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ABSTRACT

This paper introduces a low-tech capacitive micromachined ultrasonic transducer (CMUT) designed with low
environmental footprint materials. The fabrication process involves a copper plate as the fixed bottom electrode,
a polymer-based adhesive as a dielectric material, and an aluminum foil as the top electrode.

Finite element simulations include studies of displacement, mechanical stresses, and eigenfrequency.
Experimental measurements validate the device's electromechanical behavior, showing an eigenfrequency of
88.6 kHz and a displacement of 22 pm. The low-tech CMUT demonstrates potential for applications such as
ultrasonic actuation and energy harvesting, offering simplicity, biocompatibility, and low environmental impact.
While not directly ready for applications, these transducers provide hands-on experience with technology similar
to high-performance silicon-based implementations. These low-tech MUTs are perfect practical case studies for

teaching purposes, combining simulation and experimental validation.
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1. Introduction

In the realm of ultrasonic transducer technology,
piezoelectric crystals, ceramics, and polymers
materials have long dominated [1]. In recent years,
due to the advancement in microfabrication
techniques, the capacitive micromachined ultrasonic
transducers (CMUT) have emerged as a competitive
technology in this field. This technology is based on
the principle of combining capacitors with
membranes. The basic element of a CMUT cell is a
plate capacitor, one of which is fixed, and while the
other is a flexible membrane. It operates both in
transmission and reception modes [2]. In the
transmit mode, by superimposing a DC bias with an
AC voltage signal, the membranes oscillate. This
oscillation generates acoustical waves, which have a
typical ultrasonic frequency. The displacement of the
membranes can be of the order of (pm) and can be
observed using a laser vibrometer. In the reception
mode, incident acoustic waves set the membranes
into vibration, modulating the overall capacitance of

the device. Under DC voltage, the capacitance
variation can be sensed through a readout circuit

[3].

CMUTs are often made with materials like silicon,
which plays a significant role in the manufacturing
process [4]. Nowadays, the demand for this material
is rocketing due to its extensive range of use, the
ongoing energy transition led by many governments,
and also with the proliferation of connected devices.
Consequently, the adoption of a low-tech approach
[5] [6], prioritizing simplicity, accessibility and lower-
energy manufacturing processes, is becoming
increasingly crucial for managing the environmental
resources of our planet.

This paper introduces the design of a low-tech CMUT
followed by a comparison between finite element
simulation results and experimental measurements
of the displacement and eigenfrequency.
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The paper is structured as follows : Section.1 deals
with a brief introduction of the CMUT device.
Section.2 details the design of the device. Section.3
focuses on finite element simulation. Section.4 covers
experimental measurements. The paper concludes
with Section.5.

2. Realization of a low-tech CMUT

Figure 1 illustrates the materials and fabrication steps
of the CMUT. A copper plate, covered with a thin
insulating layer, serves as the fixed bottom electrode
and defines the device's inertia by being a fixed part.
Subsequently, a double-sided adhesive layer, 20um
thick and assimilated to polypropylene, is
mechanically cut to create square cavities and applied
to the copper plate. Next, a 10um layer of aluminum
foil is attached on top of the adhesive to form the top
electrode. When considering the materials and
manufacturing process employed, the environmental
impact of this device is limited [5].

Figure 1. Design details of CMUT low-tech.

It is notable that the prototype has larger dimensions
compared to industrial CMUTSs, resulting in an
expected lower frequency behavior.

3. Finite element simulation on COMSOL
Multiphysics

COMSOL Multiphysics is a versatile tool to model
the comprehensive functionality of the proposed
transducer, including various physics studies [2]

[7]. This work focuses on the fundamental analysis of
the basic element of a CMUT cell, where Solid
Mechanics module of Structural Mechanics Physics
study and Electrostatics module of AC/DC Physics
study were used to define the boundary conditions.
The cell is operating in out-of-plane mode and all
edges are kept on fixed constraints as shown in
Figure 2. A 235 VDC Bias along with 10 VAC was
superimposed on the top membrane. The bottom
membrane was kept at ground.

Subsequently, a free tetrahedral mesh of fine size
was created for finite element method (FEM)
simulations, as shown in Figure 3. Two studies are
conducted simultaneously: a stationary study to
examine displacement and mechanical stresses, and
a second study in the frequency domain to extract
the eigenfrequency of the membrane. In addition to
the intrinsic constants for each material preloaded by
the software, parameters added to the software are
outlined in Table 1.
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Figure 3. Mesh considered for FEM simulation.



Table 1

CMUT cell model parameters

Parameters Dimensions
Bottom electrode thickness 70 um

Top electrode thickness 10 um

Side of square cavity 600 um
Poisson’s ratio (for polypropylene) 0.45
Young modulus (for polypropylene) 1GPa
Density (for polypropylene) 930 kg/m3

Figure 4. Simulation results: (a) 3D image of “out- of-
plane” displacement, (b) membrane deflection as a
function of side distance, (c) displacement field
arrows when the alternating potential across the
CMUT is positive Figure 4 depicts simulation results,
offering a comprehensive view of the CMUT's
mechanical behavior. The 3D scan showing
displacement intensity, provides valuable insights
into the distribution of deformation and its maximum
zone with a first mode at the eigenfrequency of 80
210 Hz. Figure 4.b deals with the deflection curve
along the line through the midpoint of two parallel
sides. This representation confirms the results from
Figure 4.a by showing a displacement peak of 34 pm,
underscoring that the center of the cavity
experiences the most significant deflection.

Figure 4.c shows displacement field arrows when
the alternating potential across the CMUT is
positive. This induces an electrostatic force on the
membrane, causing its deformation in that

direction.

As for Figure 4.d, it displays the Von Mises stress on a
vibrating membrane. This mechanical parameter
represents the applied force normalized to the
surface area. Examining this measure is crucial for
analyzing material resistance to deformations and
estimating the likelihood of material failure. In this
case, the stress is notably intense at the edges of the
cavity compared to the rest of the surface. However,
a value of 10°* N/m? remains relatively low compared
to the breaking thresholds of aluminum foil, which is
70.10°N/m? [8].
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Figure 4. Simulation results: (a) 3D image of “out- of-
plane” displacement at 80.2 kHz, (b) membrane
deflection



as a function of side distance, (c) displacement field
arrows when the alternating potential across the
CMUT is positive and (d) Von Mises stress on a
vibrating membrane

4. Experimental measurements
3.1 Electrical characterization

In addition to the simulation, experimental
measurements were conducted to validate the
performance of the low-tech CMUT. The first
procedure involved supplying the device with DC

bias without applying AC voltage, then the overall
capacitance is measured for each Vdc using a
multimeter, as illustrated in Figure 5.

The initial capacitance value of the CMUT is nearly 230
pF. As the DC bias is incremented, it causes a rise in
the electric field E within the structure. This electric
field induces an electrostatic force, leading to an
attraction of additional charges between the two
electrodes. Once the pull-in voltage is passed (not
reached in this measurement) the capacitance value is
expected to stabilize.
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Figure 5. Capacitance (pF) as a function of DC bias (V)

3.2 Mechanical characterization

The second experiment aims to characterize the
mechanical behavior of the CMUT. For this purpose,
a laser vibrometer was employed to measure the
out-of-plane displacement when the

device is subjected to a 10Vpp Chirp signal while
varying DC Bias from 0 to 235 V. Audible acoustic
waves generated by the CMUT can be perceived
from this actuation. After acquiring the
displacement curve, MATLAB software was for
post-processing operations such as filtering and
fitting the data points. Figure 6 presents the
results.
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Q=11,9 Vdc =175V
Vdc =205V | o
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Figure 6. Module of displacement (pm) as a
function of frequency 0-200 kHz for different DC
Bias.

The displacement response of the CMUT is
amplified as the DC bias increases . At 235V,
dynamic resonance mode had an out-of-plane
amplitude exceeding 20 pm. The quality factor

Q = 11.9 reflects the ability to operate effectively
within a specific frequency range, in this case, £3500
Hz centered around the central frequency of 88.6
kHz.

The resonance frequency and the maximum
displacement obtained in the simulation (80.21 kHz;
34 pm) is in the same order of magnitude as the
experimental value (88.6 kHz; 22 pm).

However, the observed disparity could arise from
factors like fabrication tolerances, boundary condition
differences, environmental conditions influences.

5. Conclusion and perspectives

In this work, a low-tech CMUT was fabricated and
characterized, highlighting a sustainable approach
using lower environmental footprint materials and
manufacturing processes. The fabrication



involved a copper plate, polymer-based adhesive,
and aluminum foil. Comprehensive characterization,
involving both simulation and experimental
measurements, has been demonstrated. Considering
the larger dimensions, the CMUT demonstrated an
electromechanical behavior, with an eigenfrequency
and displacement exceeding respectively 80 kHz and
20 pm.

These transducers hold potential for various
applications including ultrasonic actuation and
energy harvesting, thanks to their low material
costs compared to any other fabrication techniques.
The simplicity, biocompatibility and low
environmental impact can unlock the full potential
of CMUT low-tech. However, these transducers may
not be directly integrated into industrial
applications, they serve as excellent candidates for
educational purposes, providing hands-on
experience with a technology similar to high-
performance silicon-based implementations. Thanks
to these low-cost MUTs, simulation results could be
verified experimentally using tools that can be
found in any fablab.
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l. Introduction

Microelectromechanical systems (MEMS) stand out as miniaturized components,
combining fixed and moving/vibrating elements to achieve electrical transduction [1] [2]. The
advent of these microsystems has opened up new perspectives in device miniaturization,
giving rise to a diverse range of sensors and actuators, from accelerometers, force or
pressure transducers to medical imaging...

These microsystems are often based on semiconductor materials such as silicon,
which plays a major part in the manufacturing process [3].
Today, demand for these materials continues to grow due to their broad spectrum of uses,
especially with the energy transition and the increasing adoption of electrical technologies,
as well as with the expansion of the Internet of Things (loT) [4] and the proliferation of
connected devices. Consequently, adopting a low-tech approach, favoring simplicity,
accessibility and less energy-intensive manufacturing processes [4] [5], is becoming
increasingly crucial to managing our planet's environmental resources.

In this context, this project aims to design, manufacture and characterize three types
of low-tech microsystems for educational use. The first type is the CMUT (Capacitive
Micromachined Ultrasonic Transducer), using flexible membranes to generate ultrasonic
waves. The second type focuses on cantilevers, which are MEMS cantilever beams. The
third is an electromagnetic transducer in the form of a U-shaped wire.

This document adopts the following structure: Section 1 provides a brief introduction
to the project background and defines the objectives. Next, each transducer type is dealt
with in a dedicated chapter, covering design and characterization in detail. Finally, the
document concludes with a general summary of the project, followed by perspectives for
future developments.



Il. CMUT (Capacitive Micromachined Ultrasonic Transducer)
1. Operating principle

CMUTs (Capacitive Micromachined Ultrasonic Transducers) are ultrasonic
transducers that exploit the principle of variable electrical capacitance to convert the
mechanical energy of an ultrasonic wave into an electrical signal, and vice versa.

This technology is based on the principle of combining capacitors and membranes [6] [7].
The basic element of a CMUT cell is likened to a planar capacitor, with one electrode fixed
and the other a flexible membrane. The system operates in both transmit and receive
modes, as shown in Figure 1.
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Figure 1: Principle of the CMUT (a) in transmission powered by DC
superimposed on an AC voltage to generate an ultrasonic wave, and (b) in
reception powered only by DC voltage to polarize it.

In transmission mode, when a DC voltage is superimposed on an AC voltage, the
diaphragms oscillate. This oscillation generates acoustic waves with a typical ultrasonic
frequency. The displacement of the membranes can be of the order of (pm) and can be
observed using a laser vibrometer. In receive mode, the incident acoustic waves set the
membranes into vibration, modulating the CMUT's overall capacitance, which is supplied
with DC voltage. This variation can be detected via an output readout circuit.

2. Design and materials

After extensive bibliographical research into the CMUT's operating principle and
possible geometries. The first step was to design the device, including the cavity geometry.
The Silhouette Studio tool was used for all mechanical cutting operations. In this way, we
were able to



Inkscape was used to draw finer structures for laser cutting.

As explained earlier in this document, the aim is to manufacture all the devices
using materials that are accessible, less expensive and have the lowest possible
environmental impact.

A copper plate, commonly used for printing printed circuits, covered with a thin layer
of insulator, serves as the bottom electrode and defines the device's inertia by being a fixed
part. Next, a double-sided adhesive layer, 25 ym thick, is cut to create square cavities and
applied to the copper plate. Finally, a 10 um layer of aluminum foil is attached to the
adhesive to form the top electrode. Figure 2 shows some examples of this process:

Figure 2. Low-Tech CMUT manufacturing details

For a CMUT with a surface area of 3 cm?2. The initial capacitance measured on the
multimeter is Cy = 233 pF. The nature of the polymer can be identified using the

relationship of a plane capacitor:
C. = Eo&rS
0 = ——

e

With €0€r the permittivity, S is the surface area of the sample and e is the thickness
between the two electrodes.

_ 233x107'?x25x107°

_ Cope
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& = => &
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= 2.192

The polymer with the closest dielectric constant to this value, while still frequently used
industrially for adhesive applications, is polypropylene. Its dielectric constant lies between
2.2 and 2.3. This material is therefore used as a dielectric.



3. Finite element simulation

COMSOL Multiphysics is a numerical simulation software package based on the finite
element method. It has the particularity of coupling physical phenomena for simulation. The
operation of the proposed transducer can be fully modeled with this tool. In this work, the
simulation focuses on the fundamental analysis of a CMUT cell [7] [1]. For this, the modules
used are solid mechanics (belonging to the physical study of structural mechanics) and
electrostatics (belonging to the AC/DC physical study). For the boundary conditions, an
embedding (fixed constraints) is imposed on the lower electrode and all edges, as shown in
figure 3.a. A polarization of 235 Vdc and 10 Vac has been superimposed on the upper
membrane. The potential of the lower membrane is maintained at ground.

Next, a fine tetrahedral mesh was created to perform the finite element method (FEM)
simulation, as shown in figure 3.b.

Two studies are carried out simultaneously: a stationary study to examine diaphragm
displacement and mechanical stress, and a second study in the frequency domain to extract
the diaphragm's natural frequency of vibration.

Since polypropylene does not exist in COMSOL, it has been replaced by polyethylene,
which has a dielectric constant close to that of COMSOL. It has been replaced by
polyethylene, which has a dielectric constant close to 2.3. In addition to the intrinsic
constants for each material previously loaded by the software, the simulation parameters
added to the model are presented in Table 1.

polymer

Cu bottom electrode

(a) (b)

Figure 3: (a) Solid model of fixed stress elements and (b) Fine tetrahedral mesh
for finite element simulation.

Table 1: CMUT cell simulation parameters

Parameter Value

Lower electrode thickness 70 um

Upper electrode thickness 10 um
Side of a square cavity 600 um




Poisson's ratio (of polyethylene) 045

Young's modulus (of polyethylene) 1E9 Pa

Density (of polyethylene) 930 kg/m 3

Figure 4 shows the simulation results, providing a comprehensive view of the
CMUT's mechanical behavior. Figure 4.a shows the out-of-plane displacement intensity. It
provides information on the deformation distribution and its maximum zone. Note that the
diaphragm's natural mode is at frequency 80.210 kHz.

Figure 4.b shows the deflection curve along the line passing through the middle of
two parallel sides. This representation confirms the results of Figure 4.a, showing a
displacement peak of 34 pm, underlining that the center of the cavity undergoes the
greatest deflection. Figure 4.c shows the arrows in the displacement field when the
alternating potential across the CMUT is positive. This induces an electrostatic force on the
membrane, causing it to deform in this direction.

Figure 4.d shows the Von Mises stress on a vibrating cell. This mechanical quantity
represents the force applied to a unit area. It is important to examine this quantity to analyze
the resistance of materials to deformation and estimate the probability of material failure. In
this case, the stress is particularly intense at the cavity stops compared to the rest of the
surface. Nevertheless, 10° N/m? is still a relatively low value compared to the breakage
thresholds of aluminum foil, which is 70 N/mm?2 = 70 x 10° N/m?2.
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Figure 4: Simulation results: (a) 3D image of cavity displacement,
(b) membrane deflection as a function of lateral distance, (c) arrows of
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displacement field when the alternating potential across the CMUT is positive and (d)
Von Mises stresses on the vibrating cell.

Finite element simulation provides an in-depth understanding of CMUT behavior. It
provides an idea of how the system works, estimates empirical quantities and optimizes its
design before the manufacturing phase. However, this simulation has certain limitations:
accuracy depends largely on the fineness of the mesh. In addition, it does not take into
account the state of the material over time, such as wear and tear, or environmental
conditions.

4. Measurement and characterization

a. Capacitive behavior

In addition to simulation, experimental measurements were carried out to validate
the performance of the low-tech CMUT. The first step was to supply the device with a DC
voltage without applying an AC voltage, then measure the overall capacitance for each Vdc
using a multimeter, as shown in Figure 5.

capacitance (pF)
™
Ej

240

o 5 10 15 20 25 30 35 40 45 50
DC bias (V)

Figure 5: Capacitance in pF vs. DC voltage in V.

The initial capacitance value is close to 230 pF. As the DC voltage increases, the
electric field E within the structure increases. This electric field induces an electrostatic force,
leading to the attraction of additional charges between the two electrodes.

Once the collapse voltage is exceeded, not reached in this measurement, the
equivalent capacitance value should stabilize [8].

In a second step, the DC voltage is maintained at 20 V, and a 10 Vpp square-wave
signal with a frequency of 3500 Hz is injected into the AC input.
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The response of the CMUT, recorded with the oscilloscope, is shown in figure 6. The
blue curve represents the input signal, while the yellow curve represents the output signal.
We can clearly see that capacitive behavior is very present throughout the exponential
charge and discharge. However, when the membranes vibrate, an acoustic wave is
generated. It was expected that the output signal would be distorted, containing one or more
echoes. Due to the very low amplitude of the membrane displacement shown in figure 4.a,
visualizing the desired signal with the oscilloscope at hand becomes arduous. In order to
obtain more precise characteristics, it becomes necessary to carry out measurements with
more sophisticated equipment.

216V ) 31ms/s (@R / 475V

2000 points  3.30kHz

Figure 6: Time response of the CMUT excited by a square-wave signal

b. Vibratory behavior

I.  Laser vibrometer measurements
A laser vibrometer is a non-contact vibration measurement sensor. It consists of a
monochromatic light source (laser) and an interferometer for measuring the Doppler effect
due to the vibration between the emitted and reflected signals [9]. From this interferometry
between the 2 signals, the displacement, frequency and phase of the vibration can be
deduced...

A pseudo-periodic signal (Chirp) of amplitude 10 Vpp is superimposed on a DC
component varying between 0 and 235 V. Next, diaphragm displacement is measured as a
function of frequency between 0 and 200 kHz, as shown in Figure 7.
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(a)vdc =0V,

H

(b) Vdc = 145V; (15 pm,
88.344 kHz)

T j

 (c)vdc=235v; (25 pm,
W 88344 kHz)

Figure 7: Displacement in pm as a function of frequency at : (a) Vdc =0V, (b) Vdc
=145 V and (c) Vdc = 235 V. (d) 3D scan of the cavity at Vdc = 235 V

In the absence of a DC component, the diaphragms do not vibrate. However, as the
DC voltage increases, the amplitude of the out-of-plane displacement gradually increases.
At Vdc = 145V, this amplitude reaches around 15 pm, then at 235 V it rises to around 25
pm. The DC voltage is high because of the CMUT's larger dimensions. In this case, more
electrostatic force is needed to actuate the membranes. This results in a higher bias
voltage.

The measured frequency of the diaphragm vibrations is 88.344 kHz. These results
are of the same order of magnitude as the values obtained by simulation (80.21 kHz; 34
pm). Nevertheless, the disparity observed could be due to factors such as manufacturing
tolerances, differences in boundary conditions, influences of ambient conditions...

Figure 7.d shows where the displacement is most intense (in red), while less-
impacted areas are shown in green. However, during scanning, the laser beam was not
focused on the center of the cavity.

ii.  Post-processing with Matlab

After acquiring the laser vibrometer measurements, the Matlab tool is used for post-
processing operations such as filtering, interpolation...

To extract the bandwidth and quality factor, the data from the displacement vs.
frequency curve at 235V (see figure 7.c) are averaged, then filtered using a second-order
Butterworth filter. Figure 8.a shows the resulting curve. To improve the representation of the
3D scan of the cavity shown in figure 7.d, a new visualization was generated using Matlab
(see figure 8.b).
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Scan 3D du déplacement de 1a cavité du CMUT X2 Vidc = 235V

Déplacement CMUT X2 0-200kHz a 235VDC

2
fr = 88,5 kHz
Q=119

20 BP = 7500 Hz

Déplacement en pm
g _ Déwtocamentanm)

0
02 04 06 08 1 12 14 16 18 2
Frequency (Hz) %10°

(@) (b)

Figure 8: (a) Filtered displacement at Vdc = 235 V and (b) 3D scan of the
membrane as a function of cavity dimensions.

The quality factor Q = 11.9 reflects the CMUT's ability to operate efficiently in a
specific frequency range, which in this case is +/-3500 Hz centered around the 88.5 kHz
center frequency. The transducer can therefore be operated around this frequency.

An equally important characteristic to consider is the actuation force applied to a
diaphragm following actuation.

Knowing that the density of aluminum is 2700 kg/m*. The volume of a square
cavity with a side length of 600 um and a thickness of 10 um is 3.6 x 1072 m?.
Consequently, the equivalent mass of a membrane is estimated to be approximately

1 x 1072 mg.

Considering that the mechanical forces applied to the diaphragm are weight and
actuation force (see figure 9). The fundamental principle of dynamics can be applied:

ZF.eJuct:P'I'Fe:tcr:‘maI

act

P+F,, =m.a

Ny

With P =m.g

Fucr: the membrane's actuating force.

m: the mass of a membrane.

Figure 9: Forces applied to the membrane

a = (2af)f’ *displacement: the vibration acceleration [10].
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Figure 10 shows the actuating force applied to a diaphragm, both when it is in the
same direction as the weight, and when it is in the opposite direction.

forces appliquées sur une cavite CMUT X2 0-200kHz & 235VDC lorsque P et F en sens inverse
R o s e e e o

T T T T T T

Force mécanique (N)

Frequency (Hz)

forces appliquées sur une cavite CMUT X2 0-200kHz & 235VDC lorsque P et F en sont dans le méme sens
T T T T T

e (N)

mécaniq

Figure 10: Case study of the modulus of the actuating force applied to the
membrane

The maximum actuating force applied to a diaphragm is of the order of
1.7 x 107* [. It is directly related to the motion of the cavity. It can be important to monitor
this force on the cavity for common reasons such as: detecting unexpected or excessive
variations that can lead to mechanical failure. And therefore to get an idea of the system's
durability. In this case, the force applied to a diaphragm remains acceptable given the
dimensions of the cavity.

Once the vibration force has been calculated, the mechanical impedance of the
system, expressed in N.s/m, can be evaluated using the following relationship:

Fact

Zm =
V' Where the vibration velocity v = 2z*f*displacement [10].

Figure 11 shows the response obtained in logarithmic scale: 20 X 1log;o(Z).
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Impédance mécanique de la cavite CMUT X2 0-200kHz a 235VDC
70 : : . : . . . :
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Frequency (Hz) x10%

Figure 11: Mechanical impedance dB as a function of frequency.

Mechanical impedance is a measure of the resistance to movement of a structure
subjected to a given periodic force [11]. From this curve, we can see that mechanical
impedance reaches a minimum at the frequency of the membrane's natural mode. This
means that the latter is less resistant to the actuating force, leading to an amplified
response at this specific frequency.

Finally, sensitivity, in pm/Vdc, is a measure of the device's response to a change in
DC voltage. It is defined as the ratio between maximum displacement (expressed in
picometers) and applied DC voltage (expressed in volts).

012 T T T
max de sensibilté en pm/Vdc a 235 Vdc
1%
o
he] e
0.08 =
: *
=4 d____-c*""’-‘\\
= ~
@ 0.06 [
E
@
3] 0.04
oo
0.02
0 . . .
0 50 100 150 200 250

Vde en (V)

Figure 12: CMUT sensitivity in pm/Vdc
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This measurement quantifies the CMUT's ability to amplify displacement in response
to a DC voltage change. It has a limitation, given the limited number of data points
available.

lll. Cantilevers
1. Operating principle

Cantilevers also stand out as vibrating structures that find applications as force,
density and gas sensors, or in biology (e.g. weighing antigen/antibody interactions). These
devices are highly capable of deforming in response to external forces. Cantilevers are
often actuated by sticking them on top of a piezoelectric material. When a voltage is applied
to the piezoelectric material, the latter deforms in response to this voltage, causing the
cantilever to flex.

2. Design and materials

Still following the low-tech approach, the cantilevers are made of copper or
metallized PET films cut using mechanical die-cutting. The piezoelectric material used for
actuation is Rochelle salt. This material is a crystal with highly temperature-dependent
piezoelectric properties, existing up to a maximum of 45°C [12] [13]. Figure 13 shows
details of the design and materials used.

Figure 13: (a) beams of different sizes, (b) La Rochelle salt, (c) and (d)
piezoelectric salt-actuated beams
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Impedance analysis was carried out on La Rochelle salt using an impedance meter.

Its electrical properties are shown in figure 14.
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Figure 14: Conductance G(s), susceptance B(S), admittance Y(S) and
impedance Z(Ohms) of La Rochelle salt as a function of frequency 1 kHz - 2
MHz.

The G(S) conductance curve visualizes the different modes of the piezoelectric salt,
including a predominant mode near 200 kHz.

On the other hand, by examining the impedance curve Z(Ohms), we can deduce the anti-
resonance frequency, corresponding to the point where impedance reaches its
maximum, and this frequency is set at 157.03 kHz. In parallel, the Y(S) admittance curve
allows us to deduce the resonance frequency, identified as the maximum admittance
point, and this frequency is measured at 129.02 kHz. These two quantities, the anti-
resonance frequency and the resonance frequency, are used to calculate the salt's
electromechanical coupling factor, which reflects the efficiency with which the material
can convert electrical energy into mechanical energy and vice versa.

Its formula is as follows [14] :

2 _ fF2
ar
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3_ Finite element simulations Déplacement de la poutre L = 4.5mm en fonction de la fréquence

0.032
0.03

As in the CMUT section, simulation of this tyj#g? :Df trarf8ducer is important in order to
understand their vibratory behavior, estimate the frégtfsncy of the beam eigenmodes and
displacement amplitude. The structural model sindulgt&d s as follows:

c

£ 0.016
€ 0.014
S no

(b)

Figure 15: (a) Model of beams of different sizes and (b) complete structural
model simulated on COMSOL

The material used to simulate the beams is copper. The study is similar to that
carried out on the CMUT, in terms of the modules used (solid mechanics and electrostatics).
For the boundary conditions, a fixed stress is imposed on the lower electrode and on all
edges, as shown in figure 15.b. Two studies are carried out simultaneously: a stationary
study to examine the displacement of the beams, and a second study in the frequency
domain to extract their natural frequencies.

The simulation provides results for all the beams. However, for the purposes of this
study, only the beam of length L = 4.5 mm will be treated for comparison with experimental
measurements.

The results are shown in Figure 16.

freq(5)=3000 Hz Surface: Déplacement total (mm)

x107*

(a) I

30

A :
Figure 16: (a) Beam displacement amplitudes at 3000 Hz, (b) displacement
amplitude as a function of frequency along (c) the cut line of the
beam length L = 4.5 mm
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Figure 16.a shows the amplitude of the beam displacement at the 3000 Hz
frequency, which is of the order of 400 picometers (pm). Figure 16.b shows a histogram of
the displacement contributions for each frequency, for each point of the cut line shown in
figure 16.c. The next step is to compare these results with experimental measurements.

4. Measurement and characterization

In addition to simulation, experimental measurements were carried out to validate the
transducer's performance. The system studied is that shown in figure 10.d.

The Rochelle salt is actuated by a pseudo-periodic signal (Chirp) of amplitude 10
Vpp. Next, the displacement of the beam of length L = 4.5 mm is measured as a function of
frequency between 0 and 100 kHz, using the laser vibrometer, as shown in figure 17.
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Figure 17: (a) Eigenmode of beam only, (b) eigenmodes of beam and Rochelle
salt and (c) beam viewed with vibrometer.

The beam exhibits a principal eigenmode at 2836 Hz with a displacement amplitude
of 482 pm. This result is in line with that obtained from the simulation in figure 16.a, while the
other observed modes are related to the Rochelle salt piezoelectric crystal. A particular
resonance is that at which the beam vibrates most intensely. This resonance induces a
phase discontinuity, marked by a 180° change. However, due to noise in the phase diagram,
this feature is not visualized.

These vibration modes are of significant importance in a variety of applications. They
are useful for detecting undesirable vibrations (e.g. pressure variations in the ambient
environment). They are also used to detect the density of gases.

It should be noted that the electromechanical coupling between the beams and the
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piezoelectric salt is not optimized due to the roughness of the salt surface, and poor
adhesion of the beams to the salt.

IV. Electromagnetic transducer: U-shaped wire

1. Operating principle

The final type of transducer discussed in this document is the U-wire
electromagnetic transducer, which is a non-contact type of actuation. This type of
transducer is based on the principle of Lorentz force, also known as magnetomotive force.
This principle is based on the interaction between an electric current flowing through a
conductor and a magnetic field.

In this case, a thin copper wire is placed in a magnetic field, generating a force that
induces mechanical displacement. This principle is used in a variety of applications, such as
electrodynamic microphones, whose sound waves cause vibrations in a diaphragm,
generating an electrical signal.

This type of transducer is versatile. It can be powered by alternating voltage (AC) to
induce oscillations in the U-wire, enabling detection of unwanted vibrations such as pressure
variations. Alternatively, it can be supplied with direct voltage (DC), in which case variations
in the orientation of the U-wire will be captured, extending its detection capability.

Figure 18 shows a schematic diagram of this electromagnetic transducer.

Q-

Figure 18: Diagram of the electromagnetic transducer

The resistor is 10 ohms. It limits the current and prevents short-circuiting. The
positioning of the U-shaped wire in the magnetic field is shown in figure 19.
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Figure 19: U-shaped copper wire between two magnets

Silicone paste is used to fix the magnet support. It's important to note that the
magnets must be as close as possible to the wire, without the wire coming into contact with
the magnets.

1. Measurement and characterization

We are now interested in the equivalent electrical impedance of the system. The
impedance meter is calibrated at short-circuit. The curves shown in figure 20 are visualized.

w107 G(S) fil en U 1-25kHz & 10mVac 108 B(S) fil en U 1-25kHz 4 10mVac

0 05 1 15 2 25 0 05 1 15 2 25
Frequency (Hz) %104 Frequency (Hz) «10%

L . |
05 1 15 2 25 05 1 15 2 25
Frequency (Hz) x104 Frequency (Hz) x10*

Figure 20: Conductance G(s), susceptance B(S), admittance Y(S) and
impedance Z(Ohms) of U-wire salt as a function of frequency 5 kHz - 25
kHz

When impedance measurements do not provide a clear picture of electrical behavior
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(e.g. resonance) due to small variations or the dominance of the reactive part, it can be
useful to look at the conductance G(S) to obtain more information.

On the G(S) conductance figure, two patterns can be seen. The first is a display jump
provided during acquisition of this curve. The second is the resonance of the U-wire around
the 16 kHz frequency. This transducer can be used around this frequency range in
loudspeakers, in particular for selective amplification. In other words, amplify only
frequencies close to 16 kHz.

Note that system response depends on several factors, particularly wire length,
cross-section and surrounding magnetic field. To maximize response amplification, it's
essential to orient the magnetic field lines perpendicular to the wire's cross-sectional area.
This arrangement favors the induction phenomenon, generating more induced current.

In addition, to minimize losses in the magnetic field lines, it would be wise to channel
them through a metal part rather than leaving them in the air.
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V. Conclusion and outlook

In conclusion, this project focused on the design, manufacture and characterization
of three types of low-tech microsystems for educational purposes: the CMUT (Capacitive
Micromachined Ultrasonic Transducer), cantilevers and the U-wire electromagnetic
transducer.

The materials used in the design are accessible, less expensive and with less
ecological impact, such as: copper, aluminum foil or metallized PET for the metals,
polypropylene as dielectric material and La Rochelle salt as piezoelectric material. Finite
element simulation was used to understand the physical behavior of these transducers, with
particular emphasis on membrane displacement, mechanical stress and natural frequencies.
Characterization of these microsystems, based on experimental measurements, validated
their performance.

CMUTs, with a composite dielectric between polypropylene and air, remain less
resonant systems. Miniaturization results in a higher resonant frequency, improving the
spatial resolution of non-destructive detection. Future prospects offer the possibility of using
a dielectric material with a higher constant and employing a low-noise amplifier (LNA) to
further exploit the electrical transduction of CMUTs [15]. As for cantilevers, detection
accuracy increases when the vibration behavior (eigenmodes) is well defined. In other
words, the successive eigenmodes are far enough apart. For the U-wire electromagnetic
transducer, the operating principle based on the Lorentz force was explained, and electrical
impedance measurements provided crucial information on the frequency range exploitable
for these transducers and the factors influencing its performance.

The adopted low-tech approach focused on simple manufacturing processes with
low energy consumption. The results obtained, whether from simulations or experiments,
have demonstrated that these microsystems are good candidates for experimenting with
behavior similar to high-performance industrial microsystems [4] [5].

On a personal level, this project was an opportunity to deepen my knowledge of
sensor physics, reinforce my MATLAB skills and self-train on COMSOL. Last but not least,
this experience not only enriched my technical skills, but also familiarized me with the
importance of the low-tech approach.
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Appendix 2: Project poster

GREMAN université POLYTECH]
de TOURS TOURS

Conception, Fabrication et Caractérisation de
microsystemes low-Tech

jet de fin d’études

. JABRI Ismail encadre par LEMAIRE Etienne
Introduction

Les microsystemes électromécaniques (MEMS) sont des dispositifs
miniaturisés intégrant des éléments mobiles/vibrants pour réaliser des
applications allant des capteurs d'accélération jusqu’a I'imagerie médicale...
Dans un contexte de développement durable, ce projet vise a concevoir,
fabriquer et caractériser deux types de microsystémes 2 faible technologie
{lowtech):
- Les CMUT (Capacitive Micromachined Ultrasonic Transducers), exploitant
des membranes pour générer des ondes ultrasonores.

- Les cantilevers, des MEMS de type poutre en porte-a-faux. - .
Figure 1 : (3) CMUT, (b) sel de la Rochelle, (c) cantilevers

actionnés par le sel de la Rochelle,

008
006
0
0.02
0

|
Figure 2 : Principe du CMUT (a) en transmission alimenté en DC superposée 3 une Figure 5 : Déplacement de la poutre de 4.5 mm de longueur simulé
tension AC pour générer une onde ultrasonore et (b) en réception alimenté qu'avec sur COMSOL Multiphysics
Ia tension DC pour le polariser aist

Surface: Déplacement total (um)

Vib Displacement
{482.8pm; 2.836 kHz)

(a) (b)
Figure 3 - Membrane vibrante du CMUT (a) en simulation sur COMSOL
Iti ics et (b) di ion d'une cavité g au vib e laser

Digiacement CHUT X2 5-300444z A INVDC . Figure 6 : Déplacement (pm) de la poutre en fonction de |a fréquence
y=EE5h 0-40 kHz, mesuré au vibrométre laser 3 Vdc = 2V, et VChirp = 10 Vpp
oo | - Lapoutre a un mode propre principal 3 2836 Hz. Les autres
modes observés sont ceux du cristal piézoélectrique de sel de
Rochelle. Ces modes sont utiles dans des applications de
détection des vibrations, de gaz...

Conclusion

Les transducteurs CMUT et cantilevers low-Tech dont |2 réponse en
fréquence a &té démontrée, n'ont pas vocation a étre intégrables
' s ; 2 directement dans des applications industrielles. Cependant, ils sont de
Fregwery 49 bon candidat pour une utilisation pédagogique afin d'expérimenter une
technologie similaire a celle mis en ceuvre sur silicum avec un haut
niveau de performance.

Dégtacanmnt 40 pry

Figure 4 : Déplacement (pm) en fonction de la fréquence 0-200 kHz, mesuré au
vibrométre laser a Vdc = 235 V et VChirp = 10 Vpp. ;
- Lefacteur de qualité Q = 11.9 traduit la capacité du CMUT a fonctionner La miniaturisation des CMUTSs se traduit par une fréquence de
efficacement dans une plage de fréquences spécifique qui est dans ce cas de résonance plus élevée, améliorant la résolution spatiale dans Fimagerie
+/-3500 Hz centrée autour de |a fréquence centrale de 88.5kHz. médicale. Quant aux cantilevers, Ia précision de la détection augmente
lorsque le comportement vibratoire (modes propres) est bien défini.
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Appendix 3: Forecast and actual Gantt charts
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Appendix 4: The smallest laser-cut cavities
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Appendix 5: First eigenmode of a 4.5 mm long beam actuated by a piezoelectric pad
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Appendix 6: CMUT simulation with small cavities.
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Appendix 7: Vibration velocity in um/s as a function of frequency 0-100 kHz measured with
a laser vibrometer
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Summary:

This project focuses on the design, manufacture and characterization of low-
tech microsystems (MEMS) for educational applications. The three main types of
microsystems include the CMUT (Capacitive Micromachined Ultrasonic
Transducer), cantilevers and the U-wire electromagnetic transducer. Affordable and
environmentally-friendly materials used include copper, aluminum, metallized PET,
polypropylene and Rochelle salt. Finite element simulations were used to
understand the physical behavior of the transducers, focusing on membrane
displacements, mechanical stresses and natural frequencies. Using experimental
characterization, the performance and limitations of these microsystems were
assessed. For CMUTs, miniaturization leads to a higher resonance frequency,
improving the resolution of non-destructive detection. Cantilevers can be operated
around their natural frequencies. U-wires are versatile and efficient, given their high
electromagnetic torque.
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Résumé :

Ce projet centré sur la conception, la fabrication, et la caractérisation de
microsystémes (MEMS) a faible technologie pour des applications pédagogiques.
Les trois principaux types de microsystémes inclus le CMUT (Transducteur
Ultrasonique Micro-usiné Capacitif), les cantilevers et le transducteur
électromagnétique en forme de fil en U. Des matériaux abordables et écologiques
utilisés ont été utilisés comprennent le cuivre, I'aluminium, le PET métallise, le
polypropyléne et le sel de la Rochelle. Les simulations par éléments finis ont permis
de comprendre le comportement physique des transducteurs, mettant I'accent sur
les déplacements des membranes, les contraintes mécaniques et les fréquences
propres. A l'aide de la caractérisation expérimentale, les performances et les limites
de ces microsystemes ont été évaluées. Pour les CMUT, une miniaturisation conduit
a une fréquence de résonance plus grande, améliorant la résolution de la détection
non destructive. Les cantilevers peuvent étre exploités autour de leurs fréquences
propres. Le fil en U est polyvalent et efficace tant le couple électromagnétique est
fort.
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