performance and reliability. Fig. 6 displays an excerpt 
of ten load–displacement curves from the nanoindentation character
izations on the AlN surface.

The average values of instrumented nanohardness and elastic 
modulus derived from the analyses are, respectively: 

- HIT = (20 ± 3) GPa
- EIT = (211 ± 18) GPa

The hardness value is comparable to those reported for sputtered AlN 
films in previous works [37–39] despite the room temperature process 
adopted in our work instead of the higher substrate temperatures used in 
other works. At the same time, the assessed value of the elastic modulus 
is lower than values found on other AlN films (approximately in the 
range 230–280 GPa) [40,41] and bulk wurtzite AlN (290–380 GPa) 
[42], thus suggesting a slightly more elastic behavior in our material. 
This can be also inferred from the narrow shape of the load–displace
ment curves, quantitatively expressed by the percentage ηIT of the elastic 
work, defined as (1): 

ηIT(%) =
Welast

Wtotal
× 100 (1) 

where Wtotal = Welast +Wplast is the total mechanical work done during 
the application of the indentation force (corresponding to the total area 
under the loading curve of the load–displacement graph), being Wplast 

the work consumed as plastic deformation of the material during the 
load application and Welast the remaining part of the work related to the 
elastic recovering of the material during the load removal (corre
sponding to the area under the unloading curve of the load–displace
ment graph). The average value of ηIT resulting from our 
nanoindentation analyses is (70 ± 3) %, thus indicating that about 30 % 
of the work induced a plastic deformation of the material during the load 
application while 70 % is recovered by the elastic reversion of the ma
terial upon load removal. The behaviour prevalently elastic of our AlN 
thin film could be beneficial for the mechanical characteristics of our 
device.

3.2. Validation of the performance of the piezoelectric accelerometer: 
Comparison between simulation results and experimental data

As already reported in the experimental section, simulations allowed 
to optimize the performance of the designed device by considering 
different cases of study. The first one explored the change of resonance 
frequency with the Si membrane diameter and proof mass volume, with 
the width of the piezoelectric ring considered constant and equal to 150 
μm. The results showed that the proof mass volume is the factor that 
significantly influences the device’s resonance, while the change due to 
the Si membrane diameter is minimal (Fig. 7). The resonance frequency 
of Si membranes with added mass of 7.7 mm3 is approximatively 4 kHz, 
and increases with bigger proof masses due to the annular shape of the 
vibrating element. To maximize the on-axis sensitivity of the acceler
ometer in the operating bandwidth, the design was optimized by seeking 
within the framework of low-resonance solutions, which allow to 
maximize the sensitivity in the operating bandwidth.

The output voltage of the three membranes with resonance fre
quency around 4 kHz was evaluated as a function of the width of the 
piezoelectric ring. The latter covers the high strain regions near the 
membrane clamped edges to enhance the conversion of mechanical 
deformation into electrical energy. However, as the ring width in
creases, the impedance of the AlN layer rises, reducing the device’s 
output voltage. Fig. 8 shows the mean output voltage at 1 g in the 
bandwidth 0.3 – 1.2 kHz for piezoelectric ring width between 150 and 
300 μm. The best performance is obtained by a 5.5 mm-wide Si mem
brane with a 150 μm-wide piezoelectric ring, coupled to an added mass 
of 7.7 mm3.

Fig. 5. Green Engine combustion chamber set-up diagram at Green Engine Laboratory of the University of Salento. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Set of load–displacement curves obtained from the nanoindentation 
measurements on AlN film.
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Fig. 9 shows the output voltage at 500 Hz in the range 0.6 g − 1.6 g, 
with increasing piezoelectric coupling losses in addition to the me
chanical ones. The comparison revealed a significant reduction in output 
voltage for coupling losses ranging from 0.02 to 0.10, which reflects in 
the on-axis sensitivity decrease from 1.99 mV/g, with only mechanical 
losses, to 0.17 mV/g with an additional coupling loss of 0.10.

To validate simulation results, the microfabricated accelerometer 
was characterized in terms of frequency response (to extract the reso
nance frequency) and sensitivity. The working frequency response was 
studied in the frequency range from 0.3 – 5 kHz at 1 g, as shown in 
Fig. 10. The bandwidth of the DUT is defined as the Full Width at Half 
Maximum (FWHM) value of the voltage versus frequency graph. The Q- 
factor of the piezoelectric accelerometer can be calculated as the ratio 
between the resonant frequency and the bandwidth at half the peak 

voltage: Q =
fres

Δf0.5V
. The total damping ratio ξ (mechanical and electrical) 

can be obtained from the formula: ξ = 1
2Q [43] [ξ =ξ e (electrical 

damping ratio) + ξ m (mechanical damping ratio) = c/2mfres where c is 
the damping coefficient]. The Lorentzian fitting results are shown in 
Fig. 10.

A good flatness in the response is observed between 300 Hz and 1.2 
kHz (working frequency band) and the resonance frequency results to be 
peaked at 3.8 kHz, coherently with COMSOL simulation results, 
considering the negligible shift towards lower frequency due to known 
effects strictly related to fabrication process [44]. To evaluate the degree 
of accuracy of the measurement in the working frequency band, four 
acquisitions at discrete frequency in the flat band were recorded, in four 
different days (one for each measurement day) at 1 g of acceleration. 

Fig. 7. Simulated resonance frequency of the accelerometer for increasing proof mass volume and Si membrane diameter.

Fig. 8. Mean output voltage in the operating bandwidth at 1 g acceleration, for increasing Si membrane diameter and piezoelectric ring width (added mass of 
7.7 mm3).
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Table 2 summarizes the measured output voltage values. The minimi
zation of the noise is a key issue for some practical applications of the 
accelerometers, especially when the detection of low-amplitude 

vibrations is required (i.e. seismic or industrial applications). In this 
specific case, the input signal can be masked by noise and, consequently, 
it is not detected, reducing the sensitivity of the accelerometer.

The average value of the accelerometer output (average trans
missibility) in the flat frequency range is (0.151 ± 0.008) mV/g. In other 
words, the average measurement inaccuracy is equal to 5 %. This result 
is summarized in Fig. 11(a). Fig. 11(b) shows the trend of the mea
surements performed each day in the flat band frequency region. To 
corroborate the accuracy evaluation, the frequency response of the 
accelerometer was measured in the flat band for three times at different 
accelerations, i.e. 0.6 g, 0.8 g and 1.5 g, and normalized with respect to 
each acceleration taken into account, as shown in Fig. 11(c). The trends 
confirm a high degree of accuracy of the measurements.

The sensitivity of the accelerometer is defined as the voltage or 
charges generated per applied acceleration. To study the sensitivity and 
the linearity of the piezoelectric accelerometer, the open circuit voltage 
and the open circuit output charge were extracted by the voltage 
amplifier and the in-line charge converter, respectively, at accelerations 
spanning from 0.6 g to 1.6 g at the vibration frequency of 500 Hz, as 
reported in Fig. 12.

The voltage sensitivity Sv was obtained from the slope of the linear 
fitting of the experimental data shown in Fig. 12a, resulting equal to 
0.25 mV/g. This is in good accordance with simulation results in which 
an additional coupling loss to the mechanical one, ranging between 0.06 
and 0.10, was considered. This was done to attribute piezoelectric ma
terial losses in MEMS devices [45]. Simulations provided a sensitivity 
range of 0.17–0.28 mV/g (Fig. 9). Linear regression gave R2 value equal 
to 0.99, confirming the great linearity of the piezoelectric MEMS 

Fig. 9. Output voltage at 500 Hz vs acceleration for increasing piezoelectric coupling loss.

Fig. 10. Frequency response from 300 Hz to 5 kHz at @1g acquired from the 
functional characterization of the fabricated piezoelectric accelerometer. The 
results of the fitting procedure on frequency response of the DUT to evaluate Q- 
factor, loss factor and dumping ratio are also shown.

Table 2 
Output voltage of the accelerometer for 4 different measurements at @1g.

Frequency (Hz) Meas 1 
(mV/g)

Meas 2 
(mV/g)

Meas 3 
(mV/g)

Meas 4 
(mV/g)

Average value (mV/g) STD Relative error (%)

300 0.150 0.155 0.138 0.140 0.146 ± 0.008 5.5
400 0.155 0.155 0.135 0.140 0.146 ± 0.010 7.0
500 0.165 0.158 0.137 0.140 0.150 ± 0.014 9.2
600 0.160 0.160 0.147 0.150 0.154 ± 0.007 4.5
700 0.160 0.160 0.137 0.145 0.150 ± 0.012 7.7
800 0.155 0.155 0.150 0.140 0.150 ± 0.007 4.7
1000 0.160 0.160 0.155 0.150 0.156 ± 0.005 3.1
1200 0.160 0.158 0.154 0.150 0.156 ± 0.004 2.5
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accelerometer. Analogously, the charge sensitivity Sq was obtained from 
the the slope extracted from the graph of the output charges versus ac
celeration, shown in Fig. 12b, resulting equal to 0.31 pC/g. Linear 
regression gives R2 value equal to 0.97, confirming the good linearity of 
the piezoelectric MEMS accelerometer. All the experimental parameters 
obtained through the previous characterization allowed for the calcu
lation of the noise which affects the device response. As largely known, 
piezoelectric accelerometer is mainly made of two functional parts: a 
mechanical damped harmonic oscillator and an electrical-thermal part 
made of the piezoelectric material which generates electric charges 
proportionally to the mechanical movement. Both contribute to noise 
generation (mechanical and electrical) which constitutes the total noise 
of the transducer. Specifically, mechanical noise can be related to the 
mass, to the spring constant, and to the mechanical resistance of the 
sensor’s seismic system. Electrical-thermal noise is an additional noise 
caused by any internal or external electronics used in the measurement 
system. It is a function of the sensing materials loss factor which is the 
inverse of the materials quality factor. Following the work of F. A. 
Levinzon [46], mechanical and electrical acceleration noise spectral 
density, indicated as anm and ane, respectively, can be evaluated by 
considering the following formulas: 

anm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4kBTω0

mQ

√

ane =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4kBTηC

ωS2
q

√

(2) 

where kB is the Boltzmann’s constant (1.38 × 10− 23 J/K), T is the ab
solute temperature, the angular frequency ω0 = 2πf0, where f0 is the first 
resonance frequency, m is the mass of the accelerometer, Q is its quality 
factor, η=2ξ is the dissipation factor of the piezoelectric material, C is 
the electrical capacitance of the piezoelectric material, ω = 2πf, where f 
is the excitation frequency, and Sq is the charge sensitivity. Mechanical 
noise equivalent acceleration anm is an invariant with respect to fre
quency when f < < f0 (as in this case where f = 500 Hz< < f0 = 3800 
Hz). anm and ane, both generate a voltage noise spectral density at the 
output of the transducer, indicated as vnm and vne: 

vnm = anm • Sv 

vne = ane • Sv 

where Sv is the voltage sensitivity.
To obtain the values of noises through equations (2), the electrical 

capacitance C of the transducer must be calculated. It was experimen
tally found by considering the structure reported in Fig. 13. The 

Fig. 11. (a) average transmissibility of the accelerometer in the working bandwidth; (b) trend of the measurements performed each day in the flat band frequency 
region; (c) transmissibility of the accelerometer in the working bandwidth at three different acceleration values.

Fig. 12. A) output voltage and (b) output charge versus acceleration. The voltage sensitivity and the charge sensitivity of the microfabricated accelerometer were 
obtained as the slope of the linear fitting of the data (red line) and indicated in the graphs. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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capacitor is made of two Ti electrodes with AlN 500 nm-thick film 
sandwiched inside.

Specifically, the bottom electrode is made of a continuous Ti thin 
film 200 nm-thick while top electrode was realized by lithography 
technique being arranged into Ti pixel shape with a diameter of 200 μm 
and a thickness of 200 nm, too. Capacitance C can be calculated by the 
following formula: 

C = ∊0εr
A
d 

where ε0 = 8.85⋅10-12F/m, εr is the dielectric constant of AlN thin film, A 
= 2.52⋅10-6 m2 (electrode area) and d = 5⋅10-7 m (AlN thickness). The 
dielectric constant evaluation was made by capacitance measurements 
in frequency range from 20 Hz to 1 MHz. The resulting value was εr =

10.25 ± 0.25. As a consequence, C resulted to be equal to 457 pF at 1 
kHz. This is an approximated value considering that very small capaci
tances are also associated with probes and cables (usually in the region 
of few pF [47]) that now we neglected being the film capacitance 
significantly higher in value. Table 3. Summarizes the experimental 
parameters used for the calculation of anm and ane.

The total noise atot of the accelerometer can be calculated by adding 
both noise components and it is equal to 41 μg̅̅̅̅

Hz
√ at 500 Hz. The noise 

power spectral density PSD of the sensor is given by the following 
formula: 

PSD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a2
nm + a2

ne

√

and it is practically equal to 41 μg̅̅̅̅
Hz

√ . The total fundamental noise limit is 
determined basically by the electrical-thermal noise of the transducer 
which generally dominates [46]. The voltage electrical-thermal noise 
spectral density at the output of the transducer resulted to be equal to 
10.2 nV̅̅̅ ̅

Hz
√ . Table 4 compares noise and other parameters of our acceler

ometer with some single-axis commercial accelerometers generally used 
for the vibration measurement of gas-turbine engines for aircraft and 
industrial applications. The noise is comparable with the values reported 
for commercial accelerometers. The minimization of the noise is a key 
issue for some practical applications of the accelerometers, especially 
when the detection of low-amplitude vibrations is required (i.e. seismic 
or industrial applications). In this specific case, the input signal can be 
masked by noise and, consequently, it is not detected, reducing the 
sensitivity of the accelerometer.

3.3. Characterization of the accelerometer in working conditions

As detailed in the experimental setup, the characterization of the 
piezo-MEMS accelerometer under realistic working conditions was 
conducted through experimental tests of self-induced combustion 
instability using Jet-A1 fuel. Preheated inlet air at a temperature of 410 
K was used. The air was preheated to 410 K to simulate realistic 

operating conditions typical of aerospace combustors, where com
pressed air can reach high temperatures due to isentropic compression 
in the compressors. This value is frequently adopted in tests on premixed 
and non-premixed combustors, as it ensures stable ignition of Jet-A1 fuel 
and promotes the onset of self-induced instabilities, without exceeding 
the critical temperature limits of the experimental components [48,49]. 
The air mass flow rate was fixed at two different values, 40 g/s and 80 g/ 
s, while keeping the fuel mass flow rate constant at 1.00 g/s. This value 
of the fuel mass flow rate was adopted to simplify the comparative 
analysis, allowing a controlled variation of the global equivalence ratio 
by varying only the air mass flow rate. This approach is in line with 
common practices in unstable combustion tests near the lean blowout 
limit [50,51]. The equivalence ratios (Φ) close to Lean Blowout (LBO) 
can be calculated following the formula: 

Φ =

⎛

⎝
ṁf

ṁa

⎞

⎠/

⎛

⎝
ṁf

ṁa

⎞

⎠

st 

where ṁ represents the mass flow rate and the subscripts f and a indi
cate the fuel and air flows, respectively, while st denotes stoichiometric 
conditions with a stoichiometric fuel/air ratio of 1:14.5. For air mass 
flow rates of 40 g/s and 80 g/s, the equivalence ratios were determined 
to be 0.36 and 0.18, respectively. These signals were then analysed 
comparatively to underline, by means of correlation, the dynamic 
relation of pressure fluctuation with the vibration induced by combus
tion. Then, statistical metrics such as mean, variance, and kurtosis of the 
temporal signal in both equivalence ratio test cases were used to char
acterize the instability regimes of the phenomenon. These analyses 
provided insight into amplitude and variability of instabilities and 
proved the effectiveness of the accelerometer in the detection of 
combustion-induced vibrations. Fig. 14 highlights the capability of the 
piezo-MEMS sensor (top) to detect dynamic fluctuations associated with 
combustion, showing behavior consistent with that measured by the 
commercial pressure sensor (bottom). The MEMS signal faithfully re
produces the main temporal characteristics of the pressure field, 
demonstrating the device’s potential for monitoring instabilities under 
real operating conditions.

At a global equivalence ratio of ϕ = 0.18, the air–fuel mixture is very 
lean and under these conditions, the reaction time increases, and the 
flame becomes particularly sensitive to velocity and pressure fluctua
tions. This sensitivity can lead to unstable flame behaviour which, 
although close to blow-off, may undergo a phase of pronounced ther
moacoustic instability. Lean conditions, in fact, promote coupling be
tween acoustic oscillations in the combustion chamber and the flame 
response, amplifying pressure fluctuations. Conversely, at ϕ = 0.36, the 
mixture is richer, and the flame is more stable and less prone to self- 
excited oscillations. In this regime, combustion is more robust and 
tends to acoustically dampen perturbations, reducing both transmission 
and amplification of pressure fluctuations [52].

Fig. 15 depicts the dynamic correlation coefficient (DCC) between 
the two sensors signals over time. The data are sampled at a frequency of 
10 kHz.

The DCC quantifies the temporal degree of correlation between 
pressure and acceleration signals, offering insight into aeroelastic 
coupling in the chamber. It is to be noted that the DCC values fluctuate 
within a bounded range from 0.9964 to 0.9982 for both equivalence 
ratios, showing the strongly and persistently correlated two signals 
during the measurement period.

Theoretically, the DCC ranges between − 1 and 1, where: 

• DCC = 1 implies a perfect positive correlation, meaning the two 
signals evolve in sync.

• DCC = − 1 indicates a perfect negative correlation, where the signals 
exhibit inverse behavior.

Fig. 13. Fabricated structure for the evaluation of capacitance C of the piezo
electric AlN thin film.
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• DCC = 0 signifies the absence of correlation, implying that pressure 
and acceleration signals are independent.

Fig. 15 shows DCC with time for the pressure sensor and the piezo- 
MEMS accelerometer at two equivalence ratios: Φ = 0.36 is a moder
ately unstable combustion regime; Φ = 0.18 is a near-LBO condition 
where the oscillations have considerably lower intensity. In both in
stances, the DCC remains rather constant at a high level of 0.9964 to 
0.9982. This suggests a very strong correlation in the pressure and ac
celeration signals measured. However, one can notice an important 

difference between the two conditions. At Φ = 0.36, DCC shows larger 
fluctuations, hence higher variability in the coupling between pressure 
and acceleration signals. This might suggest that combustion dynamics 
are more energetic and include more pronounced instability effects. At 
Φ = 0.18, DCC fluctuations seem smaller and more stable in time. 
Approaching LBO, pressure and acceleration tend to a correlation that 
most likely gets stabilized with lower amplitude of oscillations because 
of reduced energy due to combustion processes. Such a reduced oscil
lation in DCC could reflect the transition towards the lower energy state 
just before complete flame extinction. Thus, while Φ = 0.18 corresponds 

Table 3 
Experimental parameters used for the calculation of anm and ane.

T (k) ω0(Hz) ω(Hz) m (mg) C (pF) Sq (pC/g) 
@500 Hz

Q η anm (
μg
̅̅̅̅̅̅̅
Hz

√ ) ane (
μg
̅̅̅̅̅̅̅
Hz

√ )

@500 Hz

297 23.9⋅103 3140 19.8 457 0.31 12.3 0.08 0.04 41

Table 4 
Comparison with commercial piezoelectric accelerometer suitable for gas-turbine engines vibration monitoring.

Accelerometer model Noise density (
μg
̅̅̅̅̅̅̅
Hz

√ ) Resonance frequency (KHz) Technology Application

ADXL 1001 30 @ 1 Hz 21 Piezoelectric MEMS • Condition monitoring
• Predictive maintenance
• Health usage monitoring sytems

ADXL 1005 75 @ 100–20 kHz 42 Piezoelectric MEMS • Condition monitoring
• Predictive maintenance
• Asset health
• Acoustic emissions

Endevco 6222 Low noise (not declared) 45 Piezoelectric • vibration measurement of gas-turbine engines
EX611A20 Low noise (not declared) > 17 KHz Piezoelectric 

No built-in microelectronics
• structural testing
• machine monitoring
• high temperature machinery vibration measurement.

Our work 41 @500 Hz 3.8 Thin film-piezoelectric MEMS 
No built-in microelectronics

• COMBUSTION INSTABILITY

Fig. 14. Comparison of time signals acquired with the piezo-MEMS accelerometer (top) and the commercial pressure sensor (bottom).
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to a regime closer to flame extinction and overall instability, the DCC 
fluctuations do not increase. This suggests that the instability has tran
sitioned into a more uniform, lower-energy regime, where pressure and 
structural vibrations remain correlated but with lower intensity varia
tions. Statistical analysis based on mean μ, variance σ2, and Kurtosis K 
measurements provides detailed overview of the characteristics of the 
signals coming from the sensors, useful for understanding the phe
nomena related to combustion. The variance σ2 is calculated using the 
formula: 

σ2 =
1
N

∑N

i=1
(xi− μ)2 

where xi is the instantaneous value, µ is the mean value of the signal, and 
N is the total number of samples. The kurtosis K is defined as: 

K =
1
N

∑N

i=1
(
xi − μ

σ )
4 

Both definitions follow standard statistical convention as stated in ISO 
3534–1:2006 [53]. Fig. 15 and 16 show the statistical probability 

density distributions from piezo-MEMS and pressure signals, respec
tively, for two equivalence ratios, ϕ = 0.36 and ϕ = 0.18, to get an 
insight into combustion dynamics.

Fig. 16a shows the empirical probability density distribution where 
the histograms of both signals are seen close to Gaussian-like behavior. 
Therefore, passing from Ф = 0.36 to Ф = 0.18 introduces slight changes 
in the mean value and in the distribution; that is to say, from 0.0967 the 
mean of the accelerometer decreases to 0.0932, while from 1.0348 the 
mean of pressure signal increases up to 1.0460. It is possible to observe 
that the maximum value of the temporal signal mean corresponds to a 
different equivalence ratio for each sensor: at Φ = 0.36 for the piezo
electric accelerometer and at Φ = 0.18 for the pressure sensor. Variance 
is another key metric for evaluating signal dispersion from this figure 
and, in the context of combustion instability, it reflects the amplitude of 
fluctuations in pressure and acceleration over time. The comparison 
between the pressure sensor and the accelerometer variance trends al
lows for a better understanding of the coupling between combustion- 
induced pressure oscillations and structural vibrations in the chamber. 
At Φ = 0.36, the distribution of variance is expected to be wider, 
showing greater fluctuations in both pressure and acceleration signals. 
This agrees with the moderately unstable combustion regime, where 

Fig. 15. Dynamic correlation between the time signals of the commercial pressure sensor and the microfabricated piezo-MEMS accelerometer for both test cases, Φ 
= 0.36 on the left and Φ = 0.18 on the right.

Fig. 16a. Variance trend on probability density scale for the time signals of the commercial pressure sensor and the microfabricated piezo-MEMS accelerometer for 
both analyzed test cases, Φ = 0.36 and Φ = 0.18.
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periodic events of instability lead to noticeable oscillations in pressure 
and structural vibrations. The MEMS accelerometer follows the trend of 
the pressure sensor variance and thus confirms its capability to effec
tively capture combustion-induced mechanical responses. On the other 
hand, at Φ = 0.18 close to LBO, the variance distribution narrows down, 
showing a reduction in the amplitude of fluctuations as combustion 
approaches the blowout threshold. The reduced variance could indicate 
lower-energy combustion dynamics where the instability-driven oscil
lations become less intense but may still persist in an intermittent 
manner. It is also consistent with the previous works, where DCC was 
high but now with smaller fluctuation (see Fig. 12), which is indicative 
of the transition to the more uniform regime with lower energy before 
flame extinction. Directly comparing the output of the two sensors, 
pressure fluctuations are in good agreement with structural vibrations 
both for baseline and control configuration. The miniaturized footprint 
MEMS accelerometer captured the real-time instability-driven variance 
trends and proved effective, even with the miniaturization of its foot
print. With Φ = 0.36, the accelerometer variance is tracking that from 
the pressure sensor fairly well, which reinforces the fact that most of the 
influential vibrational modes in the chamber are being strongly linked to 
pressure oscillations. But for Φ = 0.18, the general variance reduced, 
whereas subtle discrepancies between the two, suggesting persistence of 
vibration as pressure fluctuation was being stabilized, were probably an 
underling of residual mechanical resonant effects of the structure. The 
normalisation of the probability distributions in Fig. 16b, with respect to 
their respective mean value, allows a shape-based comparison inde
pendent of absolute magnitude.

The piezo-MEMS distributions show smooth and broad characteris
tics, testifying to a continuing mechanical fluctuation; on the other 
hand, pressure signals are characterised by sharp peaks around the 
mean, pointing to a more stable pressure field with only minor devia
tion. Such a contrast indicates that the two measurement techniques 
represent different sensitivities: while the transient structural responses 
captured by the piezo-MEMS sensors are within a wider range, pressure 
signals still remain more constrained. These findings suggest that at ϕ =
0.36 the broader distribution of the piezo-MEMS signal and the 
increased variance in pressure fluctuations could be indicative of higher 
turbulence levels or increased instability in the combustion process. 
Conversely, at ϕ = 0.18, the distributions appear more confined, 
pointing to a more stable combustion regime. The complementary 

presentation of both empirical and normalized distributions allows for a 
comprehensive evaluation of the combustion-induced fluctuations and 
their potential impact on system stability. Kurtosis is a measure of the 
sharpness of the peak and heaviness of the tail in the distribution, and it 
plays an important role in assessing the stability and variability of the 
recorded signals. Kurtosis values show how much a dataset’s distribu
tion is “peaked” or “flat”. More precisely, a high value of kurtosis in
dicates that the data are more extremely peaked than would be the case 
for a normal distribution. In this work, it can provide insights into 
combustion quality and flame instabilities. Kurtosis values represented 
in Fig. 15 show relevant features concerning stability and intensity of the 
combustion process. The results obtained for the two conditions 
considered are listed in Table 5.

The trend reveals that as mixture is getting leaner, combustion dy
namics in pressure as well as in structure response is changing notably. 
In the case of the piezo-MEMS signal, the kurtosis increases from 3.0587 
at ϕ = 0.36 to 3.3420 at ϕ = 0.18, showing that under leaner conditions, 
the distribution becomes more peaked with thinner tails. It would, 
therefore, seem that while the general intensity of the mechanical os
cillations may be lower, the system experiences more frequent, localized 
fluctuations around the mean with fewer extreme deviations. This may 
be related to intermittent local quenching or unsteady flame anchoring, 
common near the LBO limit. For the pressure signal, the kurtosis in
creases slightly from 3.0146 at ϕ = 0.36 to 3.0651 at ϕ = 0.18. While this 
is much weaker, it reflects that the probability distribution function of 
the pressure becomes a little more peaked, reflecting a decrease in the 
occurrence of large-scale pressure fluctuations. However, the latter does 
not necessarily point towards greater stability. Though the combustion 
intensity is weakened at conditions near LBO, pressure fluctuations may 
become more intermittent and feature localized extinction and re- 
ignition events that are hard to be reflected in a simple statistical 

Fig. 16b. Trend of the variance normalized to 1 on a probability density scale for the time signals of the commercial pressure sensor and the microfabricated piezo- 
MEMS accelerometer for the two analyzed test cases.

Table 5 
Kurtosis values for the two test cases and both sensors.

Φ Kurtosis

Accelerometer Pressure sensor

0.36 3.0587 3.0146

0.18 3.3420 3.0651
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measure. The increase in kurtosis at ϕ = 0.18 for both signals aligns with 
the expected behavior of a combustion system approaching lean 
blowout: the overall amplitude of fluctuations decreases due to weaker 
combustion, but the system may experience sudden and localized de
viations as the flame struggles to stabilize. This could result in sporadic 
high-intensity events, even if the overall signal remains less intense 
compared to richer mixtures. In summary, while a higher kurtosis may 
be indicative of a lower variance with more concentrated fluctuations at 
ϕ = 0.18, it really represents the greater intermittency and unsteadiness 
of the combustion process as LBO is approached. It becomes less intense 
on average with a reduction in stability and an increase in sensitivity to 
external perturbations that may trigger localized extinction events. 
These results further highlight the fact that kurtosis can be used as an 
important feature not only from the point of view of distribution shape 
but also with respect to indicating combustion stability and lean 
blowout [54].

4. Conclusions

This work describes the design, fabrication, and experimental vali
dation of a piezoelectric MEMS accelerometer for combustion instability 
monitoring. The device was characterized in laboratory in terms of 
frequency response, linearity, and noise. The experimental character
ization showed that the resonance frequency of the accelerometer is 3.8 
kHz, very close to the simulated results; voltage sensitivity is 0.25 mV/g, 
in accordance with simulation output, and total noise density equal to 
41 μg/√Hz at 500 Hz, comparable to many commercial accelerometers 
currently used for gas turbine monitoring, further establishing the 
suitability of the device in practical applications. To assess performance 
under realistic combustion conditions, the accelerometer was then 
tested in a high-performance 300-kW swirled combustor equipped with 
a reference pressure sensor. Two equivalence ratios, ϕ = 0.36 and ϕ =
0.18, were investigated to capture the transition from a moderately 
unstable regime to near-lean blowout. Statistical analysis of the sensor 
signals provided important information on combustion dynamics, con
firming that at ϕ = 0.36 the system is largely unstable, while at ϕ = 0.18 
the combustion regime is more unpredictable. Good correlation (DCC >
0.996) between the pressure and acceleration signals during the 
experiment validated that combustion-induced vibrations are effectively 
captured by the MEMS accelerometer. The developed piezoelectric 
MEMS accelerometer is resulted a viable alternative to the traditional 
pressure sensor in combustion instability monitoring. Showing a 
compact design, high sensitivity, and solid performance in realistic 
conditions, it may become one of the most promising candidates for 
advanced diagnostics in gas turbines, industrial combustors, and pro
pulsion systems. The MEMS accelerometer employed in this study fea
tures a wide operational bandwidth ranging from 0 to 5000 Hz, enabling 
the detection of a broad spectrum of combustion-related dynamic phe
nomena. It is particularly well-suited for capturing thermoacoustic in
stabilities, due to interactions between heat release and acoustic modes 
of the combustion chamber, which typically occur in the 50 Hz to 2000 
Hz range, depending on the combustor geometry, acoustic boundary 
conditions, and operational parameters. The sensor also reliably detects 
Bénard–von Kármán (BvK) vortex shedding [55,56], whose character
istic frequencies generally span from a few tens of Hz up to approxi
mately 1500 Hz, especially in bluff-body and wake-dominated flows.

Additionally, the accelerometer is capable of capturing Kel
vin–Helmholtz (KH) instabilities, which originate from shear layer in
teractions and manifest across a broad frequency range, extending from 
a few tens of Hz up to several kilohertz (typically 100 Hz to 5 kHz), 
depending on flow velocity, shear layer thickness, and combustor 
configuration [55,57].

Moreover, the sensor is sensitive to combustion noise and lean 
blowout (LBO) precursors, which predominantly exhibit low-frequency 
oscillations. These are generally observed below 150 Hz, although 
broadband spectral content may extend into the 200–500 Hz range 

[51,58], particularly in proximity to blowout conditions or during 
thermoacoustic–hydrodynamic coupling.

Thanks to this wide frequency coverage, the sensor proves to be a 
promising tool not only for detecting precursors to blowout—an aspect 
central to this study—but also for identifying early signs of thermoa
coustic instabilities in real-world combustor applications.

The sensor integration in real-time control strategies will be 
concentrated in future work, supported by further refinement of its 
applicability in combustion monitoring by extending the response to a 
wider equivalence ratio and flow conditions. Moreover, the long-term 
stability of the piezoelectric film in harsh environment (as the com
bustion one) will be faced, too, and new strategies to improve this 
property by keeping unaltered the piezoelectric behavior (i.e. doping 
with transition metals) will be investigated.
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