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Preface

Recently, nanoelectromechanical system (NEMS) and microelectromechanical system (MEMS)
technologies have been employed to develop various microdevices and microstructures. Many
sensors and actuators have been manufactured and commercialized using technologies such as
pressure sensors, accelerometers, gyroscopes, tactile sensors, thermal sensors, flow sensors, optical
sensors, image sensors, microphones, magnetic sensors, chemical sensors, gas sensors, biosensors,
microchannels, ink jet heads, optical switches, RF switches, micromirror, motors, relays, resonators,

filters, and energy harvesters. NEMS/MEMS devices have been widely applied in various fields.

Ching-Liang Dai, Yao-Chuan Tsai, and Zhi-Xuan Dai
Guest Editors
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1. Introduction

Microelectromechanical systems (MEMSs) and nanoelectromechanical systems
(NEMSs) are revolutionary technologies that merge mechanical and electronic compo-
nents on microscopic and nanoscopic scales [1-3]. MEMSs operate at the microscale,
while NEMSs represent the next evolution, with components functioning at the nanoscale.
Together, these technologies form the backbone of numerous modern devices, driving
innovation across industries ranging from healthcare to consumer electronics. MEMSs
and NEMSs integrate mechanical elements, sensors, actuators, and electronics on a single
silicon chip [4-6]. MEMS devices leverage microfabrication techniques derived from the
semiconductor industry, including photolithography, etching, and deposition. Components
such as micro-scale gears, levers, and membranes operate in conjunction with electronic
circuits, enabling complex functionalities. NEMSs, on the other hand, build upon MEMS
principles but operate at the nanoscale, utilizing materials like graphene, carbon nanotubes,
and nanowires [7-9]. The smaller size of NEMSs offers advantages such as faster response
times, reduced energy consumption, and the ability to detect extremely subtle forces or
changes in the environment.

As shown in Figure 1, MEMS devices are applied in numerous fields. In the automotive
industry, they serve as accelerometers for airbags and gyroscopes for stability control
systems [10]. In healthcare, MEMSs enable innovations such as lab-on-a-chip devices for
diagnostics, drug delivery systems, and biosensors for glucose monitoring [11,12]. MEMS-
based microfluidic chips are also used for deoxyribonucleic acid (DNA) analysis and point-
of-care testing. In consumer electronics, MEMS devices are integral to smartphones, tablets,
and gaming consoles [13]. Applications include motion sensing for screen orientation,
vibration motors, microphones, and optical image stabilization in cameras. In aerospace
and defense, MEMS gyroscopes and accelerometers are critical in navigation systems for
drones, aircraft, and missiles [14]. They provide precise motion and orientation data for
stable flight and accurate targeting. In industrial automation, MEMS sensors monitor force,
displacement, and vibration in industrial machinery [15]. These devices are essential for
predictive maintenance and improving operational efficiency in manufacturing processes.
In environmental monitoring, MEMS devices are used in air and water quality sensors to
detect pollutants and measure environmental parameters such as humidity, temperature,
and gas concentration [16,17]. These are vital for environmental protection and smart
city initiatives. In optical communications, MEMS-based optical switches and mirrors
play a key role in telecommunication networks [18-20]. They enable efficient routing of

Micromachines 2025, 16, 189 https://doi.org/10.3390/mil6020189
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light signals in fiber optic communications, reducing power consumption and enhancing
speed. In energy harvesting, MEMS devices, such as thermoelectric energy harvesters,
capture mechanical heat and convert it into electrical energy [21,22]. These are used
in internet of things (IoT) devices for self-powered sensors. In inkjet printing, MEMS
nozzles in inkjet printers enable precise ejection of ink droplets, ensuring high-resolution
printing [23]. This application is also extended to 3D printing technologies. In wearable
devices, MEMS accelerometers, gyroscopes, and pressure sensors are core components of
wearable fitness trackers, smartwatches, and augmented reality glasses [24]. These devices
track motion, monitor vital signs, and enhance user interaction. NEMS devices excel
in applications requiring extreme sensitivity and precision. In medicine, NEMS devices
are utilized to detect biomolecules, such as proteins, DNA, and disease markers, with
exceptional sensitivity. These biosensors enable early diagnosis of diseases like cancer or
infectious diseases by identifying trace quantities of specific biomarkers [25]. In scientific
research, NEMS resonators are used for studying quantum phenomena. Additionally,
NEMS are pivotal in next-generation data storage and computing technologies due to their
ultra-low power requirements and high-speed operation. As advancements in fabrication
and integration continue, these systems will remain critical to the development of smarter,
smaller, and more efficient technologies across diverse fields.

Automotive industry

Consumer electronics

'

Healthcare
Aerospace and defense

Industrial automation

Optical communication
Energy harvesting
Inkjet printing

Wearable devices

Figure 1. Applications of MEMS/NEMS devices.

This Special Issue has compiled numerous outstanding studies on NEMS/MEMS devices
and their applications. These include a wide range of sensors [26-30], actuators [31-34],
energy harvesters [35], and antennas [36].

2. MEMS/NEMS Sensors in This Special Issue

This Special Issue includes many studies on MEMS/NEMS sensors. Their key fea-
tures and highlights are introduced below. Wang et al. [26] present the development and
evaluation of a piezoelectric pressure transducer utilizing polyvinylidene fluoride (PVDEF)
for investigating unsteady phenomena in supersonic shock wave/boundary layer inter-
actions. Unlike traditional sensors such as MEMS-based devices or pressure-sensitive
paint, this research introduces a low-cost, flexible, and lightweight solution that enhances
both sensitivity and adaptability. The PVDF sensor array, designed specifically for cap-
turing low-frequency pressure fluctuations, features a unique structure fabricated via a
double-sided screen-printing technique. The array comprises 110 pm-thick PVDF films
with printed silver electrodes, arranged in a 3 x 6 configuration. The researchers employed
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finite element simulations to optimize the design, ensuring minimal signal crosstalk and
stable performance up to 300 kHz. Experimental calibration and validation were conducted
using a custom acoustic setup and wind tunnel tests at Mach 2, confirming the sensor’s ca-
pability to measure dynamic pressure changes effectively. Compared to conventional Kulite
sensors, the PVDF array demonstrated competitive sensitivity while being significantly
more flexible and scalable. Additionally, the modular assembly of the sensing and circuit
components addressed challenges like signal attenuation and crosstalk. This innovative
approach highlights the potential of PVDF sensors in capturing complex aerodynamic
behaviors, providing a promising alternative for advanced research in high-speed flows
and low-frequency unsteady phenomena.

Lv et al. [27] study the design and optimization of a MEMS resonant pressure sensor
to achieve a wide measurement range and high sensitivity, addressing the challenges in
traditional sensor designs. A novel vertical resonator structure is introduced, with the
resonant beam aligned perpendicularly to the sensitive diaphragm. This configuration
improves diaphragm rigidity without increasing its thickness, enabling a broader range
while maintaining sensitivity. To optimize the structural parameters, the study employs a
combination of back propagation neural networks and the non-dominated sorting genetic
algorithm II. These methods ensure the sensor’s performance by resolving modal interfer-
ence issues and enhancing linearity. The core materials include silicon-based components
for the diaphragm and resonator, while the fabrication process integrates micro-scale en-
gineering techniques. The optimized sensor achieves a sensitivity of 4.23 Hz/kPa over a
range of 1-10 MPa, with a linear influence factor of 38.07—significantly outperforming
conventional designs. This work represents high-performance MEMS pressure sensors,
with potential applications in aerospace, marine exploration, and other industries requiring
precise pressure measurements.

Zhou et al. [28] present the design of a quad mass gyroscope (QMG) integrating
a compliant mechanical amplification structure to significantly improve sensitivity and
performance. The research introduces a rhombus-shaped V-spring system for mechanical
motion amplification, amplifying the Coriolis force before it is processed electronically,
thereby reducing the noise interference and enhancing the signal clarity. The gyroscope is
fabricated using silicon-on-insulator (SOI) and gold-silicon eutectic bonding techniques,
featuring a compact 4 x 5 mm structure. The QMG’s design incorporates four symmetri-
cally arranged proof masses connected by U-shaped and V-shaped springs, which facilitate
mechanical amplification and decouple drive and sense modes. Finite element analyses
validated the structural integrity and performance, with the gyroscope achieving a reso-
nant frequency of 11.67 kHz and a mechanical amplification factor of 3.65 times. Testing
demonstrated a scale factor nonlinearity of 54.69 ppm over a +400° /s range and a bias
stability of 44.53° /h. This work advances gyroscope technology by integrating mechanical
amplification at the front end, offering enhanced sensitivity and robustness against external
vibrations, making it suitable for high-performance inertial sensing applications.

Xu et al. [29] explore the development of a microscale gas chromatography (uGC)
system based on a novel multi-sensing progressive cellular architecture. The research aims
to optimize the detection and analysis of volatile organic compounds (VOCs) through a
compact, efficient, and highly integrated design. The innovative aspect of the study lies in
its use of multithreaded control software for managing the complex interplay of various
hardware components in real-time, ensuring enhanced performance and flexibility. The
uGC system comprises three micro-gas chromatography cells, each tailored to specific
ranges of analytic volatility. These cells incorporate preconcentrators, separation columns,
and three complementary detectors, leveraging diverse sensing principles, including capac-
itive and photoionization detection. The device uses silicon-based microfabrication with
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precise heater and sensor integration for temperature and flow control. Fabrication includes
advanced photolithography and etching techniques for component miniaturization and
integration. The control software, implemented on a Raspberry Pi platform, enables the
concurrent operation of pumps, valves, heaters, and sensors via a multithreading architec-
ture. This approach facilitates precise synchronization and efficient resource utilization,
achieving minimal timing errors and robust system reliability. Experimentation demon-
strates the system’s capability to analyze 18 VOCs with high sensitivity and reproducibility,
supported by a flexible graphical user interface for real-time monitoring and configuration.
This work highlights the potential of uGC systems in environmental monitoring, indus-
trial applications, and portable chemical analyses, establishing the foundation for future
innovations in integrated microscale systems.

Song et al. [30] focus on designing and optimizing a milling force measurement tool
system embedded with thin-film strain sensors. The research addresses the challenge of
accurately measuring milling forces by employing an innovative double-end-supported
thin-film strain sensor. This novel design enhances sensitivity and strain measurement
reliability through the integration of a resistance grid beam on the transition layer. The
sensors comprise multiple layers: a stainless-steel substrate, a TiN transition layer for
improved binding, a Si3sNy insulating layer, and a NigyCryg resistance grid. Advanced
microfabrication techniques, including magnetron sputtering, photolithography, ion beam
etching, and wet etching, were utilized to create the sensors. The structural optimization
process introduced features like H-type and arc-type substrates to minimize stress concen-
trations and improve mechanical performance. Experimentally, the system demonstrated a
resistive sensitivity coefficient increased by 20%, achieving 51.2% compared to conventional
designs. The results were validated using various characterization tools, including confocal
and atomic force microscopy, revealing high precision in the sensor’s microstructure. This
research represents a significant advancement in sensor technology, enabling precise real-
time force measurement in milling processes, with potential applications in manufacturing
and machining industries.

3. MEMS/NEMS Actuators in This Special Issue

This Special Issue also features many studies on MEMS/NEMS actuators. The features
and highlights of these actuators are described below. Shuaibu et al. [31] introduce a later-
ally actuated silicon-to-silicon direct current MEMS switch designed for power switching in
high-voltage and harsh environments. The research highlights the innovation of employing
a chevron-shaped electrothermal actuator that uses an aluminum heater layer for actuation,
combined with a silicon dioxide insulation layer to ensure electrical isolation between the
heater and transmission line. This design overcomes the limitations seen in traditional
MEMS switches, such as high contact resistance and material degradation. The switch is
fabricated using the PiezoMUMPs process [31], involving multi-layered structures with
precise alignment of silicon, aluminum, and silicon dioxide. The actuator achieves an
in-plane displacement of 2.52 um to close the contact gap at an actuation voltage of 1.2 V
and a current of 205 mA, with a switching speed below 5 ms. Rigorous simulations and
testing confirmed the switch’s capability to withstand a breakdown voltage of up to 350 V,
with low contact resistance measured at 150 (). Innovative techniques, such as controlling
the etching angle and optimizing the thermal actuator’s design, mitigate challenges such
as out-of-plane deformation and contact misalignment. Additionally, the integration of
narrow silicon beams reduces thermal gradients, enhancing stability and performance.
This work significantly advances the field by providing a robust and reliable MEMS switch
solution for high-voltage applications.
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Wang et al. [32] explore strain-induced frequency splitting in parity-time (PT) sym-
metric coupled silicon resonators. It innovatively leverages the unique properties of PT
symmetry, which involves balancing gain and loss within coupled resonators, to enhance
sensitivity to strain near the exceptional point. This study integrates theoretical modeling,
finite element simulations, and experimental validations. The resonators, constructed using
a SOI process, employ precise feedback circuits to achieve the required negative damping
for PT symmetry. Key components include silicon beams of 25 um thickness, 400 um
substrates, and a gap of 2 pum. The fabrication process involves deep reactive-ion etching
and gold layer patterning. Experimental results confirm the system’s heightened strain sen-
sitivity, achieving significant frequency splitting under applied strain. This work broadens
PT symmetry applications and sets the foundation for advanced sensing technologies.

Chimerad et al. [33] present an innovative bio-inspired soft actuator designed to au-
tonomously remove copper ions from aqueous environments. This miniaturized device
integrates fuel-free, self-propelling capabilities utilizing the Marangoni effect, mimicking
the propulsion mechanisms of semi-aquatic beetles. The actuator’s unique design and func-
tionality represent a significant advancement over traditional stationary hydrogels used for
heavy metal remediation, addressing mobility challenges in uneven contamination scenar-
ios. The device’s structure consists of a hydrogel fabricated from acrylamide derivatives
and cross-linked with polyethylene glycol diacrylate. A gear-shaped mold, created using
computer-aided design and 3D printing, facilitates its rotational movement and increases
its surface area for absorption. The manufacturing process incorporates ultraviolet polymer-
ization and freeze-drying, yielding a porous material capable of dynamic environmental
responses. Through surface tension gradients induced by hydrophilic and hydrophobic
surface transitions, the actuator achieves autonomous locomotion, exposing fresh hydrogel
surfaces for continuous copper ion absorption. Experimental results reveal its capacity
to operate effectively in copper-ion concentrations ranging from 500 to 3000 ppm, with
absorption efficiency validated through scanning electron microscope, Fourier-transform
infrared spectroscopy, and colorimetric analysis. The actuator demonstrated scalability
and adaptability, autonomously covering large water surface areas without external en-
ergy sources. This study marks a breakthrough in active, eco-friendly water purification
technologies, paving the way for versatile applications in environmental remediation.

Shan et al. [34] focuses on developing and analyzing a vertical comb-drive actuator
for MEMS micromirrors, aimed at achieving enhanced stability and precise control during
optical scanning. It introduces a self-alignment fabrication technique that ensures a height
difference between movable and fixed comb structures, reducing alignment errors and
improving reliability. This actuator leverages the quasi-static driving principle to address
instability issues such as lateral bending, displacement, and rotational failures of comb fin-
gers. The micromirror’s structural components include a SOI substrate and torsion beams,
with a 0.8 mm mirror diameter and 30 um device layer thickness. The height difference
between comb structures is achieved through precise dry etching and photolithography
processes. The actuator demonstrates stable operation below 60 V, and reaches a static
mechanical deflection angle of 2.25° at 60 V, aligning closely with the theoretical models.
Critical failure modes were observed at higher voltages, validating the proposed instability
models. This research offers a robust foundation for designing reliable MEMS micromirrors
with potential applications in optical communications and autonomous systems.

4. MEMS/NEMS Energy Harvesters and Antennas in This Special Issue

This Special Issue features a study on a MEMS energy harvester, with its key features
described below. Chen et al. [35] explore the fabrication and performance evaluation of a
photovoltaic microgenerator created using the complementary metal oxide semiconductor



Micromachines 2025, 16, 189

(CMOS)-MEMS process, aiming to achieve efficient energy conversion within a compact
structure. The research emphasizes innovative modifications, such as a mesh-patterned p—n
junction design and the post-fabrication removal of the silicon dioxide layer, which enhance
light absorption and energy conversion efficiency. The microgenerator is constructed using
silicon-based materials, featuring patterned p-type and n-type doping layers that optimize
charge separation and minimize leakage currents. The fabrication process employs the
standardized 0.18 pm CMOS process, followed by a buffered oxide etching step to expose
the p—n junctions, enabling direct illumination and improved power generation capabilities.
Simulations and experimental validation demonstrate the device’s effectiveness, achieving
an energy-conversion efficiency of 12.5% under an irradiance of 1000 W/m?. It records an
open-circuit voltage of 0.53 V, a short-circuit current of 233 pA, and a maximum output
power of 99 uW within a compact area of 0.79 mm?. This study provides a significant step
forward in the development of scalable, efficient photovoltaic microgenerators, suitable for
powering IoT devices, sensors, and other compact electronics.

Li et al. [36] investigate a magnetoelectric thin-film antenna, focusing on optimizing
its structure to enhance bandwidth and radiation performance. This study addresses the
challenges of narrow operating bandwidths and low antenna gains inherent in traditional
magnetoelectric antennas. By analyzing the interplay between structural dimensions and
electromagnetic properties, the research introduces a ring-shaped design with variable
inner radii, leveraging stress concentration effects to improve performance. The core of
the antenna comprises piezoelectric AIN and magnetostrictive FeGaB layers, fabricated
using a thin-film bulk-acoustic resonator approach. Through COMSOL [36] multiphysics
simulations, the team analyzed resonance behavior, stress distribution, and radiation
patterns, revealing that an inner radius of 50 um maximized bandwidth by 104% and
enhanced radiation efficiency. The study also validated its findings against experimental
data from previous designs, ensuring reliability. This research introduces a scalable op-
timization model that correlates stress distribution with radiation capability, advancing
magnetoelectric antenna applications in compact communication systems operating at
lower frequencies.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Shock wave boundary/layer interactions (SWBLIs) are critical in high-speed aerodynamic
flows, particularly within supersonic regimes, where unsteady dynamics can induce structural fatigue
and degrade vehicle performance. Conventional measurement techniques, such as pressure-sensitive
paint (PSP), face limitations in frequency response, calibration complexity, and intrusive instrumenta-
tion. Similarly, MEMS-based sensors, like Kulite® sensors, present challenges in terms of intrusive-
ness, cost, and integration complexity. This study presents a flexible, lightweight polyvinylidene
fluoride (PVDF) piezoelectric sensor array designed for high-resolution wall-pressure measurements
in SWBLI research. The primary objective is to optimize low-frequency pressure fluctuation detec-
tion, addressing SWBLI's need for accurate, real-time measurements of low-frequency unsteadiness.
Fabricated using a double-sided screen-printing technique, this sensor array is low-cost, flexible,
and provides stable, high-sensitivity data. Finite Element Method (FEM) simulations indicate that
the sensor structure also has potential for high-frequency responses, behaving as a high-pass filter
with minimal signal attenuation up to 300 kHz, although the current study’s experimental testing
is focused on low-frequency calibration and validation. A custom low-frequency sound pressure
setup was used to calibrate the PVDF sensor array, ensuring uniform pressure distribution across
sensor elements. Wind tunnel tests at Mach 2 verified the PVDF sensor’s ability to capture pressure
fluctuations and unsteady behaviors consistent with those recorded by Kulite sensors. The findings
suggest that PVDEF sensors are promising alternatives for capturing low-frequency disturbances and
intricate flow structures in advanced aerodynamic research, with high-frequency performance to be
further explored in future work.

Keywords: supersonic; shock wave/boundary layer interaction (SWBLI); PVDF; piezoelectric
pressure transduce; FEM simulation; dynamic response in frequency domain; crosstalk effect; wall
pressure; unsteadiness

1. Introduction

A shock wave/boundary layer interaction (SWBLI) occurs in high-speed aerodynamic
flows, particularly in supersonic and hypersonic regimes. This interaction is influenced by
factors such as shock wave strength, the angle of incidence on the boundary layer, Reynolds
number, and boundary layer characteristics. These factors lead to abrupt changes in flow
properties, resulting in shock wave formation and regions with pressure and temperature
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gradients. Near solid surfaces, a thin boundary layer forms, characterized by gradual
changes in flow properties from the surface to freestream conditions [1-3]. When the shock
wave impinges on the boundary layer, interactions occur, resulting in significant flow mod-
ifications, as shown in Figure 1. These modifications can cause the boundary layer to either
separate from the surface or undergo substantial thickening or thinning [2,3]. Changes in
the boundary layer induce unsteady behaviors, such as low-frequency oscillations, flow
separations, turbulence generation, and pressure fluctuations [2-5]. These unsteady phe-
nomena can lead to vibrations, buffeting, and even structural fatigue in aircraft and other
high-speed vehicles [6,7]. Thus, understanding and predicting the unsteadiness caused by
shock wave/boundary layer interactions is essential for designing aerodynamically stable
and structurally robust systems.

llncident b, Reflected shock

S;a paration Bubble

Figure 1. Schlieren image of the flow field of the shock wave/boundary layer interaction [3].

For many years, researchers have employed both experimental measurements and
computational flow simulations to observe and analyze interactions, visualize flow fields,
and obtain qualitative information. Optical methods like schlieren imaging capture refrac-
tive index changes due to density gradients but are limited by calibration and small density
differences [8]. Particle Image Velocimetry (PIV) visualizes flow fields by tracking tracer
particles, although its accuracy is affected by factors such as particle size, lighting, and
background noise [9-12].

Wall-pressure measurements are an essential technique in both ground and flight tests
for understanding SWBLIs. These measurements help identify high- and low-pressure
regions, such as separation bubbles, validate simulations, and capture the frequency char-
acteristics of unsteadiness [13-17]. Wall-pressure measurements directly assess pressure
distribution, offering a more accurate depiction of unsteadiness associated with SWBLIs.
However, the use of pressure-sensitive paint (PSP) or Kulite® sensors (Kulite Semiconductor
Products, Inc., One Willow Tree Road, Leonia, NJ, USA) is limited by factors like installation,
structure, and cost, making them unsuitable for large-area sensing and integration [13,18].

Polyvinylidene Fluoride (PVDF), a thermoplastic fluoropolymer, has been valued
for decades due to its flexibility and stretchability, enabling PVDF sensors to adapt to
various shapes and surfaces [19-24]. These sensors are highly sensitive and structurally
simple, making them effective for detecting mechanical stimuli such as pressure, strain,
and vibration [25-27].

In the study of SWBLIs, low-frequency unsteadiness often dominates critical flow
behaviors, including flow separation and recirculation bubble formation, making accurate
low-frequency pressure measurements essential. To address this need, this study develops
a flexible polyvinylidene fluoride (PVDF) piezoelectric sensor array optimized specifically
for low-frequency pressure fluctuation detection in SWBLI environments. Our design
and processing methods differ significantly from traditional MEMS sensors and existing
approaches [28,29]. The PVDF sensor array, fabricated using a double-sided screen-printing
technique, provides a low-cost, lightweight, and flexible solution that can adapt to varying
surface shapes while delivering high-sensitivity measurements.
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Finite Element Method (FEM) simulations indicate that the PVDEF sensor array has
potential for a stable high-frequency response up to 300 kHz, demonstrating high-pass
filter characteristics with minimal signal attenuation at higher frequencies. Although the
current experimental testing focuses on low-frequency calibration and validation to meet
the primary needs of SWBLI research, the sensor’s design and simulation results provide
a foundation for exploring its high-frequency response in future studies. This approach
allows us to address immediate research needs in low-frequency unsteadiness while setting
a trajectory for expanded applications.

In this study, we present the design, fabrication, and performance evaluation of
the PVDF sensor array in a supersonic flow environment (Mach 2). The calibration and
validation tests were performed to assess the sensor’s low-frequency detection capabilities
and benchmark its performance against the widely used Kulite® MEMS sensors. The
results highlight the PVDF sensor array’s potential as an effective alternative for unsteady
wall-pressure measurements in SWBLI studies, with future work planned to extend testing
across a broader frequency range.

2. Methodology: Processing and Characterization
2.1. Material Properties and Design

The flexible sensor array was fabricated using screen printing, as shown in Figure 2.
A 110 pum-thick PVDF foil (PolyK®) (PolyK Technologies, LLC, 2124 Old Gatesburg Road,
State College, PA, USA) served as the piezoelectric sensing material (Table 1). The electrode
nodes, each 4 mm in diameter, were printed onto the PVDF foil in a 3 x 6 configuration.
Nodes were spaced 6 mm apart within each row and 10 mm apart in each column (Figure 2).

Flow

@ © @ ©
e B @ @ @ @ |z
©. 66 © © @

60mm
Figure 2. Schematic of the design of sensor elements.

Table 1. Characteristic parameters of PVDF piezoelectric foil [30,31].

Item Value Unit
Piezoelectric Strain Constand d33 28 pC/N
Piezoelectric Voltage Constant g5, 0.3 V-m/N
Relative Dielectric Constant &, 13.5
Maximum Operating Voltage >100 V/um
Tensile Strength opp ~ 0.4 x 10° N/m?
Young’s Modulus yymp ~ 2.8 x 10° N/m?
Poisson’s Ratio 0.3
Density 1.78 x 103 kg/m3
Frequency Range 1073 ~ 10 Hz
Pressure Range 0 ~ 10° Pa
Operating Temperature Range —40 ~ 80 °C
Thickness 110 um

2.2. FEM Simulation in Frequency Domain

The FEM simulation of the PVDF piezoelectric sensor elements was carried out by
using COMSOL® Multiphysics 6.2. The model consists of a PVDF piezoelectric film
(110 um) and silver ink electrodes (10 um) screen-printed in mirrored positions on its
top and bottom surfaces. The silver electrodes on the top surface of the PVDF film are

10
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defined as the anode, while the other on the bottom is defined as the cathode. Due to the
limitations of computational capacities and simulation time, the model was simplified, and
only two adjacent sensor element pairs (with a center-to-center spacing of 6 mm) were
simulated. A 1 kPa pressure load was applied vertically on the left silver anode. Figure 3a,b
shows the deformation/displacement and potential distributions of the model induced
by a 1 kHz pressure load, by defining a Profile Line on the surface of the silver anodes (as
shown in Figure 4), Figure 5 illustrates the impact of distance AW between adjacent sensor
elements on the output signal crosstalk under identical boundary conditions. Furthermore,
Figure 6a,b represents the deformation/displacement and the electric potential of the silver
anodes (including the adjacent electrode element) in the model at varying frequencies.

a) b)

Assa0t A009
10

i L O

Figure 3. (a) Displacement (mm) of PVDF film caused by 1 kPa pressure vertically to the left sensor
electrode at 1 kHz, and (b) the electric potential caused by the piezoelectric effect of the PVDF film.
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Figure 4. Defined profile lines on the top of the Ag electrodes printed on PVDF film.
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Figure 5. Simulation of signal crosstalk between two adjacent sensor elements at varying distances
AW.
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Figure 6. (a) The displacement (mm) on the profile lines of FEM simulation in frequency domain
analysis, and (b) the electric potential caused by the displacement in frequency domain analysis.

Figure 5 shows the impact of sensor distance AW, on the output signal crosstalk
under a defined load of 1 kPa and the frequency of 1 kHz at the sensor element on the
left side. The output potential of the loaded sensor element on the left is 0.031 V. As the
sensor distance increases, the crosstalk effect on the unloaded sensor element on the right
gradually diminishes. With a 0.1 mm distance, the output potential of the right sensor
element is 1.5-10* V, which is 0.48% of the output potential of the left sensor element. At
2 mm of distance (the design dimension mentioned above), as indicated by the purple line
in Figure 5, the output potential of the right sensor element is 1.3-10~° V, approximately
0.042% of the output potential of the left sensor element. Therefore, at the sensor design
dimension used in this work, signal crosstalk can be considered negligible.

Figure 6 shows the curves of deformation/displacement and the potential of the silver
anodes as a function of load pressure frequency in the finite element frequency domain
analysis. Due to our target frequency range up to 200 kHz, the simulation was defined in
the frequency range up to 300 kHz.

In Figure 6a, the displacement profile illustrates deformations of the PVDF film un-
der varying frequencies of applied pressure. As frequency increases, the displacement
becomes more complex, indicating that the dynamic mechanical response of the film is
frequency-dependent. Figure 6b shows the electric potential distribution caused by the
piezoelectric effect. As expected, an increase in frequency alters the electric potential, as
the strain-induced charge generation by the piezoelectric effect changes with deforma-
tion/displacement.

Figure 7 shows the relationship between frequency and both displacement and voltage.
The curves indicate that both displacement and electric potential evolved with increasing
frequency, and there appears to be a threshold where the responses increased obviously.
In the frequency range up to 1 kHz, the mechanical deformation/displacement of the
model remained constant at 8.27-10~8 mm, with a piezoelectric response voltage of 0.031 V.
Between 1 kHz and 50 kHz, both displacement and potential response show a slight
increase with frequency. From 50 kHz to 300 kHz, the displacement and potential responses
exhibit a linear upward trend, reaching 8.69-10~8 mm (0.033 V) at 300 kHz, about +5%
compared to the response in the low frequency range. This behavior suggests that the
PVDF sensor has resonant frequency in the test range [32,33].

12
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Figure 7. Spectra representation of displacement (mm) and electric potential (V) in frequency domain
up to 300 kHz.

The analysis of Figure 7 supports the hypothesis that, at higher frequencies, the
deformation/displacement of the PVDF film increases in the frequency domain. This
finding is due to the dynamic characteristics of the PVDF material, where its mechanical
and piezoelectric properties interact with the frequency of the applied pressure load. As
frequency increases, the inertia of the film can lead to more pronounced oscillatory behavior,
increasing the deformation until a certain resonant frequency is reached. Furthermore,
Figure 6 suggests that the electrical response of the PVDF sensor can behave similarly to
a high-pass filter, where, at higher frequencies, the parasitic capacitance and resistance
of the sensor become more significant. As frequency increases, the impedance of the
capacitive elements decreases, allowing more current (or voltage in this case) to pass
through, effectively filtering out low-frequency signals. In summary, the PVDF piezoelectric
film’s displacement increases with frequency due to its resonant mechanical behavior.
Additionally, at high frequencies, the parasitic capacitance and resistance form a high-pass
filter, with the cutoff frequency dependent on the material’s intrinsic properties and the
sensor’s electrical design. Notably, the results in Figure 6a,b also indicate that, for the metal
electrodes, which have a radius of 2 mm, printed on a 110 um thick PVDF film, with an
edge-to-edge distance of 2 mm between adjacent electrodes, their resulting sensor crosstalk
effect in frequency range up to 300 kHz is negligible. These results highlight the sensor’s
ability to capture a wide range of unsteady flow phenomena, from low-frequency pressure
oscillations to high-frequency turbulence-induced fluctuations.

2.3. Processing and Its Electrical Circuit

Although PVDF sensors offer benefits such as lightweight, flexibility, good ductility,
and ease of processing, the high density of sensor elements introduces several challenges,
including increased signal line area, crosstalk between signal lines, and potential signal
attenuation due to the signal line length. These factors limit the overall sensitivity and
stability of the PVDF sensor elements. To address this issue, we propose an innovative
assembly method where the sensing and circuit parts are processed separately and then
assembled, as shown in Figure 8. For the sensing part, the sensor cathode nodes were
printed on the top side of the PVDF film using silver conductive ink Bectron® CP 6667
(ELANTAS Europe, Grossmannstr. 105, Hamburg, Germany). After curing at 50 °C in
an oven for 30 min, followed by 1 h of room temperature curing and cooling, the sensor
anode nodes were printed on the backside of the PVDF film. The printed sensor anodes
also underwent a 50 °C curing process, followed by room temperature curing and cooling,
completing the fabrication of the sensing layer as shown in Figure 8a.
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Figure 8. Illustration of 3D-integrated thin-film flexible PVDF sensor array: (a—c) show the pro-
cess steps.

For the circuit part, the signal circuit was printed using silver conductive ink on a
110 pm-thick polyethylene terephthalate (PET) film, which is non-piezoelectric and serves
as an insulating substrate, followed by the same thermal curing process. To protect signal
transmission and isolate the conductive circuits from the sensing area, insulating ink DP
8442 (the green layer in Figure 8b) was printed over the circuits after the previous layer
was cured. The curing process of the insulating ink requires 30 min of UV exposure at
5 mJ/cm2. Subsequently, 3M™ 9703 z-axis conductive tape (St. Paul, MN, USA) was
applied on top of the circuits and their insulating layer to ensure a reliable electrical
connection with the sensing part, as shown in Figure 8b. Finally, the sensing and circuit
parts were bonded together to create a 3D-integrated thin-film flexible PVDF sensor array,
as shown in Figure 8c.

Figure 9 shows an image of the processed sensor array with 4 mm diameter sensor
elements. The cathode of the sensor array was connected to the GND pad of the electric
circuit on the PET substrate, ensuring that all cathode nodes shared the same electrical
potential of 0 V.

Figure 9. Images of PVDF sensor array with 4 mm sensor elements.

The charge amplifier was constructed using a TLC-272 from Texas Instruments, Dallas,
TX, USA, with a feedback resistance R f= 100 MQ) and a feedback capacitance C = 100 pF
connected to the inverting input terminal. An input resistance R;, = 56 (), providing
overcurrent protection, was placed between the piezoelectric sensor and the inverting input
terminal, as depicted in Figure 10a. This resistance also served as electrostatic discharge
(ESD) protection, as indicated in the TLC-272 datasheet [34].
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band-pass behavior of the charge amplifier circuit [31,34].

The charge amplifier circuit functions as a band-pass filter, with a low-frequency cutoff at

1
fu= 27RC; @
and a high-frequency cutoff at
1
f1 = 2R, @)

Here, C, includes the sensor’s internal capacitance, cable capacitance, and any other
parasitic capacitances in parallel with the sensor.

In this setup, C, is approximately 10 pF, resulting in f; = 159 Hz and fp; = 2.84 GHz,
as presented in Figure 10b. The data acquisition (DAQ) system NI-USB 6353 from National
Instruments™, Austin, TX, USA was used to obtain power spectral densities (PSDs) up to
100 kHz at a sample rate of f; = 200 kHz with N = 200,000 samples collected.

3. Calibration

Ensuring the reliable performance of PVDF piezoelectric sensors, especially at low
pressures, requires precise calibration. The acoustic pressure calibration setup is essential
for calibrating PVDF thin-film piezoelectric sensor arrays under low-pressure conditions.
The key feature of this setup is that it ensures the PVDEF sensor array receives a uniform
and consistent pressure distribution at the specified sound frequency within the sound
pressure detection cavity. The acoustic pressure test setup generated controlled acoustic
pressure waves, which were applied to the PVDF sensor array to calibrate and evaluate its
performance in comparison with a Kulite sensor under identical conditions, as shown in
Figure 11.

I-Data Acquistition Unit

Aluminium Acoustic Cavity

Acoustic Waveguide
Polymer Tubes

1

Kulite Sensor l——v-'l Data Acquistition |

I
1
1
: Data Storage
I

In the signal generation unit, a 25 Hz acoustic signal was amplified and transmitted
through a loudspeaker, then directed via five plastic acoustic wave conduction tubes
positioned on its top cover into an aluminum sound pressure detection cavity, as shown
in Figure 11. The plastic acoustic wave conduction tubes have a diameter of 2 cm and a
length of 50 cm. Of the five tubes (colored blue in Figure 12), one was directly connected

PVDF Sensor Array I——pl Charge Amplifier |
1
1
1
1
1

Figure 11. Block diagram of calibration setup.
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to a central through-hole at the top of the aluminum acoustic cavity, while the other four
were connected to equidistant through-holes on the cavity’s sides. These through-holes
were located 2 cm from the top surface of the acoustic cavity. The PVDF sensor array was
secured at the bottom of the acoustic cavity and sealed with O-rings to ensure airtightness
and prevent pressure leakage. A Kulite sensor was also mounted on the side of the cavity,
as shown in Figure 12.

R

Figure 12. Setup of the sound pressure calibration test equipment (a) and the PVDF sensor array test
samples (b).

At room temperature, with the speed of sound in air ¢ = 343 m/s, the wavelength A
of the sound in the tubes is calculated as
c _343m/s

A=S

According to [35], the resonance frequency f; for the propagation of mechanical waves
in a closed-ended tube is calculated as

n-c
f?’l = i/ (4)

where 7 is the resonance mode, ¢ is the speed of sound in air, and L = 0.5 m is the length
of the tube.
For the first mode n = 1, the cutoff frequency fc,,sf is calculated as follows:

fotosf = oS 343 ©

This cutoff frequency is much higher than the driven frequency of 25 Hz, indicating

that the sound propagates in the fundamental mode without any cutoff or higher-order

transmission modes. Therefore, the acoustic pressure distributions and velocity fields in

the fundamental mode are uniform across the cross-section. Over the length of the tubes,

the sound wave may undergo phase change, but the long wavelength ensures that this
effect is minimal. The phase shift A@ over the length L is given by the following:

2L _ 27-0.5m
A 13.72m

A = ~ 0.229 radians. (6)

This mathematical analysis confirms that the sound wave will primarily propagate in
the fundamental mode with negligible influence from the tube’s geometry at the specified
frequency and dimensions.
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The physical bending of the plastic tubes and the mismatch in acoustic signal prop-
agation (e.g., from a narrow waveguide to a wider one) could result in an uneven final
sound pressure distribution. To address this issue, we utilized FEM simulations using
COMSOL® Multiphysics, as shown in Figure 13. To reduce the number of mesh elements
and the computational load, we implemented symmetrical modeling (Figure 13a) and
conducted sound pressure simulations on only one half of the mirror-symmetrical structure
(Figure 13b).
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Figure 13. Geometric modeling of the sound pressure calibration test setup (a), and the pressure
contour distribution (b).

To further investigate the distribution of the acoustic pressure field on the bottom
surface of the aluminum acoustic cavity, we defined 10 cm profile lines on the cavity’s
bottom surface (as shown by the red lines in Figure 14a and conducted simulations with
acoustic signals at various frequencies. The results showing the total sound pressure level
(dB) are presented in Figure 14b). The results indicate that, within the low-frequency range
(<500 Hz), the pressure field distribution on the bottom surface of the acoustic cavity is
uniform. This result implies that each sensor element in the PVDF sensor array receives
consistent sound pressure during calibration. However, as the frequency of the acoustic
signal increases, the sound pressure is affected by transmission modes and mechanical
bending of the tubes, leading to a non-uniform pressure distribution across the PVDF
sensor array, as shown in the total sound pressure level (dB) of the 10 kHz sound signal in
Figure 14b. In our 25 Hz low-frequency sound pressure calibration platform, the sound
pressure measured by the PVDF sensors at each sensor element remained consistent.
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Figure 14. Schematic presentation of the defined profile line in acoustic simulation (a), and (b) the
total sound pressure level (dB) on the profile line at frequency sweep.

During the calibration characterization, we utilized both homogeneous and heteroge-
neous sensor arrays. As shown in Figure 15a, the heterogeneous sensor array consisted of
three groups of sensor elements with different diameters arranged along the y-axis into
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three columns labeled “L” (left), “C” (center), and “R” (right). In this setup, the sensor
elements in the L column were circular pads with a diameter of 4 mm, those in the C
column had a diameter of 3 mm, and those in the R column had a diameter of 2 mm. In
Figure 15b, the sensor elements were also organized into three columns; however, in this
array, all nodes were uniform, with a diameter of 4 mm. The sensor elements were further
divided along the x-axis into six parallel rows, labeled 1 through 6. The piezoelectric signals
from all sensors were collected at each sensor element, transmitted through an interface to
the charge amplifier module, and then sent to the DAQ for data conversion and processing.

R

LA

Figure 15. (a) Heterogeneous and (b) homogeneous sensor arrays.

During the signal processing stage, the amplified time-domain voltage signals from
the sensors were filtered through a custom-designed IIR Butterworth band-pass filter with
cutoff frequencies at 10 Hz and 40 Hz. The sampling rate is 20 kHz. Figure 16 presents
the time-domain responses of the 18 sensor elements in the heterogeneous sensor array
after filtering. In this figure, 1C represents the first-row sensor elements in the center
column, 1L the first-row sensor element in the left column, and 1R the first-row sensor
element in the right column. The figure demonstrates that, due to the consistent pressure
distribution of the sound wavefront on the sensor surface, there is no phase shift between
the time-domain signals. The variations in response are attributed to the different sizes of
the sensor elements.

The 20 mV voltage driving acoustic pressure on the PVDF sensor
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Figure 16. Sensor response of the heterogeneous PVDF sensor array in time domain.

Figure 17 illustrates the output responses of the heterogeneous sensor array. In
Figure 17a, the amplitude response of sensor elements of varying sizes is shown as the
sound pressure from the acoustic wave generator increases linearly. As the input from
the acoustic wave generator increases, so does the sound pressure amplitude (P) on the
sensor surface. The x-axis (P) represents the input acoustic pressure in pascals (Pa), while
the y-axis represents the voltage response output by the charge amplification circuit in
volts (V). This figure highlights how the voltage response changes with input pressure for
three sensor sizes (d1 = 2 mm, d2 = 3 mm, d3 = 4 mm). As input pressure increases, all
sensors exhibit a corresponding rise in output voltage, with larger sensors generating higher
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voltage responses. The largest sensor (4 mm) shows the highest output, producing a signal
approximately four times greater than that of the smallest sensor (2 mm) at P = 2117 Pa
(input acoustic pressure of 300 mV power input), indicating a proportional relationship
between size and response. Figure 17b highlights the sensitivity of 18 sensor elements in the
array under a driving voltage of P = 240 Pa (input acoustic pressure of 20 mV power input).
The 4 mm sensors (L1 to L6) exhibit higher sensitivity values in the range of 14 uV £ 6%/Pa
compared to their average value. The 3 mm sensors (C1 to C6) have their sensitivities in
the range of 7.7 £ 9% nV/Pa, while the 2 mm sensors (R1 to R6) show lower sensitivities
in the range of 3.2 + 10% puV/Pa.
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Figure 17. (a) Amplitude responses of sensors of different sizes as the driven voltage from the acoustic
wave generator increases, and (b) sensitivities of each sensor element in the heterogeneous array at a
constant pressure of P = 240 Pa.

Figure 18a compares the sensitivity of the 4 mm PVDF sensor elements to the Kulite
sensor across different pressure levels. The Kulite sensor exhibits consistent sensitivity
throughout the range, with a value of 27.241 1V /Pa. In contrast, the 4 mm PVDF sensor,
marked by black dots, shows sensitivities between 10.96 uV/Pa and 13.55 uV/Pa, with
a slight decline as pressure increases. Its average sensitivity is 12.1 uV/Pa, with an error
margin of £10%. Unlike the PVDF sensor, the Kulite sensor maintained higher and more
stable sensitivity. The PVDF sensor’s performance variation could be due to its piezoelectric
material’s response to ambient temperature or environmental factors during assembly.
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Figure 18. (a) The sensitivity of PVDF sensors (4 mm) and the Kulite sensor vs. increasing pressure,
and (b) the sensor sensitivity of each sensor element of the test homogeneous PVDF sensor array at
pressure P = 240 Pa.

Figure 18b displays the sensitivity distribution across different positions in a 4 mm
PVDF sensor array at 240 Pa acoustic pressure. Sensitivity values range from 12.82 uV/Pa
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to 14.52 pV/Pa, with the highest sensitivity at position 3L and the lowest at position
1R. The average sensitivity is 13.86 uV/Pa, with an error margin of +8%. This error
may be due to environmental factors in the laboratory and equipment errors during
sensor assembly. Despite applying high pressure to exhaust the gas microbubbles before
calibration, microbubbles may remain trapped at the sensor’s edges, affecting the sensitivity
of sensors located there.

4. SWBLI Study in Mach 2 Wind Tunnel
4.1. Experimental and Measurement Setup

The PVDF sensors were positioned beneath the separation bubble to capture pressure
fluctuations in the interaction region. Kulite sensors were also installed for comparison,
offering a benchmark for the PVDF sensor performance.

The experiments were conducted in the supersonic wind tunnel at the Technical
University of Berlin. The supersonic wind tunnel was driven up to 16,000 rpm by a DC-
motor with 400 kW power, as Figure 14 shows. The centrifugal compressor of the wind
tunnel drew the air from outside into the tunnel, and the air was dried as it flowed through
the silica gel drying chamber.

The air flow reached the Laval nozzle, which accelerates the air up to Mach number 2
at the entrance to the test section. A wedge shock generator with an angle of @ = 10° was
installed at the top of the test section creating an oblique SWBLI. As shown in Figure 19, a
plug was employed as a platform at the bottom of the test section for installing sensors to
capture physical parameters in the test section. The PVDEF sensor array was glued flat on
the plug. As shown in Figure 20a,b, its signal conductive wires passed through the reserved
slot on the plug board and connected with the electric circuit part from the backside of the
plug. It is worth noting that the embedded plug must be installed into the wind tunnel
with high tightness to avoid the acoustic noise from the connection gaps around the plug
edges. The configuration of the wind tunnel is shown in Table 2.
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Figure 19. Schematic representation of the supersonic wind tunnel present at the Technical University
of Berlin with a focus on the turbulent SBLI test section [28].

Table 2. Configuration of the wind tunnel for the SWBLI [30].

Item Value Unit
Mach Number M 2
Freestream Unit Reynolds Number R, 1.5 x 100 m~1
Boundary Layer Velocity Thickness &y 7.2 mm
Shock Generator Angle ® 10 degree
Test Section Length L 500 mm
Cross-Section Dimension 150 x 150 mm X mm
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Figure 20. Installation of pressure sensor on plug (a), and (b) the plug was embedded in the test
section in the wind tunnel.

When the Mach 2 flow inside the wind tunnel test section meets the shock generator,
a shockwave is formed. The resulting oblique shockwave impinges on a fully turbulent
boundary layer with a thickness of Jy = 7.2 mm on the surface of the wind tunnel floor,
which was also observed experimentally by Rohlfs et al. [28,31]. As depicted in Figure 21a,
this interaction creates a strong adverse pressure gradient, causing the boundary layer to
separate. This separation results in a bubble of reversed flow with a characteristic length
Lsep. The curvature of this bubble induces converging compression waves that merge into
separation shock, interacting with the incident shock to form the characteristic A-foot struc-
ture [36,37]. Another crucial parameter for subsequent analysis is the interaction length,
Liys. This parameter is defined as the distance between the extrapolated impingement
point, x;,,, (based on inviscid shock theory) and the interaction onset, xo, where the wall
pressure begins to increase [1,4,6]. To investigate unsteadiness of this kind of flow, the
piezoelectric sensor is placed beneath the separation bubble, and the sensor is defined by
the row marked (D to (®) in Figure 21b.
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Figure 21. Schematic of (a) shock wave/boundary layer interaction with Mach 2.0 flow intake in
3d-presentation, and (b) the sensor mounting in the measurement.

In the field of shock wave/boundary layer interaction research, Kulite pressure trans-
ducers have gained wide recognition as a prominent technique for measuring wall pres-
sure [18,28,31]. In this study, the Kulite sensor XCQ-062 (Kulite Semiconductor Products,
Inc., One Willow Tree Road, Leonia, NJ, USA) [38] was employed as a reference and sub-
jected to the same supersonic conditions. Unlike the PVDF thin-film pressure sensor, Kulite
sensors are expensive and must be flush-mounted in the test plug, which entails drilling a
hole at each detection position before installation. This requirement arises from the cylin-
drical packaging of the Kulite sensor, which is 1.7 mm in diameter and 9.5 mm in length.
The intricacies associated with this installation process are regarded as one of the primary
drawbacks of utilizing Kulite sensors in shock wave/boundary layer interaction study.
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4.2. Results

Wind tunnel tests at Mach 2 yielded real-time voltage responses from the sensors,
which were processed using a high-order FIR filter. After the spectral analysis process, the
resulting PSD data provided insights into the frequency characteristics of the unsteady
flow. The PVDF sensors detected pressure fluctuations across different positions within
the separation and reattachment regions, capturing the energy distribution within the flow
field (Figure 21) [15,28,31,39,40].

Through wind tunnel tests at a wind speed of Mach 2, we obtained the voltage
response of the sensors (S1 to S6) in time domain, as shown in Figure 22. To further filter
the low-frequency noise, the signal was processed through a designed high-order FIR (finite
impulse response) high-pass filter using a Kaiser window function. The Kaiser window
function adjustment parameter was = 5. The FIR filter has an order of 500 and a cutoff

frequency of 70 Hz.
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Figure 22. PVDF sensor responses at 6 positions in time domain.

By utilizing the pwelch function in Matlab® R2022b [41], these voltage response data
were converted into Power Spectral Density (PSD). In the pwelch function, the Hanning
window was used with a window length of 1/20th of the signal length and 50% overlap.
Further, to more effectively demonstrate the energy distribution of the signal at different
frequencies, particularly the low-frequency unsteadiness, pre-multiplied Power Spectral
Density (f-PSD) was used. Figure 23 shows the f-PSD values from sensors along the
x-direction in the middle row of the PVDF sensor array, namely, S1 to S6. The plot high-
lights the variation in frequency responses at different positions within the separation and
reattachment regions. The PVDF sensors provide insights into the pressure fluctuations
and energy distribution within the flow field.

Figure 24 shows the f - PSD values from sensors along the x-direction in the middle
row of the PVDF sensor array. The frequency has been normalized by the Strouhal number
St which is defined as S = f L,/ 110, Wwhere f is the frequency, the free stream velocity is
Ue = 512 m/s, and the interaction length obtained is L;,;; = 54.5 mm with the @ = 10°
edge shock generator [28,31]. Referring to the parameters from a paper based on the
same wind tunnel experiment [28,31,42], the normalized position parameter of the sensors,
X* = (x; — x0)/ Lin, was calculated based on the interaction length L;;;.
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Figure 24. Schematic of the flow field and respective f-PSD spectra along the streamwise direction
for the PVDF sensor array.

The provided plots offer significant insights into the energy distribution of the flow
across various frequencies and locations within the shock wave /boundary layer interaction
(SBLI). Consistent with the established literature, distinct frequency ranges are observed,
each categorized into specific zones characterized by unique temporal scales [43-46].

These zones are as follows:

Low Frequency Zone (LFZ): This zone is captured by sensor 51, and it is situated at
the onset of the interaction region, near the foot of the reflected shock at approximately X*.
It is marked by very low-frequency fluctuations, featuring a broad peak centered around
0.04 < S¢ < 0.06, which indicates large-scale pressure fluctuations due to the low frequency
motion of the reflected shockwave.

Intermediate Frequency Zone (IFZ): Captured by sensors S2 to S6 and spanning the
interaction region of 0.2 < X* < 1, inside this region, the frequency response has a broader
range compared to the low frequency zone and exhibits medium-frequency characteristics
at Sy =~ 0.5, which is in between the low frequencies’ fluctuations of the reflected shock foot
and the high frequencies of the small-scale turbulence of the supersonic boundary layer.
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Usually, the IFZ region is associated with the shedding of large-scale coherent structures in
the shear layer that develops over the shock-induced separation bubble.

For comparison, we integrated six Kulite sensors in the sensor plug, parallel to the S1
to S6 PVDF sensors. Both the PVDF sensors and the Kulite sensors were tested under the
same condition simultaneously.

As shown in Figure 25, the power spectral density f-PSD show that the PVDF sensors
exhibit a strong consistency with the Kulite sensors located at the same positions along
the x-direction of the air flow. At location (1), the PVDF sensor and the Kulite sensor have
very low frequency fluctuations and a broad hump centered in the Strouhal number range
0.04 < S; < 0.06. The peaks of the Kulite response at S; = 0.0033 indicates the main hum
noise at 50 Hz. From the location @) to (¢), both the PVDF sensors and the Kulite sensors
exhibit significant narrow humps in the range 0.4 < S; < 0.5.
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Since the PVDF sensors and Kulite sensors were measured under the same conditions
during the wind tunnel experiment, there is no need to consider the time lag between the
data. We chose the Pearson’s Correlation Coefficient  to measure the correlation between
the normalized power spectral densities of both the PVDF sensor and the Kulite sensor [47]:

b L =Y —)
VI =0 Sy - 7)?

where x; and y; are the observed values of the two data sets, and X and ¥ are the means of
the two data sets.

Comparison with the Kulite sensors showed that the PVDF sensors demonstrated
strong consistency in detecting unsteadiness, particularly in the low-frequency range.
Pearson’s correlation coefficient analysis indicated moderate positive correlation (0 < r < 1)
between the two sensor types, validating the PVDF sensor array’s effectiveness. As in
Figure 26, the Pearson correlation coefficient fluctuates between different X* values but
consistently remains between 0.42 and 0.52. This finding indicates that the correlation
between sensor variables at different positions or time points is relatively stable. Notably,
in sensor region (1), the correlation coefficient is the highest, reaching 0.5. In sensor region
(3, the correlation is the weakest, at 0.39. From region (@ to (), the correlation shows an
increasing trend. The possible reasons for these differences may be attributed to the varying
design size of the sensing transduces, sensitivity, and spectral response resulting from the
different sensing mechanisms of piezoelectric (PVDF sensor) and piezoresistive (Kulite
sensor) sensors as well. Additionally, the positioning of the sensors within the wind tunnel,
measurement environment errors, human error, or even a combination of multiple factors
could contribute to these variations.
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Figure 26. Illustrates the similarity of the pressure signal values received by the two types of sensors
at the same location and time.

5. Conclusions

Finite Element Method (FEM) simulations were conducted to investigate the PVDEF sen-
sor array’s frequency response characteristics, particularly its potential for high-frequency
operations up to 300 kHz. The simulations revealed that the sensor exhibits high-pass
filter behavior due to the interaction of its capacitive and resistive properties with circuit
parasitics. This behavior suggests that the sensor can effectively minimize low-frequency
noise while maintaining stability in the high-frequency range, a promising feature for
applications that require sensitivity to dynamic pressure fluctuations, such as SWBLI
studies.

The current experimental work, however, concentrated on validating the PVDF sensor
array’s low-frequency response, which aligns with the primary needs of SWBLI research.
Low-frequency unsteadiness is a key factor in SWBLIs, driving phenomena like flow sepa-
ration and recirculation, making accurate detections within this range essential. By first
establishing a reliable low-frequency performance, this study addresses the immediate re-
quirements for SWBLI research while setting a foundation for future high-frequency testing.
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In wind tunnel experiments conducted at Mach 2, the PVDF sensor array demon-
strated the effective detection of unsteady low-frequency pressure fluctuations. The results
were consistent with data from Kulite sensors, confirming the PVDF array’s sensitivity
and reliability as a viable alternative for SWBLI applications. These findings underscore
the PVDF sensor array’s suitability for low-frequency unsteadiness studies, with its high-
frequency potential—indicated by an FEM simulation—reserved for subsequent experi-
mental validation.

This study’s main contributions include the development and initial validation of a
PVDF sensor array tailored for low-frequency wall-pressure measurements in SWBLI envi-
ronments. The FEM simulations suggest that the sensor could maintain stable responses
up to 300 kHz, providing a theoretical basis for high-frequency applications. While current
experiments focused on low-frequency calibration, future work will extend testing to cover
the high-frequency range. This further testing will allow for a comprehensive evaluation
of the PVDF sensor array’s operational range and dynamic response under varied flow
conditions, enhancing its potential as a versatile tool in broader aerodynamic and aerospace
applications, including high-frequency pressure measurements.

Future work will involve controlled testing of the PVDF sensor array under varying
temperature and humidity conditions to assess its long-term stability and sensitivity. These
tests will help evaluate the robustness of the PVDF material and validate its performance
in diverse environments commonly encountered in aerodynamic research.

As an alternative piezoelectric sensing material, PVDF polymers, particularly in their
nanofiber form, exhibit remarkable sensitivity to various mechanical stimuli, including
pressure, strain, vibration, and motion [48]. This exceptional versatility has enabled their
widespread application across diverse sensing technologies, further highlighting the poten-
tial of PVDF-based sensors for innovative advancements in the field.
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Abstract: Electrothermal actuators are highly advantageous for microelectromechanical systems
(MEMS) due to their capability to generate significant force and large displacements. Despite these
benefits, their application in reconfigurable conduction line switches is limited, particularly when
employing commercial processes. In DC MEMS switches, electrothermal actuators require electrical
insulation between the biasing voltage and the transmission line to prevent interference and maintain
the integrity of the switch. This work presents a chevron-type electrothermal actuator utilizing a
stack of S5iO;/ Al thin films on a silicon (Si) structural layer beam to create a DC MEMS switch. The
design leverages a thin film Al heater to drive the actuator while the SiO, layer provides electrical
insulation, suppressing crosstalk with the Si layer. The electrical contact resistance of a Si-to-Si
interface was evaluated by applying a controlled current and measuring the resultant voltage. A
low contact resistance of 150 () was achieved when an initial contact gap of 2.52 um was closed
using an actuator with an actuation voltage of 1.2 V and a current of 205 mA, with a switching speed
of less than 5 ms. Factors such as the contact force, the temperature, and the residual device layer
etching angle significantly impact the Si-to-Si contact resistance and the switch’s longevity. The
switch withstands a breakdown voltage up to 350 V at its terminal contacts. Thus, it will be robust to
self-actuation caused by unwanted voltage contributions, making it suitable for high-voltage and
harsh environment applications.

Keywords: electrothermal actuator; microelectromechanical systems (MEMS); PiezoMUMPs; DC
MEMS switch; Si-to-Si contact resistance

1. Introduction

In recent years, reconfigurable, integrated, and miniaturized switches have been in
high demand in order to reduce the complexity of power switching and fault protec-
tion systems in the transport industry [1-3]. Microelectromechanical systems (MEMS)
switches/relays combine the benefits of solid-state switches, such as their compact size,
low energy consumption, low cost, and compatibility with other integrated circuits on the
same substrate [4]. Most importantly, they mirror the desired characteristics of conven-
tional electromechanical relays through direct physical contact and low leakage currents [5].
Accordingly, MEMS switches can feature low insertion losses, high linearity, high isolation,
and wide operation electrical bandwidth [6,7]. This can be advantageous for implementing
configurable power networks and other payload systems [8-10]. These make switches
based on MEMS technology an interesting and active area of research. However, despite the
progress of DC MEMS switches, the endurance to withstand large currents and breakdown
voltages has been a bottleneck [11,12], causing some unsatisfactory reliability issues. These
issues include contact stiction, wear and micro-welding, material transfer between the
contact, high contact resistance, and dielectric breakdown of the air gap at the off-state [13].
Many of these issues are found in electrostatically actuated switches [13,14]. In this regard,
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MEMS switches based on thermal actuation stand to be of great interest to many applica-
tions such as RF MEMS switches [15,16], optical switches [17,18], and tensile loading [19],
due to promising features such as high contact force, robustness, wide travel range, in-plane
design flexibility, and low fabrication complexity [20-22]. As the actuation mechanism is
built on a resistive heating element, it requires a DC current to maintain its active state.
This can also be customized to achieve a bistable switch to eliminate the current and power
consumption during operation [23]. The thermal actuator’s robustness in environments
where high-voltage spikes can be observed is another advantage making this actuation
mechanism suitable for applications in the transportation sector, which require high-voltage
resilience [24].

Several works on electrothermal MEMS switches for power switching applications
using commercial foundry processes provided by MEMSCAP (Crolles, France) were pub-
lished, mostly using the Metal Multi-User MEMS Process (MetalMUMPS) [8,23,25]. How-
ever, that process lacks a silicon (Si) structural layer, which brings challenges with regard
to the robustness of the designs for harsh environments. In [26], a study was reported
on electrostatically actuated Si-to-Si contact microswitches that were custom-fabricated
using an ultraclean encapsulation process and operated within a temperature range of
—60 °C-300 °C, but the contact resistance was in the hundreds of kiloohms. In [27], the
MEMSCAP Silicon-on-Insulator Multi Users Micromachining process (SOIMUMPS) was
utilized to design a structure with a hybrid actuation mechanism. The design used an elec-
trostatic latching voltage of 21 V to keep the switch in an active state. However, it was not
possible to isolate the RF signal line from the actuator signal. In [28], a test platform that uti-
lized a V-shaped thermal actuator driven by a thin-film aluminum (Al) heater stacked onto
a SiO, layer was reported. The actuator was robust against out-of-plane deformation due
to its high aspect ratio, with a Si structural layer thickness of 50 um. However, it required
substantial energy consumption equivalent to 200 mA at 3 V to close the contact. Recently,
in [29], an electrostatically actuated MEMS switch for microwave band application using
the MEMSCAP Piezoelectric Multi-User MEMS Process (PiezoMUMPs) was reported. The
authors observed the non-uniformity of the contact with a scallop diameter of 0.33 um on
the sidewall interface. As such, non-ohmic contact was observed and demonstrated. This
observation implies that the contact interface can be improved by mechanical polishing.

Previously, in [30], we demonstrated an electro-thermal chevron-type (i.e., V-shape)
MEMS actuator fabricated using the PiezoMUMPs process and aimed at power switching
applications that require high breakdown voltage, taking advantage of the high-robustness
silicon structural layer provided by the process [31]. However, the Si-to-Si contact interface
has shown inconsistency in ohmic contact resistance measurement. A close observation
of the interface demonstrated scallops that could cause out-of-plane misalignments of the
conducting lines upon contact. Other issues observed included the influence of temperature
and the possible appearance of a native oxide across the sidewall interface, besides the
restricted lifespan of the switch due to the high current density sustained by the heater.

Accordingly, this work further investigates the design, fabrication, and characteriza-
tion of a V-shape MEMS actuator with an improved force, using the PiezoMUMPs process.
The actuator is integrated with a shuttle to implement a direct contact (DC) switch aimed
at power switching applications and high-voltage resilience. Additionally, this work offers
potential engineering approaches to enhance the understanding of the impact of silicon
sidewall morphology and its negative effects on the formation of reliable ohmic contacts.
The study also investigates the effect of the contact temperature on the contact resistance
by implementing a near zero-temperature actuation test, i.e., by manual contact operation
through a micro-needle.

This paper is structured as follows: Section 2 presents the proposed design along with
the simulation results. Section 3 provides a brief overview of the prototype fabrication
process. Section 4 details the experimental results of the fabricated design, including the DC
characterization of the actuator, the I-V curve of the Si-to-Si contact interface, the etching
angle profile, and the switching speed of the actuator. Section 5 discusses the influence
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of the sidewall contour on the contact interface of the MEMS switch. Finally, Section 6
concludes the paper.

2. Design and Simulation
2.1. Design Configuration

The schematic shown in Figure 1 illustrates the proposed concept of an in-plane elec-
trothermally actuated Si-to-Si DC MEMS switch. In this work, variations in the widths of
different layers are determined by fabrication constraints, which require specific enclosure
distances between the layers to ensure proper functionality and manufacturability. The
main part of the design is a chevron type electrothermal actuator driven by a heater built
from the Padmetal layer made of aluminum (Al) and chromium (Cr), stacked onto a silicon
Si structural layer via a thin silicon dioxide SiO, layer. The SiO; layer, positioned between
the Al and Si layers, provides electrical isolation between the switch transmission line and
the driving heater current.

Mechanical support and heat sink - Si
Array of chevron actuator with PADMETAL as a heater 5i0:

ransmission line

Anchor

(a) =

Figure 1. Schematic illustration of the thermally actuated DC MEMS switch: (a) top view and

(b) cross-section of the Al heater on top of the Si layer.

Typically, the chevron actuator features a symmetric geometry that is composed of an
array of beams slanted at a tilted angle, 8, in such a way that the generated heat enables
lateral motion due to joule heating and thermal expansion.

To reduce the out-of-plane deformation, only one pair of the chevron beams is covered
with the S5i0, /Al-Cr layer to act as a heater, allowing the remaining chevron beams to have
a reduced width of 6 pm, as depicted in Figure 1. This is advantageous, as it reduces the
stiffness and serves as a heat sink to reduce the contact temperature. In addition, these
narrower beams reduce the high impact of the lower aspect ratio of the heater beam (i.e., the
Si thickness, tg; = 10 um, is significantly smaller than the Si width, Wg; = 21 um) due to
fabrication process constraints. Figure 1b illustrates the patterning of the silicon chevron
beams with SiO,/Al-Cr layers, having a total width of 21 um. In this configuration, the
SiO; layer encloses the side edges of the Al-Cr layer by 3 um. The design includes an air
gap of 3 um between the switch contacts, which the actuator must traverse to bring the
shuttle comb structure into contact with the transmission line structures, thereby closing the
switch. In addition, the multilayered structure is vulnerable to intrinsic stress gradients due
to the wide coefficient of linear thermal expansion (CTE) mismatches between the silicon
(g = 2.6 x 107°/K) and Al(ag; =23.1 x 107%/K) layers. As a result, the beam’s moment
of inertia is smaller for out-of-plane motion compared to in-plane motion, leading to an
undesired tendency for the actuator to favor out-of-plane motion during operation [12].
This needs to be carefully assessed in the simulation.
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2.2. Simulation

The CoventorWarell.1 FEM software package with an electro-thermomechanical
solver was utilized to study the displacement, temperature, and current of the heater over
an applied voltage range. In the solid mechanics physics, the two anchors of the V-shaped
beam of the actuator are set to be fixed boundaries, where the voltage is applied across the
anchor points. The room temperature is set at the bottom of the anchors and the rest of the
structure is configured to exhibit conductive heat transfer [32]. The designed dimensional
parameters in Figure 1 are listed in Table 1.

Table 1. Design dimensions of the thermal chevron actuator.

Geometry Parameter Symbol Value
Length of the chevron actuator Ly, 500 pm
Length of the shuttle Lg 110 pm

Width of the chevron actuator Wp 6 um
Width of the chevron actuator Wg; 21 um
Width of the Padoxide Wox 11 pm

Width of Padmetal Wai 5 um

Angle of chevron beams B 1.4°

The displacement of the actuator at the shuttle tip for a voltage ranging from 0 to
1.2 V applied across the actuator terminals (i.e., heater) is shown in Figure 2a. This 1.2 V
is the typical voltage required to provide in-plane displacement of 2.52 um to close the
initial contact gap. At this displacement, the out-of-plane displacement (misalignment
with respect to the fixed parts) was recorded to be 100 nm, as illustrated in Figure 2b. It is
deemed acceptable. The maximum generated temperature on the actuator was 525.2 K, as
shown in Figure 2c, whereas the recorded temperature on the contact of the switch was
450 K. Note that the actuator can operate only at temperatures that are below the melting
point of the heater’s aluminum material, which is 960 K [33].
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Displacement Zum
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(@) (©

Figure 2. (a) Simulation results of the displacement vs. actuation voltage, (b) out-of-plane displace-
ment profile, and (c) temperature profile of the thermal actuator.

3. Fabrication and Characterization

The switch devices were fabricated following the PiezoMUMPs process technology
provided by Science Corporation [34]. The process with a total of five masks begins with a
400 um-thick handle substrate, an n-type (100) silicon orientation wafer with a 1 £ 0.05 pm
buried oxide (BOX) insulation layer, and a 10 pum-thick phosphorus-doped silicon device
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layer. Figure 3a,d summarize the sequence of steps involved in the fabrication process
of the thermally actuated MEMS switch devices. A thermally grown 200 nm-thick SiO;
layer is patterned to provide electrical isolation, as shown in Figure 3b. The microheater,
composed of a 1 um-thick Al layer and a 20 nm-thick Cr adhesion layer, is deposited on
top of the device structural layer using e-beam evaporation and patterned through a lift-off
technique, as shown in Figure 3c. The suspended silicon structural layer in Figure 3d
is patterned through front side reactive ion etching (RIE) to remove the thermal silicon
dioxide layer and deep reactive ion etching (DRIE) to remove the silicon structural layer.
This is followed by coating the front side with a protective polyimide layer and the backside
RIE on the silicon dioxide layer. The silicon handle wafer is then removed through DRIE.
After the etch is completed, the photoresist is removed, and a wet oxide etch process is
then used to remove the SiO; layer in regions defined by the trench mask. The frontside
polyimide layer is finally removed using an oxygen dry etch process. The released device
cross-section is shown in Figure 3d.

. Al

Sio2 8o =2.52 pm
EEN BOX b5
o si

Transmission line

Shuttle

Al metal layer

Al =950 nm

Trench

'
v

Lsi0, = 200 nmy

SU8230 15.0kV 9.3mm x100 LM(UL)

Figure 3. Structure of the fabricated thermally actuated Si-to-S5i DC MEMS switch: (a—d) simplified
fabrication process flow, (e) SEM of the switch, (f) zoomed-in image of the switching contact area,
and (g,h) zoomed-in image of the chevron beam detailing the Al heater and silicon oxide insulating
layer.

Prior to experimental testing, the fabricated devices were visually inspected using
a scanning electron microscope (SEM) model SU6 300, as shown in Figure 3e-h. The
measured thickness of the Al layer is ~950 nm compared to the designed value of 1
um, whereas the designed contact gap of 3 um was measured to be 2.52 uym. These
small discrepancies could be attributed to variations in the deposition process parameters.
Figure 3h shows a higher grain boundaries defect for the Al layer compared to the oxide
layer.

4. Measurements and Results

This section discusses the switch electrical characterization and behavior of the ohmic
contact. Initially, the on/off characteristics are measured, followed by an evaluation of the
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contact resistance during quasi-static actuation. Additionally, the transient response of the
chevron actuator upon establishing the ohmic contact is analyzed.

4.1. Displacement Measurement

Figure 4 illustrates the schematic diagram for the DC characterization setup used to
measure displacement and contact resistance. The setup includes a Tektronix PWS4205
programmable DC power supply (0-20 V, 5 A), a source meter measurement unit, and a
Keyence VHX7000 optical microscope. The device under study is mounted on a ceramic
DIP package. The device is wire-bonded using gold wires. Subsequently, the package is
connected into a prototype PCB board for measurement.

DUT
MEMS switch
DC A, A SMU
Power Supply ( ) ( ) I/V Source
Actuator Contact
terminals terminals

Figure 4. Schematic of the DC measurement setup for MEMS switch characterization.

To verify the functionality of the fabricated devices, the static response of the chevron
thermal actuator driven by the Al heater was examined. The displacement of the thermal
actuator’s contact tip was measured by capturing its motion at each increment of the
biasing voltage using an optical microscope until the gap was entirely closed at an average
measured displacement of 2.52 pm. The actuation voltage and current (I-V) necessary to
close the switch gap were found to be 205 mA and 1.2 V, respectively, as shown in Figure 5.
The observed difference between the measured and simulated I-V curves in Figure 5
is mainly due to the simulation model assuming ideal electrical conditions. However,
real-world factors, including environmental conditions and fabrication tolerances, such
as variations in the thickness and width of the aluminum layer across the interconnect
geometry, introduce deviations that are not captured by the simulation.
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Figure 5. Switch displacement and actuator current as a function of applied heater voltage.
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4.2. Contact Resistance Measurement

The contact resistance of the MEMS switch was measured using a source meter unit
(SMU) after the switching interfaces were closed and mechanically settled. The test setup
utilized to determine the contact resistance is depicted in Figure 4. Upon closing the MEMS
switch, the initial contact resistance was observed to be around 400 (). The current-voltage
(I-V) characteristics, shown in Figure 6, were obtained with a test limiting a current of
5 mA passing through the switch. Within the tested limited current, the voltage drop across
the contact was found to vary due to the variation in the contact resistance, where the
initial measured 400 () resistance corresponds to a ~0.25 mA testing current and a 0.1 V
drop across the contact. At the maximum testing current of 5 mA, the measured contact
resistance dropped to only 240 (); therefore, the maximum measured voltage drop was 1.2V,
as shown in Figure 6. This progressive decrease in the contact resistance with the increase
in the testing current results in erratic behavior and inconsistencies in the ohmic contact.
The initial establishment of the contact resistance suggests that instability may occur when
the contact force is below the threshold value, coupled with the high temperature across
the shuttle resulting from resistive heating. Notably, this variation in resistance with
voltage may be due to the resulting self-heating of the switch causing additional force
to be generated by the actuator. This highlights the importance of optimizing both the
mechanical force and thermal management to ensure uniform switch operation.
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Figure 6. [-V plot with the extracted electrical contact resistance of the Si-to-Si contact.

4.3. Switching Time

The dynamic transient response was measured using a square wave signal toggling
between 0 and 1V at a rate of 1 Hz and applied to the Al heater. The switching speed of
the proposed MEMS switch is explored in ambient air with a simple test circuit depicted
in Figure 7a. Vpyive generates a driving signal for the heater and activates the switch. The
switching contact is used as a sensor to detect the response time of the actuator when
excited to the desired displacement. Thus, this creates a current path from the supply
voltage, Vs, through the floating contact to the off-the-shelf resistor, Ry ,.q. Both Vpyiye and
the voltage across the resistor Ry ,,q are monitored using an oscilloscope. The actual setup
used to measure the response time of the switch is shown in Figure 7b. It was observed
that the reaction time for a rising edge Tyjse Was ~5.7 ms, whereas the falling edge, ¢y, was
found to be ~1.5 ms, as measured in Figure 8. The rise time is longer than the fall time, and
this is attributed to the Joule heating time constant and the cooling time constant being
different. Note that the variability of the voltage across Rj .4 is due to the variation in
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the contact resistance, as mentioned above. Moreover, potential reasons for the deviation
include fabrication imperfections, mainly over-etching and the etching angle during the
DRIE process. The high aspect ratio also increases the stiffness and out-plane displacement.
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Figure 8. Measured switching speed of the actuator at a maximum range of 2.52 pm.
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4.4. Breakdown Voltage Test

Using a high-voltage source manufactured by Stanford Research Systems (model
PS310), the switch was kept in an open state and a high voltage was applied to one of the
transmission terminals while the other was grounded, as given in the setup depicted in
Figure 9a. The voltage required to break down the structure was visually monitored on
the microscope and found to be 350 V, and it is limited by the 2.52 um air gap between the
shuttle and the switch transmission line, which results in arcing, as shown in Figure 9b. The
stiffness of the chevron actuator also plays a significant role by preventing self-actuation
due to electrostatic forces. This can be enhanced by increasing the gap size at the cost of
the larger actuation displacement required to close the switch and, consequently, more
actuation power.

R Limiting
=5KQ
High Voltage source Event after breakdown

WD36. 9mm 15.0KV x600

(a)

Figure 9. Breakdown voltage measurement: (a) test schematic, (b) microscope image after break-
down event.

5. Discussion

The results presented in the previous section demonstrated that driving the chevron
thermal actuator through Joule heating, with a stacked Al layer as the resistive heating
element for DC MEMS switching applications, requires an insulating layer between the
resistive heating and the transmission line. However, this approach can potentially cause
unwanted out-of-plane displacement due to the stress of both insulating and metal layers,
which is a trade-off for achieving the desired in-plane motion crucial to this research work.
In this study, the effect of the out-of-plane deformation was mitigated by the parallel
connection of several narrow Si beams with the stacked (SiO, / Al-Cr) chevron beams. The
simulated out-of-plane displacement was found to be 100 nm. Additionally, reducing
the width of the narrow beams to 6 um significantly mitigates the temperature gradient
across the actuator’s shuttle, as compared to the local temperature of the actuator beams.
The lateral stiffness of the actuator is also mitigated due to the presence of the narrow
beams. Furthermore, the stress across the switching contact is mitigated, as no Al layer
is deposited on the Si-to-Si contact. Notably, the initial contact resistance, as depicted in
Figure 5, showed an improvement over that in our previously reported study [30], where
all the pairs of the chevron beams were patterned with a SiO, /Al-Cr stack. The thermal
actuator closes a measured switch gap of 2.5 um, with resistive heating at 33 mA /2.4 V, as
depicted in Figure 10. Despite this, infinite electrical contact resistance (ECR) was observed
at this initial setting. Consequently, increasing the heater bias voltage by an additional
0.6 V resulted in achieving a contact resistance of approximately 100 MQ). Furthermore,
as the resistive heating current of the thermal actuator was increased to 42 mA/3.9 V,
the contact resistance continued to decrease, ultimately stabilizing at an average value
of 80 k). This reveals that higher levels of resistive heating significantly improve the
contact resistance performance of the thermal actuator. It is noteworthy that the doping
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surface of the 10 pm-thick Si layer is approximately 1-2 um deep only as mentioned in the
process handbook, and the actuator characterization revealed an out-of-plane displacement
of ~0.5 um [30]. However, operating with an overdrive value of 42 mA /3.9 V, following
the main actuation voltage sufficient to close the switch, caused degradation in the Al
heater. Similar characteristics were observed in the current study, where an overdrive
power exceeding 205 mA /1.2 V resulted in damage to the Al heater with irreversible
misalignment. This degradation is attributed to the formation of “hillocks” in the direction
of current flow and the development of voids at the grain boundaries, as seen in Figure 11.
Over time, this degradation led to reduced current flow until heater failure.

3 —{i— Average Displacement L 40
]| === Current

L 35

- 30
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\
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1 15 2 25 3 35
Applied Voltage (V)

Figure 10. Displacement and current as a function of applied voltage for the previous actuator
reported in [30].

Silicon dioxide

Figure 11. Degradation of aluminum heater over time.

In addition to observing these alterations to the aluminum heater, other factors can
impact the ability to maintain a consistent and stable contact resistance. As described
in the next subsections, these factors include the sidewall contour of the MEMS switch,
the contact force exerted at the interface, and the rise in the contact interface temperature
resulting from localized heating by the Al heater. The sidewall contour can influence
the mechanical alignment and contact quality, while the contact force affects the physical
engagement between contact surfaces, leading to a reduced contact area. Additionally,
the localized heating can lead to thermal expansion and variations in material properties,
further complicating the stability of the contact resistance. The management techniques of
these combined effects must be carefully elaborated to ensure the reliable and consistent
performance of the MEMS switch, which is beyond the scope of this work.
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5.1. Sidewall Topography Characterization

The sidewall surface topography of the contacting surfaces was examined through
SEM imaging analysis of the fabricated MEMS switches. These studies revealed that the
scalloping outlines and asperity sizes of the sidewall surfaces varied between different
fabrication runs, which could potentially limit the repeatability of the ohmic contact.
Figure 12a presents an SEM image depicting the cross-sectional profile of the residual
etching angle and the sidewall contours of the contact interface of the MEMS switches. The
etch angles at the contact interface were measured to be approximately 1.92°. This etching
angle resulted in a 608 nm air gap between the centers of the switching contacts upon initial
contact. To further evaluate and validate the accuracy of the procedure used to extract
the etching angle profile shown in Figure 12a, the MEMS die was mechanically flipped to
observe the differences between the top edge-to-edge distance and the bottom edge-to-edge
distance of the silicon structure. Figure 12b—d depicted a 690 nm residual etching after
closure, which aligns well with the contact analysis. However, these factors could lead to
inconsistencies in achieving well-aligned doped Si-to-Si contacts. The scalloping of the
silicon sidewall is unavoidable due to the repeated alternation between DRIE etching and
passivation cycles.

-+ | Wy =3.05um
©
tsi = 10.5 pm
Si
[ —
Wg = 3.74 pum
(CY)
ts; = 10.5
'Top edge - BR @=198°
Bottom edge ;
- I'_WB =345 nm
Residual air gap

Figure 12. Switch contact interface: (a) cross-sectional view, (b) bottom view of the device, (c)
sketched analysis of contact interface before activation, and (d) after activation.

5.2. Manual Activation of the MEMS Switches with a Probe Needle

The main objective of this experiment was to confirm the impact of high contact force
and elevated temperature across the contact tip, resulting from Joule heating, on the value
and the repeatability of the ohmic resistance of the MEMS switch. The on-state resistance
was characterized using a Source Meter Unit (SMU) to obtain the -V plot in Figure 13.
The switches were manually triggered using a probe needle until a reasonable resistance
was detected despite the less-controlled force applied with the needle. Once the switch
closed, a voltage sweep was applied with a testing current (I) limited to 1, 5, 10, and
15 mA. The I-V plot in Figure 13 shows that the calculated resistance value (Ron) ranges
from 150 Q) to 410 ), with a 5 min interval between each testing current. This method
allowed for the evaluation of the switch’s performance by measuring the contact resistance
at room temperature.

As was observed in the previous graphs, despite the low Si-to-Si contact resistance
obtained, for testing currents higher than 5 mA, the I-V relation was found to follow a
less linear pattern. This could be due to the temperature generated by the higher testing
currents. To better investigate this behavior, an additional experiment was conducted on a
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bare silicon beam with metal pads at its two ends, as shown in Figure 14a. The resistance
of the beam was measured to be 116 (). This experiment is essential to understanding
the behavior of the barrier between a uniformly surface-doped Si and a top metal (Al)
pad, which are the major parts of our proposed Si-to-Si contact switch. The reliability and
durability of the MEMS switches will significantly be influenced by the integrity of this
junction, which depends on the type of metal used, the doping type and concentration of

the Si, and the annealing process after metal deposition [35].
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Figure 13. I-V plot of the switching contact and calculated contact on-resistance (Royy), with an inset

picture showing the linear I-V curve for the 5 mA limit current.
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(b) I-V plot in the range of —0.5V to 0.5V, and (c) I-V plot in the range of —150 1V to 150 uV.
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As illustrated by the I-V characteristic curve shown in Figure 14b, a voltage ranging
from —0.5 to 0.5 V was applied on the Al pads to allow current through the Si beam and
observe any possible Schottky barrier between the Si layer and the Al layer. As seen
in Figure 14b, the current exhibited a linear relationship with the voltage, resulting in a
constant resistance value. This linear response is expected, as surface doping of the Si
layer for the PiezoMUMPs process (formerly SOIMUMPs) is very high (102° cm~3) [36].
With such a significant surface doping concentration, carriers possess sufficient energy to
efficiently tunnel through the inherent barrier between metals and semiconductors [37]
and make the barrier behave like a ohmic one. However, applying a very low voltage in
the range of —150 to 150 1V resulted in less ohmic contact where a nearby Schottky barrier
was observed, as seen in Figure 14c. Nonetheless, with special annealing treatments and
the careful selection of the metal, the height barrier responsible for the non-ohmic behavior
could be reduced to near zero, and more ohmic behavior could be obtained [38].

Given the linear I-V curve observed in Figure 14b, the non-linear behavior seen in
previous graphs is expected to stem largely from the silicon-to-silicon (Si-to-Si) contact
when the switch is closed. This can be attributed to several factors. First, even though the
silicon layer is heavily surface-doped, as shown in Figures 12 and 14a, ensuring good and
continuous contact between the 1-2 pm-deep doped regions of the two contacting edges is
challenging. Etching processes can disturb the doping concentration near the contact edges.
Moreover, the doping concentration is maximal at the top surface and gradually decreases
toward the bottom surface of the Si layer. Therefore, as continuous force is applied to
the switch to achieve good contact in the doped regions, the surface contact area of the
less-doped regions also increases, potentially causing the non-linear response.

Second, residual etching materials used to pattern the silicon contact could form a
thin sidewall coating, generating a barrier between the Si-to-Si contact when the switch
is closed. Third, there is a possibility of the natural formation of a thin oxide layer on the
edges of the Si contact, which could also act as a barrier [38]. The results and the foregoing
analysis provide insights into necessary design optimizations for enhancing the contact
behavior and, consequently, the longevity and repeatability of MEMS switches, particularly
in applications requiring precise and stable electrical contact.

5.3. Comparison with State-of-the-Art MEMS Switches

To position this work within the context of state-of-the-art silicon-to-silicon (Si-to-5i)
contact MEMS switches, Table 2 compares the proposed thermally actuated DC MEMS
switch with previously reported devices, focusing specifically on Si-to-Si contact resistance.
Among these, the switch presented in this work demonstrates a significant reduction in
contact resistance, achieving values in the range of 150 () to 450 (), along with a satisfactory
breakdown voltage. Additionally, despite the absence of heater optimization, which
resulted in a shortened switch lifetime, the design maintains a reasonable electrical isolation
between the heater and the signal line. Note that the high aspect ratio introduces a trade-off
in the form of out-of-plane displacement.

Table 2. State-of-the-art MEMS switches compared to the proposed Si-to-S5i MEMS switch.

Actuation

Ref. Actuation Material Motion Voltage Ron VBreakdown
[26] Electrostatic Si-to-Si Lateral ~35kQ) -
[29] Electrostatic Si-to-Si In-plane ~18V No data -
[39] Electrostatic Tungsten (W) Out-of-plane 113V ~7.5kQO -
[40] Electrostatic Platinum (Pt) In-plane 20V 4.4-t0-4.6 kQ) -
This work  Electrothermal Si-to-Si In-plane 12V 0.15kO) 350V

6. Conclusions and Perspective

This study presented the design, fabrication, and characterization of an electro-
thermally actuated Si-to-Si DC MEMS switch for power switching applications. The
experimental results showed that upon closure, the switch exhibited an initial contact
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resistance of approximately 400 () and an average response time of 5.7 ms. The electrical
contact resistance displayed non-linear behavior for currents ranging from 1 to 15 mA due
to self-heating within the switch, while lower currents had negligible effects. These findings
highlight the necessity of optimizing both mechanical force and thermal management to
achieve consistent and reliable switch operation.

Detailed examination revealed that the etching angles of the sidewall contact rendered
the normal contact force insufficient to adequately compress and polish the scallops and
asperities of the sidewall, affecting contact resistance reliability and repeatability. Increasing
the compressive load led to out-of-plane misalignment, affecting the contact resistance, due
to doping confinement to the surface of the SOI device layer.

The impact of contact temperature on contact resistance was further investigated
through a near-zero-temperature actuation test using manual contact via a micro-needle
actuation. A linear [-V response was observed for currents below 5 mA, whereas higher
currents induced non-linear responses due to Joule heating.

Importantly, the switching contacts sustained a maximum breakdown voltage of 350 V,
owing to the actuator’s thermoelectric nature. The switch’s ability to withstand up to 350 V,
coupled with low contact resistance, underscores its potential for demanding applications
such as power systems and fault protection networks. Compared to other state-of-the-
art MEMS switches, the proposed design offers good performance and a competitive
breakdown voltage, despite challenges related to the heater lifetime.

Future work will focus on reducing the effects of Joule heating at the transmission line
and optimizing the heater design to extend the switch’s lifespan.
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Abstract: When two resonators of coupled silicon resonators are identical and the gain on one side is
equal to the loss on the other side, a parity-time (PT) symmetric-coupled silicon resonator is formed.
As non-Hermitian systems, the PT-symmetric systems have exhibited many special properties and
interesting phenomena. This paper proposes the strain-induced frequency splitting in PT symmetry-
coupled silicon resonators. The frequency splitting of the PT system caused by strain perturbations is
derived and simulated. Theory and simulation both indicate that the PT system is more sensitive
to strain perturbation near the exceptional point (EP) point. Then, a feedback circuit is designed to
achieve the negative damping required for PT symmetry. Based on a simple silicon-on-insulator (SOI)
process, the silicon resonator chip is successfully fabricated. After that, the PT-symmetric-coupled
silicon resonators are successfully constructed, and the frequency splitting phenomenon caused by
strain is observed experimentally.

Keywords: PT symmetry; coupled resonators; silicon resonators; strain-induced; frequency splitting

1. Introduction

In 1998, Professor C. M. Bender of University of Washington proposed a parity-time
(PT)-symmetric Hamiltonian. This PT-symmetric Hamiltonian does not have Hermitian
properties, but still has a real eigenvalue spectrum [1]. Here, P and T represent parity
transformation and time transformation, respectively. According to Professor Bender’s
theory, the condition for Hamiltonian H to have PT symmetry is that the inner product
of the PT transformation operator and the H operator is 0, denoted as [PT, H] = 0. It
can also be understood as the condition that a system’s Hamiltonian remains unchanged
after undergoing parity transformation (coordinate x transformation to —x) and time
transformation (time t transformation to —t). After Professor Bender proposed the concept
of PT symmetry, many researchers quickly joined the study on this non-Hermitian PT
symmetry system. So far, the theoretical framework of PT-symmetric non-Hermitian
quantum systems has been established [2,3].

Compared to Hermitian symmetry in mathematical form, PT symmetry is closer to
physical symmetry. Therefore, in addition to research in quantum fields, PT symmetry
theory has also been validated in different types of classical physical systems. In 2007, R. El
Ganainy et al. from the University of Central Florida first proposed an optical PT-symmetric
structure and formulated a coupled-mode theory (CMT) appropriate for PT-symmetric
optical elements [4]. In 2008, Technion-Israel Institute of Technology’s S Klaiman et al.
first observed the phase transition process of PT-symmetric optical structures from exact
PT symmetry to broken PT symmetry and identified the PT symmetry exceptional point
(EP) [5]. In 2011, ]J. Schindler from Wesleyan University first proposed a PT-symmetric
electrical system based on a coupled LCR resonant circuit. The theoretical model for the
electrical PT system was established and experimentally verified [6]. In 2014, X. Zhu et al.
from the University of California introduced the concept of acoustic PT symmetry. Combin-
ing this acoustic PT-symmetric medium with transformation acoustics, two-dimensional
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symmetric acoustic cloaks that were unidirectionally invisible in a prescribed direction
were designed [7]. In 2016, R. Fleury et al. from the University of Texas systematically
expounded the theoretical model and implementation method of acoustic PT-symmetric
system [8].

Gradually, some special properties and interesting phenomena of PT symmetry sys-
tems have been discovered [9-14]. Z. Lin et al. from Wesleyan University found that
PT-symmetric optical periodic structures exhibit unidirectional invisibility properties. Near
the PT breaking point, if the light wave enters from the left side of the PT structure, it
will exit from the right side completely unaffected; and if the light wave enters from the
right side, its reflected wave will be enhanced [9]. Wesleyan University’s H. Ramezani
et al. discovered the Talbot effect in PT-symmetric optical systems. When the input field
pattern respects specific periodicities, the complex PT-symmetric photonic lattices can
lead to a new class of self-imaging Talbot effects [10]. University of Central Florida’s H.
Hodaei et al. developed a micro-resonant ring laser using the PT symmetry principle. By
harnessing notions from PT symmetry, stable single-longitudinal mode operation can be
readily achieved in a system of coupled micro-ring lasers. The selective breaking of PT
symmetry can be used to systematically enhance the maximum attainable output power in
the desired mode [12]. S. Assawaworrarit et al. from Stanford University proposed theoret-
ically and demonstrated experimentally that a parity-time symmetric circuit incorporating
a nonlinear gain saturation element provides robust wireless power transfer. The transfer
efficiency can remain near unity over a distance variation of approximately one meter,
without the need for any tuning [14]. Wayne State University’s P Chen et al. proposed the
PTX symmetric theory and significantly improved the readout signal strength of LC sensors
using this theory [15]. B. Zhou et al. from Southeast University constructed a PT-symmetric
LC sensing system working in the broken PT regime. Experiments showed that its wireless
readout distance was nearly four times longer than traditional methods [16]. Recently, a
type of artificial material called metamaterial has become a research hotspot due to its
unusual electromagnetic properties [17,18]. P. R. Charumathi et al. revealed that the PT
metamaterials exhibit several unusual light-matter interactions that could be exploited for
realizing novel applications [19].

As a special point in PT phase transition, the EP point exhibits some outstanding
characteristics. Z Liu et al. from Tsinghua University showed that it is possible to realize
ultrasensitive optomechanical PT-symmetric microcavities whose sensitivity is at least
two orders of magnitude better than single-cavity optomechanical transducers [20]; Tongji
University’s C Zeng et al. reported the study of high-order EP in PT-symmetric electrical
systems, and found that the sensitivity of the system was enhanced by nearly 10 times when
the perturbation frequency was less than 0.4 kHz [21]. H. Hodaei et al. from the University
of Central Florida found that the higher the order of EP in PT-symmetric micro-resonant
rings, the higher the sensitivity of their perturbation response [22]. Z. Dong et al. from
the National University of Singapore used an EP-locked PT-symmetric circuit to increase
the sensitivity of implantable passive wireless sensors by 3.2 times [23]. The University of
Texas at Austin’s Z Xiao et al. designed PT-symmetric circuits with a sixth order EP, which
can be used for readout of capacitive sensors and has the advantages of high sensitivity,
high resolution, and low thermal noise [24].

Our team successfully constructed PT systems based on coupled LC resonators and
coupled silicon resonators, and established corresponding theoretical models [16,25,26].
Based on our previous work, this paper studies the strain-induced frequency splitting in
PT symmetry-coupled silicon resonators. Theoretical derivation, simulation analysis and
experimental measurements will be conducted to study the strain perturbation on the PT
system. Due to the particularity of the EP, our observation will start from the EP point of
the PT system. The main content of this paper is organized as follows: Section 2 derives
the theory of PT symmetry enhanced strain sensing; Section 3 designs the structure of the
PT-symmetric-coupled silicon resonators and simulates its mechanical and circuit model;
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Section 4 shows the fabrication process of the silicon resonators, and gives the experimental
results; finally, Section 5 makes some conclusions.

2. Principle

Figure 1 shows the schematic of the PT-symmetric-coupled silicon resonators. Res-
onator 1 and Resonator 2 have the same mass m and elastic coefficient k, and the coupling
coefficient between the two resonators is k.. Different from the traditional coupled sili-
con resonators which includes two loss resonators [27,28], the proposed coupled silicon
resonators here consist of one loss resonator and one gain resonator. When the positive
damping of Resonator 2 and the negative damping of Resonator 1 are equal in magnitude,
the two resonators form a PT-symmetric system.

Resonator 1 Resonator 2
k i

Figure 1. Schematic of the PT-symmetric-coupled silicon resonators.

According to Newton’s law, the equations of the motions of the coupled silicon
resonators are given as:

d%x dx

szl —cd—tl—l—kxl +ke(x1—x2)=0 (1a)
d%x dx

m#+cd—;+kxz+kc(xz—x1) =0 (1b)

in which c is the damping coefficient, and x, (n = 1,2) denotes the vibration displacements
of the two resonators, respectively. In Equation (1), swapping the indices of x (P reverse)
and changing the sign of t (T reverse) leaves the equations unchanged, which conforms
to the definition of PT symmetry. The gain of Resonator 1 and the loss of Resonator 2 can
be defined as ¢ = y = ¢/+\/mk, the coupling strength between the two resonators can be
defined as u = k./k, then the PT symmetry coupled silicon resonators can be simplified as
a PT-symmetric dimer, as shown in Figure 1.
Taking xn(t) o xneiwt, Equation (1) can be rewritten as:

1+ p —iwg — w? —U x|
—u 1+ p+iwy — w?| |x =0 @

where w is scaled by wy = v'k/m, which is the resonant frequency of the single sili-
con resonator.

Here, the coupled silicon resonators are set in a weakly coupled state (4 < 1). When
the system is in weak coupling, Equation (2) can be simplified to:

1+”;—ig—w —% X1
L ptiy =0 3)
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Solving Equation (3), the eigenfrequencies of the PT system can be obtained as:

_ pol oo
we=14+5E 70 =7 4)

In Equation (4), when p > 7, the system is in an exact PT-symmetric phase. The system
has two real eigenfrequencies and the frequency splitting Aw is:

Aw =/p? =2 ®)

In Equation (4), when pu < v, the system is in a broken PT-symmetric phase. The
eigenfrequencies have imaginary parts, and the system has only one real eigenfrequency;
between these two regimes, when y = -, the system is in an EP, where the transition of the
two different phases of PT symmetry occurs.

According to the above analysis, the eigenfrequencies merge in the broken PT symme-
try regime. In another word, the frequency splitting Aw of the PT system remains zero at
this regime. Therefore, the strain-induced frequency splitting only occurs in the exact PT
symmetry regime starting from EP.

When strain is applied to the coupled silicon resonators, both resonators are simulta-
neously subjected to elastic coefficient perturbations 6. After perturbation, the parameters
of the coupled resonator are rewritten as:

K= (6a)
;- Y
wh = V1 = dwy (6¢)

Substituting Equation (6) into Equation (3), and setting the initial state of the PT system
at EP (¢ = 7), Equation (5) can be rewritten as:

[ . V6
A(U/: MIZ_,Y/Z: 1_5]/[ (7)

Normalizing Aw’ by wy, the frequency splitting induced by strain can be obtained as:

V6
Jioo"

Aw = 8)

3. Design and Simulation
3.1. Structural Design

Figure 2 shows the structural design of the PT-symmetric-coupled silicon resonators
according to Figure 1. Resonator 1 and Resonator 2 are structurally symmetrical, while
Resonator 1 is a gain resonator and Resonator 2 is a loss resonator. To create a gain effect on
Resonator 1, the electrode Vgen detects the vibration of Resonator 1 and applies back to the
Vi, electrode through a feedback circuit loop. The magnitude of gain can be adjusted by
the feedback circuit. The loss of Resonator 2 is determined by its own parameters as well
as the ambient air pressure, and its magnitude can be adjusted by the air pressure. The two
resonators are coupled through electrical coupling. The coupling strength can be adjusted
by the DC voltages V41 and V4,. AC voltage V,; initiates the motion of the resonator. The
DC voltage V43 is used to eliminate the asymmetric effects caused by fabrication deviations.

48



Micromachines 2024, 15, 1278
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Figure 2. The structural design of the PT-symmetric-coupled silicon resonators.

Feedback circuit

3.2. Mechanical Model Simulation

The finite element simulation software COMSOL Multiphysics 6.2 was used to sim-
ulate and analyze the PT-symmetric-coupled silicon resonators, as shown in Figure 3a.
The silicon resonators were fabricated based on silicon-on-insulator (SOI) process. The
thickness of the silicon beam was 25 pum, the thickness of the substrate was 400 wm, and the
gap between the silicon beam and the substrate was 2 pm. The size of silicon resonators is
shown in Table 1.

(b) (o)

Figure 3. FEM simulation of the PT-symmetric-coupled silicon resonators. (a) simulation model;
(b) the in-phase mode of vibration and (c) out-of-phase mode of vibration.
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Table 1. The key parameters of the coupled silicon resonators.

Parameter Value
Length of the resonators 500 um
Width of the resonators 8 um
Thickness of the resonators 25 um
Length of the capacitor plates 260 um
Width of the capacitor plates 8 um
Electrical coupling gap 2.5 um
Young’s modulus 165 GPa
Poisson’s ratio 0.27
Density 2350 kg/ m3

Figure 3b,c show the simulated two basic vibration modes of the coupled resonators,
the in-phase mode (first mode) and the out-of-phase mode (second mode). The in-phase
mode corresponds to the lower eigenfrequency of the coupled resonator system, while the
out-of-phase mode corresponds to a higher eigenfrequency of the coupled resonator system.

The coupling coefficient y of the coupled resonators was set to 0.001, while scanning
the gain factor g. The variation curve of the eigenfrequencies of the PT-symmetric-coupled
silicon resonators is depicted in Figure 4a. When g is larger than 0.001, the system is in the
broken PT symmetry regime, where the real part of the eigenfrequencies merges and the
imaginary part splits. When g is equal to 0.001, the system is at the phase-transition point
EP. When g is less than 0.001, the system is in the exact PT symmetry regime, where the
real part of the eigenfrequency splits and the imaginary part returns to zero.

The gain factor g of the coupled resonators was set to 0.001, while scanning the
coupling coefficient pi. The variation curve of the eigenfrequencies of the system is shown
in Figure 4b. It can be seen that when y is small the system is in broken PT, and when y is
large, the system is in exact PT. Furthermore, as the coupling coefficient y increases, the
real part of the eigenfrequencies show a downward trend.
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Figure 4. Simulation results of the PT-symmetric-coupled silicon resonators. (a) Keeping y: = 0.001, the
variation of the eigenfrequencies versus g; (b) keeping ¢ = 0.001, the variation of the eigenfrequencies
versus .

After setting the initial state of the PT system at EP, strain perturbations were applied
onto the coupled silicon resonators. The simulated frequency splitting of the PT system
was obtained and shown in Figure 5. For comparison, the theoretical results are also
given in Figure 5. The inset in Figure 5 shows how strain was applied onto the coupled
silicon resonators. As can be seen, the simulation results are consistent with the calculation
results. Both results show that the PT system has a larger response slope at small applied
strains, and as the applied strain increases, the response slope decreases and tends to a
constant value.

70 -

5 ] —=— Simulation
— Theoretical
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Figure 5. FEM simulated and theoretical calculated strain-induced frequency splitting in the PT
system. The inset shows how strain is applied onto the coupled silicon resonators.
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3.3. Implementation of Negative Damping

According to PT symmetry theory, Resonator 1 requires a negative damping, which is
equal in magnitude to the positive damping of Resonator 2. Here, the negative damping
was implemented by a feedback loop.

When applying a feedback force Fg, proportional to the velocity of Resonator 1, the
equivalent damping coefficient ¢y, generated by Fp is:

Ffb - Cgainjc )

Under the influence of this feedback force, the dynamic equation of Resonator
1 becomes:
mx +cx + kx = Ffb (10)

So, due to the feedback force, the equivalent damping coefficient ¢,y of Resonator 1 is
calculated as:

Coff = C — Cgain (11)

Therefore, when the damping coefficient cg,;, caused by the feedback force Fy, is
larger than the initial damping c of Resonator 1, it obtains an equivalent negative damping.
Adjusting the feedback force applied on Resonator 1, when the negative damping c.y of
Resonator 1 and the positive damping c of Resonator 2 satisfy ¢, = —c, the coupled silicon
resonators form PT symmetry.

The feedback force could be generated by the feedback circuit loop. The feedback
force adjustment circuit is composed of a transconductance amplifier (TIA), bandpass filter
(BPF), voltage-controlled amplifier (VCA), and phase shifter (PS). Firstly, the current signal
of the resonator motion obtained from the Vg, electrode is converted into a voltage signal
through TIA. Then, the voltage signal is filtered by a BPE. After that, the amplitude and
phase of the voltage signal are adjusted using a VCA and PS. Finally, the feedback signal is
applied back to the resonator through the Vg, electrode.

A circuit model of PT-symmetric-coupled silicon resonators was established for the
design and verification of the feedback circuit. The circuit model with the feedback circuit
is simulated in Multisim 14, as shown in Figure 6. Among them, R1, L1, and CI are
the equivalent circuit model of Resonator 1; R2, L2, and C2 are the equivalent circuit
model of Resonator 2; and C3 is an equivalent capacitor representing the coupling between
the two resonators. According to the mechanical parameters, the equivalent resistance,
equivalent inductance, and equivalent capacitance values of a mechanical resonator can be
calculated by conversion formulas [29]. Here, for verification of the feedback circuit, we set
R1=R2=28MQ,C1=C2=0.04fF and L1 = L2 = 56,429 H.

By adjusting the parameters of each module in the feedback loop, the gain Resonator
1 is balanced with the loss Resonator 2, g = v = 0.01, and the system achieves PT symmetry.
Then, by adjusting the coupling capacitor C3, the signal waveforms of the PT system in
different regimes can be displayed, as shown in Figure 7. When C3 = 1.3 {F, the equivalent
coupling coefficient u = 0.03, which is larger than the gain/loss coefficient of 0.01. The PT
system enters the exact PT symmetry regime and displays two split resonance peaks; When
C3 = 13 {F, the equivalent coupling coefficient y = 0.003, which is less than the gain/loss
coefficient of 0.01. The PT system enters the broken PT symmetry regime and shows one
merged resonance peak. The simulation results of the circuit model verify the effectiveness
of the feedback loop. Compared to mechanical model in Section 3.2, the advantage of the
circuit model here is that it is convenient for the design and simulation of the feedback loop.

52



Micromachines 2024, 15, 1278

~» BPFE — VCA —+ PS

L2 B s

PN

: i Errebtiet
B56,429H 280kQ 1 0.04fF

A 4 e [

5V) e TR l L1
i %Hoggfam : ¥ -Fsﬂ: :
hud o - :: & 5
i T = o= P =

A/
10kQ
i 8L @RI : T ianan -R6:
P R - Wk D o . s

' 10kQ - 10kQ = ; 10kQ

Figure 6. A circuit model of PT-symmetric-coupled silicon resonators for the design and verification
of the feedback circuit.
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Figure 7. The signal waveforms of the PT system in different regimes, in which the blue line denotes
the exact PT symmetry regime when C3 = 1.3 {F; the black line denotes the broken PT symmetry
regime when C3 = 13 fF.

4. Measurements and Results
4.1. Fabrication

The coupled silicon resonators were fabricated based on a simple SOI process. The
fabrication process is depicted in Figure 8: (Figure 8a) A SOI wafer with 25 pm device layer,
2 um SiO; layer, and 400 pm substrate was prepared; (Figure 8b) then, a 50/500 nm Cr/Au
layer was sputtered and patterned as the electrodes; (Figure 8c) after that, the device layer
was patterned and etched by DRIE to form the structures of the resonators; (Figure 8d)
finally, the SiO, layer was etched by HF gas, and the resonators were released.
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Figure 8. The fabrication process of the coupled silicon resonators. (a) A SOI wafer was prepared;

Si (Substrate)

(b) The electrodes were formed; (c) The structures of the resonators were formed; (d) The resonators
were released.

The fabricated resonator chip is shown in Figure 9a. In order to ensure symmetry, the
resonant structures and electrode structures on both sides are designed to be completely
identical, even if some electrodes are not used during the testing process. To conduct the
strain test, the fabricated resonator chip was adhered onto a 65 Mn elastic steel sheet with
a thickness of 1 mm and a length of 9 cm, as shown in Figure 9b. Then, the resonator
electrodes were wire-bonded to the surrounding PCB board for testing. Here the high-
temperature-resistant epoxy resin with the product model 353 ND was adopted as the
adhesion layer.

(@) (b)

Figure 9. (a) The fabricated resonator chip. (b) The resonator chip adhered onto an elastic steel sheet

for strain testing.

4.2. Measurements and Results

The testing platform for PT-symmetric-coupled silicon resonators is shown in Figure 10.
The entire testing system was placed on a vibration isolation platform. In order to accu-
rately adjust the strain of the elastic steel sheets, a servo control system was developed.
The servo control system and elastic steel plate were placed in a steel chamber with ad-
justable air pressure. By connecting an external vacuum pump, the air pressure in the steel
chamber can be adjusted between 1 and 10° Pa. The feedback circuits loop included a
transconductance amplifier, bandpass filter, voltage-controlled amplifier, and phase shifter.
The frequency responses of the resonators were read out using a Zurich Instruments HF2LI
lock-in amplifier.

54



Micromachines 2024, 15, 1278

Pressure control 8

iy,

Figure 10. The testing platform for the PT-symmetric-coupled silicon resonators.

Firstly, the coupled silicon resonators were adjusted to be PT symmetry. The pressure
of the vacuum chamber was set to 200 Pa, at which point the loss coefficient of the loss
resonator was 7 x 10~*. The gain and phase of the feedback circuit were carefully adjusted
to make the gain coefficient of the gain resonator also 7 x 10~. When the gain and loss are
equal, the system is in PT symmetry.

Then, the coupling coefficient was scanned to find and bias the system near the EP. By
adjusting the coupling voltage between two resonators, the variations of eigenfrequencies
versus the coupling coefficient was obtained in Figure 11. It can be seen that when the
coupling coefficient is 7 x 1074, i.e., the corresponding coupling voltage is 9.8 V, the system
is near the EP point.

After that, the strain-induced frequency splitting of the PT-symmetric-coupled silicon
resonators was tested. The strain loading method was similar to our previous work [30],
and the strain applied to the resonator chip ¢, can be calculated as [31]:

~ 3tdy(Le —d)

(12)
213

Ex
where L, is the length of the cantilever beam, ¢, is its thickness, and d is the distance from
the resonator chip to the anchor. Here, the servo motor is used to precisely control the
deflection ¢, of the steel plate.

Figure 12 shows the relationship curve between frequency splitting and the applied
strain of the PT system. For comparison, the simulation and the theoretical results were
recalculated according to the experimental settings and are also shown in Figure 12. All
curves showed that the frequency splitting increases with the increase of applied strain. The
measured frequency splitting in the PT system achieved 34 Hz at 90 pe. In Figure 12, the
measured frequency splitting is smaller compared to the simulation or theoretical results.
This may be because a portion of the applied strain is lost on the adhesive layer between
the resonator chip and the steel plate [30].
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Figure 11. Variations of the eigenfrequencies of the PT system vs. the coupling coefficient.
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Figure 12. Measured strain-induced frequency splitting of the PT system. The simulation and
theoretical results are also shown for comparison.

5. Conclusions

In summary, this paper proposes the strain-induced frequency splitting in PT symmetry-
coupled silicon resonators. The frequency splitting of the PT system to perturbations caused
by strain was derived. The mechanical model of the PT system was established in COMSOL
software and the characteristic curves of its eigenfrequencies were obtained. Theory and
simulation both indicate that the PT system is more sensitive to strain perturbation near
the EP point. A feedback circuit was designed to achieve the negative damping required
for PT symmetry. After design and simulation, the silicon resonator chip was successfully
fabricated based on an SOI process. Finally, the PT-symmetric-coupled silicon resonators
were successfully constructed, and the frequency splitting phenomenon caused by strain
was observed experimentally. Our work enriches the PT symmetry theory and provides
valuable references for potential applications.
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Abstract: We present a novel miniaturized, gear-shaped, fuel-free actuator capable of autonomously
propelling itself in an aquatic environment to absorb heavy metals, such as copper ions. While
hydrogel-based absorbents are promising solutions for cationic pollutant remediation, their stationary
nature limits their effectiveness in areas where contaminants are unevenly distributed. To address
this, we developed a bio-inspired soft actuator that mimics natural propulsion mechanisms. The
Marangoni effect, driven by its inherent chemical properties, demonstrated a self-propelled motion
without requiring external fuel. The proof-of-concept actuator generated a plane motion lasting
up to 2 h and swept over an area approximately 400 times bigger than its size. By harnessing the
chemical and optical properties of the hydrogel, we efficiently removed and quantitatively analyzed
copper ions through a colorimetric method. This innovative integration of self-propelled movement
and efficient copper ion absorption underscores its potential for advancing miniaturized devices in
environmental remediation, paving the way for more active and efficient pollutant removal systems
in challenging aquatic environments.

Keywords: self-propelled; Marangoni effect; heavy metal ions; water pollution; fuel-free actuator

1. Introduction

Heavy metal ions have been identified as water and soil pollutants that can poten-
tially endanger public health and cause long-term harm to diverse ecosystems [1]. These
non-biodegradable materials possess extended biological half-lives, persisting in aquatic
and terrestrial environments [2]. This persistence adversely affects humans and other
living organisms [3]. There is a growing public health concern regarding heavy metal
contamination, leading to stricter regulations governing the presence of heavy metals in
water bodies [4].

Several techniques have been investigated for removing heavy metal ions from aque-
ous environments to secure safe water resources and human health [5,6]. These methods
include ion exchange [7], membrane filtration [8], chemical precipitation [9], and elec-
trochemical techniques [10]. Numerous industries have widely used several of these
techniques. However, these procedures exhibit limitations, such as elevated maintenance
expenses, substantial electrical power demands, and reduced thermostability [11,12].

Compared to the aforementioned methods, absorption has emerged as a promising
candidate for heavy metal removal from the environment due to its unique advantages,
including high metal uptake capacity, rapid adsorption kinetics, and potential metal ion se-
lectivity [13,14]. Hydrogels, in particular, have been identified as highly effective absorbent
materials with a wide range of applications in heavy metal remediation in wastewater [15-17].
They are soft materials created by cross-linking natural or synthetic polymers, forming a
three-dimensional mesh structure [16]. Hydrogels possess inherent characteristics, includ-
ing various functional groups tailored for specific analyte binding, biodegradability, and
swellability, making them highly suitable for heavy metal removal [18,19].
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Miniaturized self-propelled devices based on a loaded /unloaded power source have
evolved as one of the effective instruments for a wide variety of medical and environmen-
tal science applications [20-25]. Many fuels and propulsion systems based on magnetic,
acoustic, optical, and chemical actuation mechanisms have been used to drive such de-
vices [26-28]. Among these, using bio-inspired surface-tension-based mechanisms to move
the device on the water’s surface has attracted a lot of interest due to their favorable scaling,
low toxicity, and high efficiency [29-31].

Semi-aquatic arthropods, like rove beetles of the genus Stenus Latreille, are equipped
with pygidial glands that emit a complex mix of piperidine and pyridine-derived alkaloids
and several terpenes. This secretion composition enables them to skim rapidly and far
over the aquatic environment without using their legs. Early observations by Billard and
Bruyant noted that these species emit chemicals that act as surfactants, rapidly propelling
them forward [32]. This locomotion is driven by Marangoni propulsion, a phenomenon
where surface tension gradients created by these emissions allow the beetles to skim swiftly
across water surfaces [33]. Self-propelled soft robots have been developed to mimic the
locomotion of water striders and move freely on water surfaces [34].

To construct these surface-tension-driven devices, surfactants as fuel must be stored
and released in a controlled manner. Numerous studies have focused on this mechanism
and developed it to ensure the smooth motion of a swimming device propelled by the
Marangoni effect [35-37]. While bio-inspired approaches have shown potential, developing
self-propelled systems that operate without requiring a surfactant as a stimulus remains a
significant challenge.

Despite the proven efficacy of hydrogels in heavy metal removal due to their high
absorption capacity and chemical versatility, their static nature limits their application in
unevenly distributed contamination scenarios. Additionally, while existing self-propelled
devices demonstrate significant promise in medical and environmental applications, the re-
liance on external energy sources or complex fuel systems complicates their broader deploy-
ment. This study addresses these limitations by developing a novel fuel-free, self-propelled
soft actuator inspired by the natural motility mechanisms observed in semi-aquatic arthro-
pods, like the Stenus rove beetles. Leveraging Marangoni propulsion, driven by surface ten-
sion gradients similar to those used by these beetles, this actuator autonomously navigates
water surfaces to target and remove copper ion contaminants effectively. By integrating
actuation with remediation capabilities, this bio-inspired device not only overcomes the
mobility constraints of traditional hydrogels but also eliminates the need for external power,
offering a pioneering approach to environmental remediation.

2. Materials and Methods
2.1. Materials and Equipment

The following chemicals, materials, and equipment were used: copper (II) nitrate hydrate
(heavy metal ions; Sigma Aldrich, St. Louis, MO, USA), 2-acrylamido-2-methylpropane
sulfonic acid (AMPS), acrylic acid (AA) (monomers; Sigma Aldrich, St. Louis, MO, USA),
polyethylene glycol diacrylate (PEGDA) (crosslinker; Sigma Aldrich, St. Louis, MO, USA),
lithium phenyl 2,4,6-trimethyl-benzoyl phosphinate (photoinitiator; Sigma Aldrich, USA),
and a laser-powered stereolithography (SLA) 3D printer (Formlabs, Somerville, MA, USA).

2.2. Working Principles

The novel fuel-free, self-propelled, bio-inspired actuator was designed to use the dy-
namic surface properties of hydrophilic-hydrophobic block copolymers and the Marangoni
effect to achieve autonomous motion and effective copper ion removal.

The locomotion of rove beetles inspired the operational principle of the actuator. These
beetles use the secretion of surfactants to propel themselves forward on the water surface
by creating a gradient of surface tension known as the Marangoni effect, as shown in
Figure 1a. Theoretically, according to the linearized equation of state for surface tension,
changes in surface tension are proportional to changes in surfactant concentration [38].
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Furthermore, balancing the tangential viscous stress in the fluid with the tangential force
resulting from the gradient of surface tension can be expressed as:

ol
S - _v 1
l’l aZ sY ( )
where y, us, and 7y represent dynamic viscosity, tangential velocity, and the fluid’s surface
tension. Hence, rove beetles applying the surfactant results in a surface tension gradient
around the object. Considering the imbalance between the forces, this gradient induces the
beetles to start moving and forms a velocity field around the arthropods.

Hydrophilic 03‘/;\

ydrophobic

Section

Concentration

Figure 1. (a) Secretion of the surfactant by the beetle, (b) rearrangement of the surface configuration in
response to the environment, (c) theoretical model behind the general plane motion of the gear-shaped
actuator, and (d) absorption of copper ions indicated by color variations along the concentration and
time scale.

Emulating rove beetles’ biological mechanism, the actuator was fabricated from a
chemical structure that undergoes quick surface rearrangement in response to the nature of
environmental stimuli [39-42]. Under dry conditions, the surface of the actuator becomes
hydrophobic, whereas it turns hydrophilic upon exposure to water (Figure 1b). This
dynamic alteration in surface properties is associated with a change in the contact angle
(0), which, in turn, using Young’s equation, Equation (2), facilitates the generation of the
gradient of surface tension [43]. In this equation, sg, 75, and 7, stand for solid/liquid
tension, solid/vapor tension, and liquid/vapor interfacial tension, respectively.

Ysg — Vsl = Y1vCOS 0 (2)

In our device, the integration of Equations (1) and (2) demonstrates that variations in
the contact angle are correlated with changes in surface tension, resulting in generating a
velocity field around the object. This mechanism parallels the locomotion observed in rove
beetles, which is induced by surfactant secretion.

61



Micromachines 2024, 15, 1208

The fabricated actuator benefits from the gear-shaped design, enabling a smooth
rotational motion of the object in an aquatic environment. The rotational motion of the
actuator influenced by the Marangoni effect can be justified using the circulation concept.
It quantifies the tendency of the fluid to induce rotational movement in the actuator.

Fprop T = § Usidr = § U,.Tds 3)

Circulation (I') can be defined as a line integral of the velocity field Us around the
actuator’s perimeter, represented by a simple closed curve C, as presented in Equation (3).
This can be expressed in terms of the unit tangent vector T and the differential arc length ds
along the actuator’s perimeter. In the design depicted in Figure 1c, the changes in the T vector
and the velocity field are due to the asymmetrical geometry and dynamic reorientation of the
actuator’s structure, respectively. This results in a non-zero dot product of Us.T during the
actuator’s interval motion. Consequently, as shown in Figure 1c and described by Equation (3),
this leads to non-zero circulation and rotational motion of the actuator.

Furthermore, the gear-shaped design provides a higher surface area compared to the
other geometries, which could increase the device’s capacity for copper ion absorption, as
demonstrated in Figure 1d.

2.3. Method of Fabrication

In this study, hydrogel was used to form the actuator’s physical structure. As shown
in Figure 2, AA (1 mL, 98%) and AMPS (1.4 mL, 10%) as monomers were copolymerized
to form the device’s configuration. Polyethylene glycol diacrylate (PEGDA) (0.04 mL)
cross-linked the monomers. The solution contained distilled water as the solvent (2 mL)
and lithium phenyl 2,4,6-trimethyl-benzoyl phosphinate (0.009 gr) as the photoinitiator.
In contrast, the gear-shaped mold was designed using CAD software (SolidWorks, 2024
version) to create the gear configuration, and the CAD file was transferred to an SLA 3D
printer to fabricate the gear mold, as depicted in Figure 2.

As shown in Figure 2a—e, a homogenous AMPS/AA solution was obtained by stirring
the combined component solution for 1 h. The stirred solution was then poured into the
gear-shaped mold, which was then exposed to UV light to cause the hydrogel to polymerize.
The hydrogel was put through a freeze-drying procedure to create a porous structure. Next,
the actuator was immersed in a copper-ion-enriched solution, with concentrations ranging
from 500 to 3000 ppm, to show its functionality in heavy metal absorption. The actual
image of the actuator, which absorbed copper ions, is in Figure 2f.

2.4. Material Characterization

The surface and chemical morphology of the AA/AMPS fabricated actuator were
examined using a scanning electron microscope (SEM; Carl Zeiss, Jena, Germany). FTIR
analysis was conducted to confirm the formation of functional groups in the copoly-
merized hydrogel. The Fourier-transform infrared spectroscopy (FTIR) spectrum was
recorded at room temperature, covering the frequency range of 4000-500 cm ™! (Shimadzu,
Kyoto, Japan).

2.5. Locomotion Characterization

The chemical principles underlying the actuator’s locomotion mechanism were evalu-
ated to validate the dynamic changes in the contact angle. To achieve this, contact angle
measurements were conducted at room temperature using a contact angle meter (Holmarc,
India). Additionally, the associated physical principles were analyzed to correlate the actu-
ator’s average velocity with the hydrogel’s swelling capacity. The velocity was measured
from recorded video, and the average velocity was calculated over a 5-10 min interval.
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2.6. Characterization of Copper lon Absorption

A series of copper (II) nitrate solutions were prepared at varying concentrations
to demonstrate the actuator’s efficacy in heavy metal absorption. These solutions were
introduced into a container measuring 32 cm (W) x 48 cm (L) x 8 cm (H). The trajectory
and capabilities of the device related to the absorption of copper ions were evaluated using
color intensity parameters, including saturation and hue.

:Hydrogel Ingredients:
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Figure 2. Steps to create and test a gear-shaped self-propelled actuator: (a) stirring hydrogel ingredi-
ents to form a homogenous solution, (b) dripping the prepared solution into a 3D-printed gear-shaped
mold, (¢) using UV irradiation to polymerize the hydrogel, (d) freeze-drying the hydrogel to form a
porous structure, (e) immersing the hydrogel in a copper-ion-containing solution, and (f) the actual
image of the actuator after copper absorption.

3. Results and Discussion
3.1. Morphological and Chemical Characterization

Figure 3 illustrates the surface morphology of the fibrous hydrogel that was fabricated,
demonstrating the interconnected structure of the self-propelled hydrogel network. The
provided SEM images of the actuator revealed a unique surface morphology, showcasing
the intricate internal structure at different magnifications.

FTIR spectrum analysis confirmed the polymerization process among selected monomers
and the exitance of their chemical functional groups, as shown in Figure 4. Peaks at
1357 cm~! and 1610 cm™! are characteristic stretching vibrations of S = O and N — H
associated with the sulfonic acid and amide groups in AMPS. Additionally, peaks at
3300 cm ! indicate the elongation of the hydroxyl group in carboxylic acid, indicating AA’s
presence in the hydrogel.
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Figure 3. Morphology of the AA/AMPS-based actuator sample at different magnifications with a
scale bar of (a) 100 um, (b) 50 um, and (c) 500 nm.
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Figure 4. FTIR spectrum of the AA/AMPS-based actuator.

3.2. Chemical Aspect of Locomotion

Figure 5 illustrates the dynamic changes in the contact angle over a short period of
time and with sequential droplet addition, indicating corresponding changes in surface
tension, as described by Young’s equation. Figure 5a demonstrates the variation in the
contact angle versus time to show rapid contact angle changes on the outermost surface
of the actuator. The results prove a general decreasing trend in the contact angle in 270 s,
indicating a rapid initial decline that gradually stabilizes. Figure 5b shows the contact
angles measured at the same spot with the sequential addition of water droplets to highlight
a continuous decrease in the contact angle, which is crucial for sustaining the Marangoni
propulsion mechanism. Initially, the contact angle was about 64 degrees, and with each new
droplet, the contact angle progressively decreased and reached 47 degrees at the fourth one.
This steady reduction in the contact angle correlated with a constant decrease in surface
tension based on Young’s equation. Hence, the flow in these actuators was generated
by alterations in the contact angle, which subsequently changed the surface tension and
created a surface tension gradient, resulting in Marangoni propulsion. All the contact angle
measurements were performed using the DropSnake method and Image] software (Version
1.54k) (Figure 1a,b).
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Figure 5. The changes in the contact angle vs. time (a) and vs. the addition of sequential droplets at

the same spot (b).

3.3. The Physical Aspect of Locomotion

The water-absorbing capacity of the actuator was calculated by the Equation (4)
as follows: W W
w — YVq
T x 100 4)
where Wy, and W are the weights of the swollen and the initial dried hydrogel, respectively.
The sample was immersed in an adequate copper-enriched solution at 10 min intervals
to acquire different swelling ratios. The correlation between the average velocity and the
hydrogel’s swelling capacity is shown in Figure 6 to validate the actuator’s locomotion from
a physical perspective. As shown in Figure 6, the average velocity of the actuator decreased
over time, while the actuator’s swelling ratio increased. This inverse relationship indicates
that as the hydrogel actuator absorbs water, it swells, causing a reduction in surface tension,
as concluded from Figure 1. Consequently, the Marangoni effect, driven by the surface
tension gradient, generates the propulsive force necessary for the actuator’s motion.

Swelling ratio (%) =
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Figure 6. Actuator swelling ratio and average velocity during locomotion time.

3.4. Copper lon Absorption Capacity

The Marangoni effect is crucial in propelling the actuator and enhancing its interaction
with copper ions in solution. The hydrogel is composed of anionic functional groups
derived from 2-acrylamido-2-methylpropane sulfonic acid (AMPS), featuring sulfonate
groups that effectively attract and bind positively charged copper ions through electrostatic
interactions. This interaction is dynamically enhanced by the actuator’s continuous move-
ment, driven by surface tension gradients. As the actuator moves, it exposes fresh hydrogel
surfaces to the contaminated water, continuously renewing the contact boundary and
preventing the saturation that typically reduces the effectiveness of stationary absorption
systems. This mobility, coupled with the inherent chemical properties of the hydrogel
designed for high metal uptake, enhances the overall absorption efficiency.

The trajectory of the device and its ability to absorb copper ions are shown in Figure 7,
displaying its effectiveness over a 25 min period in an almost 1500 cm? area. Furthermore,
displacement data were normalized relative to the size of the actuator to provide a scale-
independent understanding of its mobility and coverage efficiency. During the trajectory,
the actuator had general plane motion, which could be crucial for ensuring thorough
exposure to and interaction with a copper-ion-enriched area. This experimental setup
validates the actuator’s effective absorption of copper ions over a broad area, confirming
its potential as a scalable and efficient solution for heavy metal remediation.

3.5. Adsorption Study

As demonstrated in Figure 8, the AA/AMPS-based actuator was used for the colori-
metric analysis of Cu>" ions. As the actuator was immersed in the solution, the actuator’s
color started changing from the outermost surface area to the middle. The graph illustrates
a parabolic and sigmoidal relationship between hue and saturation, respectively, with the
concentration of copper (II) ions. As the Cu*" ions increased from 0 to 3500 ppm, there
was a noticeable transition in saturation from approximately 0.1 to over 0.5, paralleled by a
change in hue from 40 to nearly 2000 degrees. This distinct pattern of color variation serves
as an effective qualitative indicator of the concentration of Cu** ions.
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Figure 8. A colorimetric characterization graph of the actuator (inset) shows a color palette for
different concentrations of copper ions (500-3000 ppm).

4. Conclusions

In conclusion, this study introduces a novel miniaturized, fuel-free, self-propelled
bio-inspired soft actuator applicable to an aquatic environment. It demonstrates its usable
features in removing heavy metal ions, particularly copper ions. Using the Marangoni
effect for autonomous motion, the gear-shaped hydrogel actuator mimics the rove beetle’s
natural propulsion without surfactant loading and unloading.
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The actuator is fabricated from a chemical structure that undergoes quick surface
rearrangement of functional groups in response to the exposed environment, either air or
water. Under dry conditions, the surface of the actuator becomes hydrophobic, whereas it
turns hydrophilic upon autonomous exposure to water. This dynamic alteration in surface
properties generates a surface tension gradient that enables propulsion.

This innovative approach eliminates the need for external fuel and overcomes the mo-
bility limitations of traditional hydrogels. The actuator demonstrated efficient movement
and copper ion absorption. Material characterization through SEM and FTIR confirmed the
successful fabrication and functionalization of the hydrogel. The proposed soft actuator’s
dynamic contact angle progression enabled Marangoni propulsion, and its swelling behav-
ior kept water absorption and motion in balance. This study provides a unique scalable
strategy for removing heavy metals and contaminants from aquatic environments. This
fuel-free, self-propelled actuator presents a promising solution for developing autonomous
clean-up swarm devices.
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Abstract: The acoustically actuated nanomechanical magnetoelectric (ME) antennas represent a
promising new technology that can significantly reduce antenna size by 1-2 orders of magnitude
compared to traditional antennas. However, current ME antennas face challenges such as low antenna
gain and narrow operating bandwidth, limiting their engineering applications. In this paper, we
enhance the bandwidth and radiation performance of ME antennas through structural optimization,
leveraging theoretical analysis and numerical simulations. Our findings indicate that optimizing
the inner diameter of the ring-shaped ME antenna can elevate the average stress of the magnetic
layer, leading to improved radiation performance and bandwidth compared to circular ME antennas.
We establish an optimization model for the radiation performance of the ME antenna and conduct
shape optimization simulations using COMSOL Multiphysics. The results of the Multiphysics
field optimization align with the stress concentration theory, demonstrating a strong correlation
between the radiation performance and bandwidth of the ME antenna with the average stress of the
magnetic film. The resonant frequency in the thickness vibration mode is determined to be 170 MHz.
Furthermore, shape optimization can enhance the bandwidth by up to 104% compared to circular
ME antenna structures of the same size.

Keywords: antenna miniaturization; magnetoelectric antenna; structural optimization; bandwidth;
radiation performance

1. Introduction

Antenna is a tool for receiving and transmitting electromagnetic (EM) waves, is an
important part of modern communication systems, and is widely used in smart phones,
smart watches, laptops and other devices. One of the most important challenges in the field
of antenna research is the miniaturization of its size [1-3]. Traditional electric small antenna
depends on EM oscillation. The size of the shortest antenna cannot be less than 1/10 of the
EM wavelength; otherwise, the radiation and reception of EM waves become ineffective.
This principle fundamentally limits the miniaturization of the antenna. Therefore, it
becomes crucial to explore new mechanisms for EM wave reception and new mechanisms
for the miniaturization of antennas.

In recent years, the concept of mechanical antennas, whose dimensions do not depend
on the wavelength of EM waves, has been proposed and has attracted the attention of
researchers [4,5]. ME antenna as a kind of mechanical antenna, based on the principle
of the ME coupling effect, consists of an ME-composite-laminated structure. Yao et al.
proposed for the first time the concept of using piezoelectric and magnetostrictive layers as
antenna radiation, and used finite difference time-domain (FDTD) method to model sound
waves and EM radiation [4,6]. Nan et al. firstly reported ME antennas and conducted
experimental tests [7]. Xu et al. analyzed the converse ME effect and EM radiation of
ME-laminated structures, and the results showed that the radiation of ME antennas is an
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ideal magnetic dipole model [8]. In 2021, Sun et al. developed an ME antenna utilizing
an SMR structure, achieving a center frequency of 1.575 GHz through innovative material
and structural configurations. This design yielded a —5 dB bandwidth of 42 MHz, along
with a fractional bandwidth of 2.6% [9]. In 2022, Li et al. used a Mason model to design
a two-layer back-cavity-type ME antenna and used the COMSOL Multiphysics V6.0 to
carry out ME performance simulation. The authors finally manufactured an ME antenna
operating at 2.45 GHz with a gain of —15.59 dB [10]. Shi et al. proposed a multiphysical field
coupling model considering nonlinear magnetostrictive models to model ME antennas [11].
However, the ME antenna still has issues with narrow bandwidth and low gain [1,12-14].

Nan et al. introduced the FBAR ME antenna, boasting a center frequency of 2.53 GHz
and a —5 dB threshold based on S11, with a bandwidth of 75 MHz and a fractional
bandwidth of 2.96% [7]. In 2019, Nikitin et al. conducted simulations on an ME antenna
featuring a composition of ferromagnetic yttrium iron garnet and lead zirconate titanate
film. The simulated results revealed a center frequency of 2.8 GHz, accompanied by
an approximately 73.3 MHz —5 dB bandwidth and a fractional bandwidth of 2.6% [15].
Zaeimbashi et al. made strides in 2021 by unveiling three ME antennas designed in parallel,
each boasting a center frequency of 2.51 GHz. These designs exhibited a —5 dB bandwidth
of 60 MHz and a fractional bandwidth of 2.39% [14]. Yun et al. proposed a bandwidth-
enhanced ME antenna made of Mo/ AIN/FeGa sandwich layers composed of three different
resonant regions; the antenna achieves a fractional bandwidth of 2.7% (—3 dB) while
maintaining the advantage of small size [16]. In the same year, they manufactured and
demonstrated an ME antenna driven by a high-overtone bulk-acoustic resonator (HBAR),
which has a floating potential structure (FPA). Compared with directly grounded HBAR-
ME antennas, FPA can significantly improve the gain and radiation efficiency of HBAR-ME
antennas by over 10 dB [17]. In 2023, Shi et al. proposed a new acoustic-actuated antenna
using embedded ME composites to improve the radiation of ME antennas through the
enhanced strain transfer at the interfaces between different phases [18]. Jin et al. proposed
a microbridge structure and array connection method for low-frequency thin-film ME
antennas to address the problems of narrow working bandwidths and the weak radiation
intensity of ME antennas, and verified them through experiments [19]. Luo et al. utilizes
parallel and series antenna array topology to achieve a profound gain and radiation
efficiency enhancement without degrading impedance mismatch and quality factor of ME
resonators [20]. Dong et al. proposed an ME antenna array consisting of three units, which
are constructed in a sandwich stack. The —3 dB operating bandwidth of 152.4-172.8 KHz
is achieved, and the relative bandwidth is 12.5% [21].

In summary, current research on ME antennas based on thin-film bulk-acoustic res-
onators (FBARs) has mainly focused on operations in the GHz range, while relatively little
attention has been paid to low-frequency variants below 200 MHz. Particularly lacking is
the exploration of enhancing ME antenna bandwidth through structural design considera-
tions. This paper aims to improve the bandwidth and radiation performance of ME antenna
through structural optimization. We employ mathematical models and the Multiphysics
field simulation software to optimize the internal radius of the circular ME antenna. Our
aim is to enhance the radiation power of the antenna and determine the most optimal
internal radius. The simulation results align with the predictions of stress concentration
theory, demonstrating a consistent trend.

2. Theory and Simulation of Me Antenna

The 3D structure of a ring-shaped ME antenna is shown in Figure 1, where the illustra-
tion magnifies the core structure of an ME-laminated film. The composite magnetostrictive
film is used as the core film stack of the antenna, and the piezoelectric layer below it gener-
ates acoustic excitation. Since the thickness of the electrode layer is very thin compared
with the piezoelectric layer and magnetic layer, we regard the electrode layer as a finitely
thin plane.
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Si substrate

Figure 1. A 3D schematic diagram of ring-shaped ME antenna on released Si substrate.

In this paper, we demonstrate the ME antenna operating at HF frequencies based on
the strong ME coupling EM and bulk-acoustic wave in the resonant ME heterostructures.
To analyze the impact of the inner radius variations in the performance of the ME antenna,
we employed COMSOL Multiphysics V6.0 to carry out a comprehensive Multiphysics field
analysis on ME antennas with distinct inner radii. Initially, we conducted an S-parameter
analysis to obtain the resonance frequency of ME antennas with varying inner radii. Subse-
quently, we analyzed the average stress in the magnetic layer at the resonance frequency.
Finally, we utilized the piezoelectric and magnetic fields and EM-wave frequency-domain
modules to simulate the entire ME antenna process and obtain its radiation pattern. The
operational frequency of the ME antenna discussed in this article is 170 MHz. The piezo-
electric layer employs AIN, while the magnetic layer is composed of FeGaB. The equivalent
wave speed of the M-P laminated structure is given as [22]

)

sp = (cu+efyps ten)”

SE = Cp

where sp and sg are the mechanical compliance constants of the M phase and P phase,
respectively; n, and n, are the volume ratios of the M phase and P phase, respectively.
The simulation is validated against the existing simulation performed on FeGaB/AIN [7].
It can be observed that the proposed scheme is able to capture the S11 curve and the
corresponding resonance frequency in the illustration in Figure 2. The two sets of results
are in very close agreement, indicating that the simulation may be valid for simulating the
electromechanical characteristics. The performance of the ME antenna is studied in the
following subsection in which we present the stress—strain analysis, S11 curve, and far-field
radiation of the ME antenna.

Additionally, since the magnetoelectric antenna was not fabricated this time, we vali-
dated the accuracy of our simulation method using both the simulation and experimental
data from a previously designed 2.45 GHz magnetoelectric antenna, as referenced in [10].
The simulation method employed in this paper is identical to the one used in the previous
study to simulate the electromechanical characteristics of the magnetoelectric antenna. The
comparison between the simulated S11 data and the experimental data is shown in the
Figure 3:
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Figure 2. Simulated reflection coefficient S11 of the ME antenna.
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Figure 3. Comparison of simulated S11 and experimental S11 of magnetoelectric antenna.

It can be observed that there is a slight difference between the resonance point of the
simulated ME antenna and that of the actual tested antenna; however, both are essentially
close to the designed resonance point. The primary reasons for this discrepancy include the
precision of the processing equipment, environmental factors, and the inconsistent quality
of the prepared film during fabrication. Additionally, there are some variations between
the parameters of the materials used in the simulation and those of the actual processed
materials. These factors contribute to the differences between the simulated S11 data and
the actual test data of the ME antenna.

We consider a two-layer ME-laminated composite structure with R =484 pm , tm = 20 um
(thickness of magnetic layer), and tp = 20 um (thickness of piezoelectric layer). The piezo-
electric material is AIN. The magnetostrictive (Terfenol-D) material parameters are obtained
from [12]. The piezoelectric module in COMSOL Multiphysics was used for the electrome-
chanical simulation of the ME antenna. Figure 2 shows the simulated reflection coefficient
(S11) of the ME antenna, showing an estimated electromechanical resonance frequency of
169 MHz.
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3. Result and Discussion

Firstly, we performed simulations for the S11 parameters of each structure with inner
radii of 10 pm, 50 pm, 80 pm, 140 pm, 200 pm, 260 pm, and 320 pm, respectively. Secondly,
we obtained the average stress values of the magnetic layer for various inner diameters,
while considering the frequency variation. The simulation data are visualized in Figure 4.
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Figure 4. S11 and the average stress peak of the magnetosphere at different radii.

As shown in Figure 4, different radii will affect the resonance frequency and —10 dB
bandwidth of the ME antenna. Except for the resonance frequency with a radius of
320 um at 171.5 MHz, the resonance points of other ME antennas are ultimately between
169 and 170 MHz.

Meanwhile, we can see that the 511 resonance point corresponds to the maximum von
Mises peak stress in the magnetic layer, verifying that the ME antenna is in electromechani-
cal resonance at this frequency point. The bandwidth data are shown in Table 1.

Table 1. Bandwidth at different inner radii.

The Radius (um) —10 dB Bandwidth (MHz) Fractional Bandwidth (FBW)

0 0.2533 0.1498%
10 0.3211 0.1899%
50 0.5212 0.3082%
80 0.3717 0.2195%
140 0.3324 0.1962%

200 0.2888 0.1702%
260 0.1896 0.1115%
320 0 0%

It can be found that, compared to circular ME antennas, as the inner radius increases,
the bandwidth first increases and then decreases. When the radius is 50 um, the band-
width reaches its maximum value, which is 0.5212 MHz, with an increase of 104%. It is
obvious that the stress concentration effect generated by the inner radius is effective for the
bandwidth of the ME antenna.

Furthermore, we compared the existing papers related to bandwidth and gain indica-
tors in the literature and listed in Table 2.
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Table 2. Information of ME antenna bandwidth, gain and dimensions as reported in the literature.

Paper Bandwidth Resonant Frequency (f0) Dimension Gain
Ref. [16] —3dB 21 MHz 800 MHz 0.49 mm? None
Ref. [9] —3dB 42 MHz 1.575 GHz 3mm X 3 mm —19.4 dBi
Ref. [23] —3dB725Hz + 1179 Hz 36 kHz 50 mm x 6 mm None
Ref. [7] None 2.53 GHz 0.7 mm x 0.8 mm —18 dBi
This paper —10dB 0.5212 MHz 170 MHz 0.5 mm x 0.5 mm —21.59 dBi

As can be seen from the table, compared with the literature that gives the size, band-
width and gain data of ME antennas, the size of the ME antenna in this article is the
smallest: 0.25 mm?. Except for the third antenna, the rest are ME antennas based on
thin-film bulk-acoustic resonators, and our antenna frequency is currently the lowest.

Furthermore, we use COMSOL software to observe the average stress magnetic layers
with different radii. Here, we follow the concept of stress concentration and set a stress
concentration coefficient K as follows:

Ty
0o

K= @)
where 0, represents the average stress of the magnetic layer with an inner radius of r, and
0p is the average stress of the magnetic layer without an inner radius. We use COMSOL
Multiphysics to extract the average stress of the magnetic layer under different inner radii.
For the convenience of observation, we draw a line chart to display the data. From Figure 5,
it can be seen that when the inner radius is 50 um, the average stress of the magnetic layer
is the highest, and compared to the circular ME antenna, the stress concentration coefficient
is 2.67.
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Figure 5. Stress concentration coefficient magnetic layer.

Given the critical role of the converse ME coefficient in the radiation performance of
ME antennas, we conducted simulations to analyze the effects of varying the ring radius on
this coefficient. The expression for the converse ME coefficient is given by: acpr = |Hx/Ex|.
This coefficient is commonly used to characterize the ME coupling in a ME resonator, where
Hx represents the average AC magnetic field induced in the magnetic layer, and Ez denotes
the average electric field in the piezoelectric phase. Furthermore, we modeled the near-field
radiation of the ME antenna by surrounding it with an air domain of radius r = 500 um.
Applying a ImV AC voltage to the piezoelectric layer induces alternating stress in the
layer. This stress is transferred to the magnetic layer, generating the piezomagnetic effect.
The simulation incorporates the piezoelectric effect of the piezoelectric layer using the
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AC/DC and solid mechanics modules within the structural mechanics module, while
the magnetostrictive layer is modeled using the magnetic field and structural mechanics
modules in the AC/DC module. We simulated the corresponding converse MEcoefficients
at various radii, and the results are shown in Figure 6:

x10°®

0 .
165 170 175
Freq(MHz)

Figure 6. Variation of the converse ME coefficient and the inner diameter of the ring ME antenna.

We observed that the relationship between the inverse ME coefficient and the radius
initially increases and then decreases as the radius increases. The inverse ME coefficient
reaches its peak at 50 um. This finding aligns with the law of the stress concentration
coefficient, indicating that higher average stress in the magnetic layer results in stronger
radiation from the ME antenna.

By using the one-dimensional ME-laminated-structure analytical model given in the
Appendix A, the expression for the radiation power of a two-layer ME antenna is obtained
as follows:

| APPTAR,

rad — 1677() (3)

From this expression, it can be reflected that the radiation power of an ME antenna is
not only related to the average stress of the magnetic layer of the ME antenna, but also to
the radiation area, the operating frequency and material parameters. For a ring-shaped
ME antenna, the expression for its radiation area A is A = 71(R? — r?), where R is the outer
diameter of the ME antenna and r is the inner diameter. Based on this, we establish an
optimization model targeting the radiation performance of ME antennas:

Find :v € r1,10,13...,1y

(R? — P)PRT2E,
1619 @)
s.t.0 <r <R

Max : P,y =

R = const,ug =0

where w is the circular frequency at which the ME antenna operates, 4 is the total thickness
of the ME antenna, dy; is the piezomagnetic coefficient, and 7 is the wave impedance in
vacuum. Then, we use COMSOL for shape optimization, and the optimization results are
shown in Figure 7.

77



Micromachines 2024, 15, 810

r=50 um freq=170 MHz yon Mises stress (N/m?)

A 8.38x107
x107

HFNWRAULONO

Yix
V¥ 4.59%10°

Figure 7. The results of shape optimization.

Lastly, we perform a direct radiation simulation of the ME antenna using COMSOL
Multiphysics. We use four modules: electrostatic, solid mechanics, magnetic field, and EM
waves to perform the simulation in the following steps:

(1) The behavior of the ME antenna’s near field is simulated using solid mechanics,
electrostatics, and magnetic fields. Specifically, solid mechanics and electrostatics are
applied to model the piezoelectric phase, while solid mechanics and magnetic fields
are employed for the magnetostrictive phase.

(2) The far field of the ME antenna is simulated using the EM wave module. In the
vicinity of the ME antenna, a sphere is employed. Through the principle of surface
equivalence, the equivalent magnetic current and equivalent current of the sphere are
derived. These equivalent values are then utilized as the new radiation source for
calculating the far-field radiation.

As shown in the inset of Figure 8, the radiation pattern of an ME antenna is similar to
that of a dipole. Here, we only present the radiation pattern of the ME antenna with an
inner radius of 50 um; its far-field mode maximum value is 1.79 uV/m and the minimum
value is 0.28 uV/m. The radiation patterns of other ME antennas are also similar to that of
a dipole, with the difference being the maximum value. Here, we list the maximum values
of far-field modes corresponding to different inner radius in Table 3. The far-field mode of
the electric field is a physical quantity related to distance in the COMSOL software, which
can reflect the antenna radiation capability. Under the spherical air domain simulation, ME
antennas with different inner diameters have different maximum values of far-field modes,
reflecting changes in the antenna’s radiation ability as the inner diameter changes.
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Figure 8. Maximum values of far-field modes under different inner radii.
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Table 3. Maximum value of far-field modes under different inner radii.

The radius (um) 0 10 50 80 140 200 260 320
Maximum value (uV/m) 1.72 1.76 1.79 1.62 1.28 1.07 0.84 0.44

From Figure 6, it can be clearly seen that as the inner diameter increases, the radiation
capability first increases and then weakens. When the inner radius is 50 pm, the maximum
far-field mode reaches its maximum value, which is 1.79 uV/m. Regarding the calculation
method of the antenna gain in this paper, the directivity coefficient of the ME antenna
obtained by COMSOL simulation is D = 1.51, and based on the radiation efficiency # given
in Ref. [7] as 7 = 0.28%, the gain of the antenna can be obtained: Gain = —21.59 dBi.

4. Conclusions

In summary, the primary objective of this study is to enhance the bandwidth and
radiation performance of ME antennas through structural optimization design. It has been
determined that the ring-shaped ME antenna exhibits a comparatively higher average stress
in its magnetic layer, which theoretically enables the generation of greater radiation power.
To corroborate this finding, a comprehensive full-process simulation of the ME antenna was
conducted, and the results obtained were consistent with the aforementioned conclusions.

This paper investigates the full-field coupling model of ME antennas and explores
the potential of enhancing their bandwidth and radiation performance through structural
optimization. These findings offer a promising avenue for designing ME antennas that are
practically applicable in engineering applications.
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Abbreviations

The following abbreviations are used in this manuscript:

ME magnetoelectric

EM electromagnetic

FDTD finite difference time-domain

HBAR  high-overtone bulk-acoustic resonator
FPA floating potential structure

Appendix A

The radiation capability of the antenna can usually be described by the radiation
Q factor. The Q factor represents the ratio of the average stored energy in the antenna
structure to the radiation power per cycle:

Q=w (Al)

79



Micromachines 2024, 15, 810

The potential energy in the ME antenna is equal to the sum of the potential energy in the
piezoelectric and the piezomagnetic layers:

WpE:%///STdv—i-%///DEdv (A2)
WpM:%///S-Tdv—i—%///B-HdU (A3)

The dynamic strain is transferred from the piezoelectric layer to the magnetic layer, and
then the dynamic strain excites a uniform dynamic magnetic flux within the magnetic layer.
According to Faraday’s law, this dynamic magnetic flux generates d dynamic electric field,
which varies linearly along the thickness dimension until it reaches above the surface of the
magnetic layer where an aperture electric field is formed. Denoting the aperture electric
field by , the average radiated power of the EM wave is thus calculated to be

1 2
P,g=— Eo|°d A4
rad 2170 /| 0| s ( )

Using Faraday’s law E = wh|B|, where  is the thickness of the magnetic layer, Formula (8)
can be written as

w?h?d?
Py = g [ [ 1Tl (A5)

If the ME antenna has a two-layer structure, we can obtain a unique Q factor expression:

APLTL,
Q=g (A6)
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Abstract: With the continuous progress of aerospace, military technology, and marine development,
the MEMS resonance pressure sensor puts forward the requirements of not only a wide range but
also high sensitivity. However, traditional resonators are hardly compatible with both. In response,
we propose a new sensor structure. By arranging the resonant beam and the sensitive diaphragm
vertically in space, the new structure improves the rigidity of the diaphragm without changing the
thickness of the diaphragm and achieves the purpose of increasing the range without affecting the
sensitivity. To find the optimal structural parameters for the sensor sensitivity and range, and to
prevent the effects of modal disturbances, we propose a multi-objective optimization design scheme
based on the BP and NSGA-II algorithms. The optimization of the structure parameters not only
improved the sensitivity but also increased the interference frequency to solve the issue of mode
interference. The optimized structure achieves a sensitivity and range of 4.23 Hz/kPa and 1-10 MPa,
respectively. Its linear influence factor is 38.07, significantly higher than that of most resonant pressure
sensors. The structural and algorithmic optimizations proposed in this paper provide a new method
for designing resonant pressure sensors compatible with a wide range and high sensitivity.

Keywords: resonant pressure sensor; MEMS; BP; NSGA-II; algorithmic optimization

1. Introduction

As the global industry develops and advances, higher requirements are placed on
pressure sensors for measurement accuracy, sensitivity, and range. For example, sub-
marines need to accurately monitor depth positions in the 0-1000 m range. This requires
highly accurate and sensitive pressure sensors with a range of 10 MPa. Resonant MEMS
pressure sensors are the most accurate and stable pressure sensors available. They calculate
the pressure by detecting the eigenfrequency change in the resonator, without analog-to-
digital conversion, which makes signal acquisition and processing convenient. Device
accuracy is mainly affected by the mechanical properties of a single-crystal silicon struc-
ture, strong anti-interference ability, and stable performance. Thus, it is very suitable for
ocean exploration and other areas that require the accurate measurement of pressure in
complex environments. Currently, researchers have conducted extensive studies on the
range and sensitivity of resonant pressure sensors [1-3]. In the research on a wide range,
Xiang C et al. [4] deployed silicon islands on the device layer to enhance the equivalent
stiffness and structural stability of the pressure-sensitive diaphragm, achieving a mea-
surement range of 0.2-7 MPa, sensitivity of 2.26 Hz/kPa, and a linear influence factor
of 15.386. The linear influence factor means sensitivity x range, which is the product of
the sensitivity and range. Yu ] et al. [5,6] designed electromagnetic-excited sensors and
electrostatically excited sensors, obtaining high measurement ranges of 0.11-30 MPa and
0.11-50 MPa, respectively, by increasing the thickness of the sensitive diaphragm. However,
the sensitivity of these two sensors was only 0.43 Hz/kPa and 0.066 Hz/kPa, with linear
influence factors of 12.83 and 3.3, respectively. Yan P et al. [7] proposed a resonator made
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of SOI and SOG materials, with a sensitivity of 11.89 Hz/kPa within a range of 0.1-1
MPa, and a linear influence factor of 10.7. Lu Y et al. [8] introduced a resonant pressure
sensor with a measurement range of 1 MPa, featuring a sensitivity of 13.1 Hz/kPa and
a linear influence factor of 13.1. These pressure sensors increase the diaphragm stiffness
by either increasing the diaphragm thickness or reducing the diaphragm area to mini-
mize diaphragm deformation at high pressures, ensuring measurement accuracy under
high-pressure conditions. However, thicker diaphragms may reduce the conversion ratio,
thereby sacrificing sensitivity to varying degrees. To achieve a higher sensitivity, Han
X et al. [9] proposed a high-precision differential resonator. The lower thickness of the
sensitive diaphragm (75 um) resulted in a high sensitivity of 35.5 Hz/kPa, but the low
stiffness of the diaphragm made the structure fragile. Significant deformation under high
pressure led to a decreased linearity and accuracy, resulting in a range of only 0-0.2 MPa
and a linear influence factor of 7.1. Y. Li et al. [10] proposed a high-sensitivity MEMS
resonant differential pressure sensor based on bulk silicon, with a sensitivity of up to
143.17 Hz/kPa, but with a range of only 0.11 MPa and a linear sensing factor of 15.75.
Additionally, Shi X et al. [11] and Lu Y et al. [12] proposed resonator structures with linear
influence factors of 11.12 and 14.14, respectively, achieving a high sensitivity. Currently,
traditional resonant pressure sensors are unable to meet the performance requirements
of both a wide range and high sensitivity due to structural limitations. Pressure sensors
compatible with both range and sensitivity not only enhance the measurement accuracy,
expand the application scope, and improve the system performance but also reduce sensor
application costs. Therefore, investigating resonators compatible with both range and
sensitivity is of significant importance.

The working principle of traditional resonant pressure sensors, as shown in Figure 1,
utilizes a secondary stress transfer island—diaphragm structure [10]. When external pressure
acts on the sensitive diaphragm, the stress generated by the deformation of the diaphragm
is transmitted through the silicon islands to the resonant beam, causing a change in the
resonant beam frequency. However, the sensor can only reliably convert pressure changes
into frequency changes when the deflection deformation of the sensitive diaphragm is
small. Under high pressure, excessive deformation of the sensitive diaphragm leads to a
decrease in linearity and accuracy [13], affecting the sensor’s range.

resonant beam

N
connection
sensitive diaphragm resonant beam e P s NS
(primary sensitive) (secondary sensitive) silicon island
silicon
/ island pressure
sensitivity = load 2
Prtttttttttttr ™™
pressure load
~
(a) (b)

Figure 1. (a) Schematic diagram illustrating the working principle of the traditional beam—diaphragm
structure; (b) schematic design of the new structure.

In response to the current shortcomings of resonator structures, this paper proposes a
vertical resonator structure for resonant pressure sensors, and the structural principle is
shown in Figure 1b. The new structure eliminates the influence of excessive diaphragm
deformation on the linearity, providing feasibility for designing sensors compatible with a
high sensitivity and wide range. Additionally, parasitic modes exist in resonant pressure
sensors, and the proximity of parasitic mode frequencies to the operating mode frequency
can lead to a decreased measurement accuracy. To eliminate the influence of mode in-
terference on sensor performance in the new structure and improve two key indicators,
namely the structure sensitivity and range, a multi-objective optimization design scheme
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for resonant pressure sensors based on Back Propagation Neural Network (BP) and Non-
dominated Sorting Genetic Algorithm-II (NSGA-II) algorithms is proposed. The optimized
structure avoids the influence of parasitic modes and achieves device performance with
a high sensitivity and wide range. The new structure provides a conceptual approach
for designing resonant pressure sensors with a wide range and high sensitivity. Further-
more, the multi-objective optimization scheme for sensitivity and range proposed for
resonant pressure sensors can be applied to the multi-parameter optimization of other
sensor structures.

2. Principle and Design of High-Sensitivity and Wide Range Resonator Structure

The principle of the vertical resonator structure, with the resonant beam perpendicular
to the sensitive diaphragm, is illustrated in Figure 1b. When external pressure acts on the
sensitive diaphragm, the diaphragm transmits the pressure to the resonant beam through
the connecting beam, causing a change in the resonant beam frequency. Compared to the
original structure, in the new structure, when the diaphragm is subjected to external forces,
it not only receives support force from the four edges of the diaphragm but also obtains
support force from the resonant beam. Additionally, the sensor adopts a secondary stress
transfer island—-diaphragm structure to suppress the energy coupling between the resonator
and the sensitive diaphragm, reducing the impact of resonance on sensor accuracy, and thus
improving the Q factor and accuracy. The resonant beam in the new structure suppresses
the deformation of the diaphragm, improving the equivalent stiffness of the pressure-
sensitive diaphragm and the overall stability of the structure under high pressure. This
effectively addresses the problem of linear attenuation and accuracy reduction caused by
the large deflection deformation of the sensitive diaphragm under high pressure. Based
on the principle shown in Figure 1b, we designed the resonant pressure sensor shown
in Figure 2.

Overall structure

\ -
. -

Resonant layer
Upper cover layer

Oxide layer 1

Resonant layer

Oxide layer 2

Lower cover layer

Vacuum chamber  Leader point  Pressure hole

Leader hole

Sensitivity diaphragm

anchor point
Supporting surface

connecting beam

resonant beam

e el

Harmonic oscillator Structural deformation

Figure 2. Schematic diagram of the vertical distribution resonator.
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The structure of the resonant pressure sensor is depicted in Figure 2. The resonator
consists of an upper cover layer, a resonant layer, and a lower cover layer. The square hole
in the middle of the structure serves as the pressure hole, allowing fluid to apply pressure
to the surroundings through the square hole. The pressure hole consists of two thick
walls (support surfaces) and two thin walls (sensitive diaphragms). The support surfaces
prevent the overall deformation of the structure and fix the sensitive diaphragms, which
are responsible for sensing external pressure. The stress on the diaphragm is transmitted to
the resonant beam through silicon islands and connecting beams, causing a corresponding
frequency change in the resonant beam. Excitation and detection electrodes are located
on both sides of the resonant beam, forming capacitors C1 and C2, respectively, with the
resonant beam. The sensor operates by exciting C1 and collecting the capacitance frequency
signal through C2. The signal is transmitted to external circuits through wire holes, and
external pressure is calculated using the frequency-stress relationship.

3. Mathematical Modeling and Parametric Analysis of Resonators

The stress and deformation of the new structure can be equivalent to the structure
shown in Figure 3. When pressure acts on the sensitive diaphragm, the structure will
undergo deformation from Figure 3a to Figure 3b. According to the principle of force
equilibrium in the same direction, the pressure P acting on the sensitive diaphragm should
be equal to the support force of the diaphragm. The support force on the diaphragm can be
divided into two sources: one is the support force around the diaphragm, and the other
is the support force provided by the resonator beam. The force acting on the diaphragm
satisfies Equation (1).

Figure 3. (a) Structural schematic diagram. (b) Stress and deformation analysis.

In Equation (1), P represents the external pressure on the diaphragm, P; denotes the
support force around the sensitive diaphragm, and P; signifies the support force provided
by a single resonator beam.

Furthermore, according to the deformation analysis depicted in Figure 3b, the sen-
sitive diaphragm, connecting beam, and resonator beam satisfy relationship 2 in terms
of deformation:

wq = Wce+0.5w, )

where wy is the deformation of the diaphragm, w, is the deformation of the connecting
beam, and w; is the deformation of the resonant beam.

By combining the displacement equation and the stress equation, the structure satisfies
relationship 3:

®)

P="DP +2P;
wq = wc+0.5wy
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To solve the unknowns in Equation (3), calculate the stretching deformation w; of the
resonator beam, and subsequently determine the axial stress in the resonator beam.

3.1. Analysis of the Connecting Beam

According to Newton's third law, the forces acting on the connecting beam and the
resonator beam are equal in magnitude and opposite in direction. Therefore, the magnitude
of the forces acting on both ends of the connecting beam is P,. The deformation of the
connecting beam satisfies the conditions for solving the cantilever beam deformation, and
the deflection deformation is expressed by Equation (4):

P,L3
pr— 4
We = 1EILL @)

where E, L, and I are the modulus of elasticity of the silicon, the length of the connecting
beam, and the moment of inertia of the connecting beam cross-section, respectively.

3.2. Analysis of the Diaphragm

The sensitive diaphragm is a rectangular diaphragm with four fixed sides, and its
deformation under pressure Py conforms to the theory of small deflection deformation
of diaphragms, as shown in the deformation of the sensitive diaphragm in Figure 3. For
a sensitive diaphragm with width 2a and length 2b, its deflection deformation can be
expressed as Equation (5):

Ehg4® o* ot ot P
- 2 <‘Z+2 zwz + ‘Z) =3 ®)
12(1-v ) ox X209y dy S

where wy is the deflection of the diaphragm, S is the sensitive diaphragm area, v and hy are
the silicon Poisson’s ratio and the thickness of the diaphragm, respectively. The bending
stiffness of the diaphragm can be expressed as

Ehg®

D=— 9 _
12(1 —v2)

(6)
The boundary conditions for a rectangular diaphragm with fixed connections on all
four sides are
=0
X=—a,a 7
Y )
y=-b,b

Wx=—-a,a= 0, %%(v
_ el
Wy——pb= 0,5y

The deflection deformation of rectangular diaphragms with fixed connections on all
four sides can be represented by a trigonometric function as Equation (8):

nx) (1 + COS?) (8)

wyq(x,y) = Z Z Cmn<1+cosm
13

m=1,3,5---m=1,3,5--

Substituting Equations (7) and (8) into Equation (5), the expression for the diaphragm
deflection can be obtained as Equation (9):
4P1a*((1+ cos™) (1 +cosY))

e SD (3 +25+3% )

©)
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3.3. Resonant Beam Analysis

The stress—strain deformation of the resonant beam, as shown in Figure 3, can be
represented by Equation (10):
_ Pyl
" EA
where A, w;, and 1 are the cross-sectional area, elongation in length direction, and length of
the resonant beam.

For a resonant beam without damping and driving effects, the formula for the resonant
frequency is expressed as Equation (11):

Wr

(10)

o*w(x, t) _p ’w(x, t) . 0°w(x, t)

H—3a 2752 Pm™ 5

=0 (11)
where ] is the moment of inertia of the resonant beam cross-section. p,, is the density
of silicon.

The boundary conditions for the simply supported beam of length 1 at both ends are

ow
W|x:0,l: 0& 01: 0 (12)
X=U,

The solution of Equation (11) can be expressed as
w = w(x, t)= w(x)cos wt (13)

Substituting Equation (13) into Equation (11) and solving, under the action of axial
force P, the frequency equation for the first-order free vibration in the width direction of
the beam with both ends fixed can be expressed as Equation (14):

1
E(4.73)%,2  (4.73)*(0.295)P, \ *
W(Pz) —_ ( 4) r + ( )2( ) 2 (14)
121%p, 121°p hy by
In Equation (14), 1, h;, and b, represent the length, width, and height of the resonant
beam, respectively.
The first-order resonant frequency of the resonant beam along the width direction
under the action of axial force is
1
E(473)%,% | (473)%(0.295)P, \ °
(W1 (P) 121*py, 121y hyby

27 - 27 (15)

3.4. Overall Structural Analysis

The stress and deformation of the structure under the pressure shown in Figure 3 can
be summarized using Equation (3). By substituting Equations (4), (9), and (10) into the
unknown variables of Equation (3), the axial force acting on the resonant beam satisfies the
relationship expressed in Equation (16):

4Pja*((1+cos™) (14 cos))  PoLS>  Pol

= (16)
swD (3425 +3% ) 12EL. ~ 2EA
Using P; to represent P, the equation can be expressed as
4(P —2P,)a* ((1 4 cos™) (1 +cos))  PLS | Pl 17)

STD (3 + 2@—%3%) 12EI, ' 2EA
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The deflection at the midpoint of the diaphragm can be represented as

16(P — 2P,)a* _PLS Pl
swD(3+25+3%) 12BL  2BA

(18)

The deflection coefficient at the midpoint of the diaphragm under a uniformly dis-
tributed load is given by

192a%(1 —V2>

k= (19)
T4Ehy (3 + 2§+3§j)
The axial force P; in the resonant beam is given by
P —2P,)k 3
( )k PoLc” | Pol (20)
S 12EL. ' 2EA
P, = __ kP (21)

SLY | sl
E, T 28A T2k
Substituting P, into Equation (15), the relationship between pressure P and frequency
fis given by Equation (22):

1
i (10.428Ebr2 SAL2+6511C+24E1<AIC> . 22)

ml4p 3.9721%ph, b, kPEAI,

Randomly selecting parameters such as the length, width, and height of the resonant
beam, connecting beam, and sensitive diaphragm, we calculated the resonant frequency
of the resonator under a pressure of 10 MPa using the proposed mathematical model. A
comparison with data obtained from COMSOL 6.1 software revealed a maximum frequency
difference of 2754 Hz and a maximum error of 1.96%, indicating the high accuracy of the
proposed mathematical modeling. The calculated and comparison results are shown

in Figure 4.
5
2519 | ; ; ; ; ; 20
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= Simulation data set
error
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Figure 4. Comparison between mathematical model and simulation model.
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frequency (Hz)
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4. Pressure Sensor Design and Optimization

To make resonant pressure sensors (absolute pressure sensors) not only capable of
achieving a specific measurement range of 1-10 Mpa but also characterized by a high
sensitivity, we systematically varied the individual parameters and analyzed their effects
on the sensor sensitivity and interference frequency for the resonator beam, connecting
beam, and diaphragm. Based on the analysis results, we selected the sensor structure with
the highest sensitivity within the specified range.

4.1. Resonant Beam Structural Analysis and Design

According to Equation (15), the relationship between the length I, width h,, and height
b; of the rectangular resonant beam and the initial frequency and sensitivity is shown in
Figure 5. Here, when the length changes from 800 pm to 1500 pm, the resonant beam
frequency decreases by 60% on average, and the sensitivity also decreases slightly. When
the height changes from 40 pm to 50 um, the resonant beam frequency remains basically
unchanged, but the sensitivity decreases by 0.6 Hz/kPa on average, which is 20%. When
the width is increased from 20 pm to 30 um, the resonant beam frequency increases by 50%
on average, while the sensitivity decreases by 50%. Reducing both the width and height
can effectively improve the resonant beam sensitivity, but the close proximity of the width
and height will lead to interference between the horizontal and vertical resonant modes,
so there should be a certain difference between the height and width in the parameter
selection. Compared with reducing the height, reducing the width of the resonant beam not
only improves the higher sensitivity but also reduces the intrinsic frequency and increases
the resonant beam amplitude. Therefore, a smaller width rather than height is chosen in
the structure design. Based on the resonant beam parameters and resonant frequencies of
the existing structures [10,11,14], a resonant beam structure with a length of 1200 pm, a
width of 20 um, and a height of 40 um is selected with an intrinsic frequency of 120 kHz.

%108

—.—hr=20um br=40”m —e—h =20um b =40um

— hr= 30um br=40pm —w—h,=30um b =40um

4+ —o—h{=20pm b’=50pm
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Figure 5. The influence of resonant beam parameters on the natural frequency and sensitivity:

(a) Relationship between the parameters of the harmonic beam and the intrinsic frequency; (b) Trend
of the influence of the variation of the parameters of the harmonic beam on the sensitivity.

Preliminary structural models have been established, and dynamic analysis of the
structure has been conducted using COMSOL. The first six mode shapes of the resonator
structure are shown in Figure 6, while the first three mode shapes of the resonant beam are
illustrated in Figure 7.
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(b) 64,263 Hz
/—\ - P

(a) 57,963 Hz (c) 69,455 Hz

B a = .
]

(d) 76,086 Hz (e) 120,230 Hz (f) 159,560 Hz

Figure 6. Dynamic analysis of the resonator: (a) the first mode shape; (b) the second mode shape;
(c) the third mode shape; (d) the fourth mode shape; (e) the fifth mode shape; (f) the sixth mode
shape, with the fifth mode as the operational mode and the sixth mode as the disturbance mode.

(a) 122,680 (b) 243,320 (c) 337,840

Figure 7. Vibration modes of the resonant beam: (a) the first mode shape; (b) the second mode shape;
(c) the third mode shape.

Compared to higher-order modes, lower-order modes have advantages such as larger
resonance amplitudes, easier excitation and detection, and stronger interference resistance.
Therefore, in the selection of operating modes for resonators, lower-order modes are
typically preferred. For this reason, in this study, the first-order horizontal resonance mode
of the resonant beam is chosen as the operating mode, which is the fifth-order resonance
mode in the overall structure. The frequencies of the first four modes of the structure are
concentrated in the range of 50-80 kHz, which is significantly different from the operating
mode at 120 kHz and can be disregarded. As the frequency of the resonant beam increases
under external pressure, the frequency difference between it and the sixth-order mode
gradually decreases until they intersect. To prevent the intersection of the operating mode
and the sixth-order mode (interfering mode) within the measurement range, which would
lead to an increase in the measurement error, finite element analysis is utilized to analyze
the structural parameters affecting the interfering mode and the operating mode. Based on
the analysis results, the structure is optimized to obtain the optimal sensitivity structure
without mode interference within a specific range (1-10 MPa).
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4.2. Connecting Beam Structure Analysis and Design

The relationship between the interference frequency of the sensor and the parameters
of the connecting beam is shown in Figure 8 (left). The sensitivity and parameters of the
connecting beam are depicted in Figure 8 (right), where w¢, L., and h. represent the width,
length, and height of the connecting beam, respectively. When the width w, is increased
from 200 pum to 500 um, the average sensitivity of the structure increases by approximately
3.5 Hz/kPa, which is about a 230% increase. Meanwhile, the average interference frequency
decreases by around 60 kHz, representing about a 30% decrease. Increasing the width
significantly improves the sensitivity of the structure, but also reduces the interference
frequency and compresses the range of frequency variation in the resonant beam operation.
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Figure 8. The impact of parameters on the disturbance frequency and sensitivity.

The connecting beam is located in the resonant layer along with the resonant beam,
as shown in Figure 2, with a height of 40 pm. When the length L. of the connecting beam
increases from 1500 um to 1700 um, the average sensitivity of the structure decreases by
0.4 Hz/kPa, and the average interference frequency decreases by 40 kHz. Increasing the
length leads to a decrease in both the sensitivity and interference modal frequency, thereby
limiting the performance parameters of the structure. To achieve a higher sensitivity and
interference frequency, the length should be minimized. The length of the connecting beam
can be represented by the width of the diaphragm, as shown in Equation (23).

Lc=2a+c¢ (23)

where L. represents the length of the connecting beam, 2a is the width of the pressure-
sensitive diaphragm, and ¢ denotes the designed electrode placement distance, which
is 200 pm.

4.3. Sensitive Diaphragm Structural Analysis and Design

The relationship between the diaphragm parameters and interference frequency and
sensitivity is illustrated in Figure 9, where 2a, 2b, and hy, respectively, represent the width,
height, and thickness of the diaphragm. The width 2a increases from 600 pm to 1100 um,
resulting in an average decrease of 70 kHz in the interference frequency, representing a
30% reduction. The sensitivity of the structure with a height of 800 um is maximized when
the width is 900 um, while the sensitivity of the structure with a height of 1000 um is
maximized when the width is 1100 um. As the height 2b increases from 600 pm to 1100 um,
there is no significant change in the interference frequency, but the sensitivity increases on
average by 1.5 Hz/kPa, representing a 150% increase. When the thickness hy increases from
50 pm to 95 pm, the interference frequency increases on average by 30 kHz, a 20% increase,
while the sensitivity decreases on average by 3 Hz/kPa, representing a 75% reduction.
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4.4. Resonator Structure Optimization

The pressure and frequency of the resonant structure exhibit a highly linear relation-
ship; hence, the sensitivity s can be represented in terms of the operating frequency S at a
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full-scale pressure of 10 MPa, as shown in Equation (24):

where S is the full-scale frequency; fj is the natural frequency of the structure, the value is
120 kHz, s is the sensitivity of the structure, and r is the range; since resonator sensitivity is

S=fy+s xXr

usually measured in Hz/kPa, the value here is 1000.
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The design of the structure should aim for both a high range and high sensitivity.
Therefore, within the determined range of 10 MPa, adjusting the parameters to achieve a
higher sensitivity is necessary, meaning a higher full-scale operational frequency should be
pursued. Additionally, to prevent interference mode effects in this structure, the interference
frequency should be higher than the operational frequency at the full scale of the sensor.

Therefore, in the design of the structure, the goal should be to obtain the maximum
full-scale resonant frequency while ensuring that the interference frequency is greater than
the full-scale operational frequency.

In the structural parameters, the parameters of the resonant beam are related to
sensitivity but not to interference frequency. The relationship between the length of the
connecting beam and the width of the diaphragm is given by Equation (23), indicating
a linear relationship between the two. The height of the connecting beam is the same as
that of the resonant beam, which is 40 pm. These parameters can be selected through
single-objective optimization.

For the width of the connecting beam and the width, height, and thickness of the sensi-
tive diaphragm, there is usually an inverse relationship between the interference frequency
and the parameters chosen for the full-scale resonance frequency. When parameters leading
to higher full-scale resonance frequencies are selected, the interference frequency tends
to be lower, whereas when parameters leading to lower full-scale resonance frequencies
are chosen, the interference frequency tends to be higher. This contradictory relationship
implies that single-objective optimization methods cannot meet the requirements for de-
signing the optimal structure. Consequently, exhaustive search methods become one of
the most common approaches for selecting structures from multiple parameters. However,
exhaustive methods are not only inefficient and costly but also may fail to find the global
optimum when dealing with large search spaces, leading to being trapped in local optima.
Therefore, it becomes challenging to obtain the optimal structure of the resonator. To
address this issue, a multi-objective optimization design scheme for resonant pressure
sensors based on the BP algorithm and NSGA-II algorithm is proposed, achieving the
simultaneous optimization of range and sensitivity.

4.4.1. BP- and NSGA II-Optimized Structures

The BP neural network [15] is widely utilized due to its simplicity, strong nonlin-
ear mapping capability, and high operability. It serves as a black-box function to solve
engineering optimization problems with complex input—-output relationships, making it
particularly suitable for fitting the unknown relationships between sensor structural pa-
rameters and performance. NSGA-I introduced a non-dominated sorting and elite strategy,
while NSGA-II [16], based on NSGA-I, proposed congestion and crowding comparison
operators, facilitating fast search and improving the convergence speed of optimization. It
is often employed for handling multi-objective optimization problems.

In order to extract the parameter mapping relationship of the resonator and construct a
high-precision BP network, 300 sets of data were randomly selected for the four parameters
that simultaneously affect the interference frequency and operating frequency, namely the
width of the connecting beam and the width, height, and thickness of the diaphragm. The
corresponding operating frequency S and interference frequency F for each parameter set
were calculated using the commercial software COMSOL. Among these, 260 sets of data
were chosen as the training set and 40 sets as the validation set for training the BP neural
network. Partial data are shown in Table 1.

Build a BP neural network with four inputs and two outputs, using diaphragm width
2a, diaphragm height 2b, diaphragm thickness hy, and connection beam width w, as
input independent variables, and interference frequency F and operating frequency S as
output dependent variables. The function relationship fitted by BP is used as the objective
function for NSGA II iteration optimization to obtain the Pareto optimal solution set with
two outputs. The optimization framework of the structure is illustrated in Figure 10. Cal-
culate the interference frequency and operating frequency corresponding to the structural
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parameters using finite element analysis and import them as training and testing sets into
the BP training network. The weight model trained by BP is imported into NSGAII as
the functional relationship equation, and the Pareto solution set after 1000 iterations of
population iteration is taken as the optimal solution set. The solution most in line with the
requirements is selected from the Pareto solution set as the optimal structure, and finite
element analysis is conducted to validate the structure.

Table 1. BP network training set.

— Simulation dataset
ermor

oy, 5
20 40 60 $0 100120140 160180200 O

hg/pm 2b/um 2a/um we/um S/Hz F/Hz
50 800 600 230 —145,745.2954 —206,431.3251
50 800 600 240 —147,728.3998 —203,625.0286
60 800 700 250 —144,926.1623 —195,884.3529
65 800 700 250 —140,845.8125 —202,368.2791
70 800 700 250 —137,959.511 —207,989.4299
75 800 700 250 —135,335.4896 —213,111.4485
70 750 700 250 —136,039.2568 —207,997.5868
70 800 700 250 —137,959.511 —207,989.4299
70 850 700 250 —139,393.7201 —207,660.0328
60 800 650 250 —142,946.4384 —206,745.8811
60 800 700 250 —144,926.1623 —195,884.3529
60 800 750 250 —146,436.1059 —185,449.8793
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Figure 10. Optimization process.

The optimization model constructed employs a three-layer neural network structure
for BP training, comprising an input layer, a hidden layer, and an output layer. Each layer
is associated with corresponding weights and thresholds. The input matrix and output
matrix are illustrated in Equations (25) and (26), respectively.

X =[2a2b hg w]
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Y =[F 9] (26)

The three-layer neural network structure consists of four input parameters and
two output parameters, with a hidden layer containing nine nodes. The specific formula
is 27.

n=2m+1 (27)

where n represents the number of hidden nodes, and m represents the number of input
layer nodes.

In the BP training process, if there are significant differences in the range of the data, it
can lead to large biases during weight updates, resulting in slow training. To improve the
training speed of the BP network and mitigate the issues of gradient vanishing or explod-
ing, all data are normalized using the normalization equation as shown in Equation (28).
Subsequently, the data are de-normalized using Equation (29).

Xizzxm—l(i=1,2,~~,n) (28)
Xmax —Xmin
41 -V .

Yi — (y1+ ) X (gmax Yrmn) +ymm(1 — 1[2, . ,n) (29)

For the iteration of weights in the BP network model, adjustments are made using
the error backpropagation algorithm. When the mean squared error E between the fitted
output data and the actual values exceeds the expected value for the current iteration, the
error is propagated backward from the output layer, and the weights and thresholds are
updated until the error gradually decreases to achieve the desired accuracy. The mean
squared error is calculated using the formula shown in Equation (30).

(p;—11)° (30)

(agE

1
E:—
n'

1

I
—

where p;j is the predicted value of the BP fitting, and r; is the true value of this training.

The NSGA-II algorithm employs a strategy of fast non-dominated sorting and crowd-
ing distance to achieve good convergence in multi-objective optimization problems. It can
quickly converge to the Pareto front with a high convergence, solution set diversity, and
uniformity. Its workflow is illustrated in Figure 11.
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Figure 11. Elite strategy selection in NSGA-II algorithm.
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An initial population Q) is generated by random selection, and a second-generation
population Q is generated by a genetic operator. Subsequently, during the population
iteration process, the offspring population Q; generated in generation t is merged together
with the parent population P to form a new population of population size 2N. Then, the
population R; is non-dominated sorted to find a series of non-dominated sets Z;, and the
crowding degree of each individual is calculated. Since the individuals of both parent
and child generations are contained in population R;, the non-dominated set Z; after
non-dominated sorting contains the best set of individuals in the whole population Ry,
so Zp is put into the new parent population Py, first. If at this point the size of the
population is smaller than N, then it is necessary to continue to fill Py.q with the next
level of non-dominated set Z; until the size of the population exceeds N when the non-
dominated set Z, is added, then, individuals are extracted using the crowding comparison
operator for each individual in Z, to bring the size of the population Py, up to N. Genetic
operators such as selection, crossover, and mutation are then used to generate new offspring
populations Q1 in order to prevent the results from not converging due to the infinite
size of some parameters in the optimization process, and at the same time to avoid the
structure not being processed or processing difficulties due to some parameters being too
small. According to the results of the above analysis, the boundary of the optimization
parameters is divided, and the boundary conditions are shown in Equation (31):

700 < 2a < 1000
00 < 2b < 1000
50 < hy < 95 (31)
200 < we < 400

The weighted model trained by BP is imported into NSGA-II as the functional rela-
tionship, and the Pareto solution set obtained after 1000 iterations of the population is
considered the optimal solution set. Each Pareto solution set contains the optimal points
with their corresponding input parameters 2a, 2b, hy, and w, as well as the optimized F
and S. This process yields the optimal structure of the resonant pressure sensor and the
highest sensitivity within the 10 MPa range.

4.4.2. Optimization Results

The trained BP neural network algorithm accurately predicts two output variables,
the interference frequency and operating frequency, based on four input variables: the
diaphragm length, width, and height, as well as the width of the connecting beam. The
optimization solution set obtained through the NSGA-II algorithm is depicted in Figure 12,
where the horizontal axis represents the resonant frequency S of the structure at the full scale
of 10 MPa, and the vertical axis represents the interference mode frequency F. Points below
point C satisfy the requirement that the operating frequency is less than the interference
frequency. Among them, point A represents the structure with the highest operating
frequency under the condition of the operating frequency being lower than the interference
frequency. According to Equation (24), the highest operating frequency corresponds to the
highest sensitivity; thus, point A exhibits the highest sensitivity. However, at higher initial
frequencies and tens of thousands of quality factors [17], in order to avoid the decrease
in sensor measurement accuracy caused by the interference frequency approaching the
operating frequency, a large frequency difference needs to be maintained between the two.
Zhang F et al. [18] reported an initial frequency of 37,431 Hz for a sensor, with a difference
of 5000 Hz from the interference frequency, thus avoiding the influence of interference
modes. Therefore, we select point B as the optimal solution, with a frequency difference
of 15,558 Hz between the interference frequency and the operating frequency, effectively
avoiding the interference mode. The parameters at this point include a diaphragm width 2a
of 713 pm, a height 2b of 999 um, a thickness hg of 50 pm, and a connecting beam width w
of 234 um. The resonant frequency at full scale is 163,751 Hz, and the interference frequency
is 178,817 Hz. The optimization results were validated using the commercial software
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COMSOL, showing resonant and interference frequencies of 162,479 Hz and 178,493 Hz,
respectively, which are in good agreement with the results of the NSGA-II multi-objective
optimization. The specific structural parameters are listed in Table 2.

x10°

Pareto solution set
T

-1.2
-14[ “x, .
T . C [53,999, 701, 289]
516 ~ X-170,061 B [50,999,713,234] i
2 Y -169,844
=3 ® X -163,751
£ ® . |Y-178,817
s.1.8F X-167,890 *ex ]
£ Y -173,383 L
3 o e
E A [50, 999, 700, 259] o
£ 2r - i
221 i
2.4 - L | | L | .
-2 -1.9 -1.8 -1.7 -1.6 -1.5 -14 -1.3 -1.2

operating frequency x10°
Figure 12. Pareto optimal solution set.

Table 2. Key parameters of optimized structure.

Name Definition of Parameters Range (um)
2a Width of diaphragm 713
2b Height of diaphragm 999
hy Thickness of diaphragm 50
We Width of connect beam 234
Lc Length of connect beam 1626
he Height of connect beam 40
1 Length of resonant beam 1200
b, Height of resonant beam 40
h;y Width of resonant beam 20
S Resonant frequency 162,479 Hz
F Interference frequency 178,493 Hz

Within the full range of 10 MPa, the maximum internal stress of the resonator is
2.5 x 108 Pa. After optimization, within the 10 MPa range, the relationship between the op-
erating mode (Mode 5) and other modes is depicted in Figure 13. The frequency difference
between the operating mode and the nearest interference mode within the range is greater
than 15 kHz, effectively eliminating the influence of the interference modes. The sensitivity
of the sensor within the operating range of 1-10 MPa is calculated to be 4.23 Hz/kPa, with
a linearity of 0.9984 and a linear influence factor of 38.07. Table 3 lists the resonant pressure
sensors proposed in recent years. Among them, the structure proposed by Y Lu and PC
Yan has a sensitivity greater than 10 Hz/kPa, but its range is only around 1 MPa, resulting
in a linear influence factor of around 10. The structures proposed by Y Jie have wide
measurement ranges of 30 MPa and 50 MPa, but their sensitivities are only 0.4 and 0.066,
resulting in linear influence factors of 12 and 3, respectively. The sensor structure designed
in this study demonstrates good compatibility between the range and sensitivity, with a
linearity impact factor significantly higher than that of most traditional resonant pressure
sensors reported to date.
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Figure 13. The relationship between resonant modes.

Table 3. Comparison of optimized structures.

%108

Time Author Range (MPa) Sensitivity (Hz/kPa) Linear Influence Factor Linearity
2019 LuY][8] 0.02-1 13.1 12.838 0.9999
2019 Yan P [7] 0.01-1 11.89 11.6522 0.9999
2020 Xiang C [19] 0.02-2 3.15 6.237 0.9999
2021 Xiang C [3] 0.02-7 2.26 18.0348 0.9998
2021 X Han [9] 0-0.2 35.5 7.01 0.9999
2022 Yu] [5] 0.11-30 0.428 12.84 0.9999
2022 Yu][6] 0.11-50 0.066 3.3 0.9999
This structure 1-10 4.23 38.07 0.9984

5. Conclusions

Traditional resonant pressure sensors often struggle to achieve both a wide range
and high sensitivity simultaneously, limiting their applications in scenarios requiring both.
To address this issue, we propose a novel sensor structure. By vertically distributing the
resonant beam and pressure-sensitive diaphragm, we enhance the overall stability of the
resonant structure and the equivalent stiffness of the diaphragm under high pressure.
This effectively resolves the problem of reduced accuracy due to excessive deformation of
the sensitive diaphragm, achieving good compatibility between the range and sensitivity.
To mitigate the impact of parasitic modes during sensor operation, we present a multi-
objective optimization design approach for resonant pressure sensors based on BP and
NSGA-II algorithms. This approach addresses modal interference while optimizing the
structural sensitivity. Validation of the optimization results using commercial software
demonstrates a frequency optimization error of 0.7768% and an interference frequency
optimization error of 0.1812%, confirming the reliability of the optimization approach.
The optimized resonant structure achieves a high sensitivity of 4.23 Hz/kPa and a linear
range of 1-10 MPa. The design strategy of the new structure provides guidance for the
design of resonant pressure sensors with a wide range and high sensitivity, effectively
addressing the compatibility issue between the sensitivity and range. The multi-objective
optimization algorithm proposed for resonant pressure sensors can also be applied to
optimize multiple parameters in other MEMS sensor structures, thereby improving the
structural performance.
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Abstract: We have developed a manufacturing process for micromirrors based on microelectrome-
chanical systems (MEMS) technology. The process involves designing an electrostatic vertically
comb-driven actuator and utilizing a self-alignment process to produce a height difference between
the movable comb structure and the fixed comb structure of the micromirror. To improve the stability
of the micromirror, we propose four instability models in micromirror operation with the quasi-static
driving principle and structure of the micromirror considered, which can provide a basic guarantee
for the performance of vertical comb actuators. This analysis pinpoints factors leading to instability,
including the left and right gap of the movable comb, the torsion beams of the micromirror, and the
comb-to-beams distance. Ultimately, the voltages at which device failure occurs can be determined.
We successfully fabricated a one-dimensional micromirror featuring a 0.8 mm mirror diameter and a
30 um device layer thickness. The height difference between the movable and fixed comb structures
was 10 um. The micromirror was able to achieve a static mechanical angle of 2.25° with 60 V@DC.
Stable operation was observed at voltages below 60 V, in close agreement with the theoretical calcula-
tions and simulations. At the driving voltage of 80 V, we observed the longitudinal displacement
movement of the comb fingers. Furthermore, at a voltage of 129 V, comb adhesion occurred, resulting
in device failure. This failure voltage corresponds to the lateral torsional failure voltage.

Keywords: MEMS micromirrors; stability analysis; electrostatic actuators; self-alignment

1. Introduction

MEMS micromirrors are lightweight, small-size, and cost-effective, making them ideal
for a wide range of applications in optical communications [1], autonomous driving [2], and
augmented reality (AR)/virtual reality (VR) [3]. Comb-drive micromirrors in particular
present notable benefits, including a susceptibility to easy oscillations, rapid response
times, and a facilitated precise control of the mirror deflection angle [4-6]. They are highly
appealing for optical applications, serving purposes in projection displays [7,8], spectrome-
ters [9], optical switches [10], and other applications requiring precise optical control and
adjustments [11]. These applications typically demand highly precise microfabrication
technology to ensure optical performance and stability [12-14].

The driving force of the vertical comb-drive actuator is oriented vertically, effectively
mitigating the occurrence of the pull-in effect commonly observed in parallel plate move-
ments [15-17]. In an ideal setting, maintaining equal spacing between movable and fixed
comb fingers results in mutually canceling lateral forces, establishing a steady state. How-
ever, the lateral forces may escalate at high voltages due to alignment accuracy and etching
process error factors. In the presence of subtle disturbances, an imbalance in the lateral
forces on the left and right sides of the vertical comb-drive structure can manifest, poten-
tially leading to instability and contact between the movable and fixed comb fingers [18].
This contact triggers lateral adhesion, significantly impeding performance and resulting in
device failure.
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The research on the “pull-in” instability of MEMS devices began as early as the
1960s. Nathanson et al. reported an early analysis in which they used a mass—-spring
system to simulate the electrostatic deflection of parallel plate actuators, studying the
impact of pull-in voltage on resonators [19]. With the widespread application of MEMS
devices, the importance of the instability of device “pull-in” is increasingly growing.
Hirano et al. conducted a modeling study on the lateral instability of in-plane comb-
drive actuators driven by combs [20]. Bochobza-Degani et al. introduced the “pull-in”
voltage and critical angle in out-of-plane torsional actuators using polynomial algebraic
equations [21]. Pamidighantam et al. investigated the instability of electrostatically driven
comb teeth based on the linear beam theory [22]. Zhou and Dowd analyzed the side
instability of comb-drive actuators using a one-dimensional model with structural lateral
translational stiffness [23]. Huang and Lu established a two-dimensional model to examine
the influence of lateral and angular offsets on the critical voltage of in-plane comb-drive
MEMS actuators [24]. Lee and Solgaard came up with three failure modes of the scanners,
and analytical expressions of pull-in deflection were obtained by applying 2D analytical
capacitance models to the derived pull-in equations [25].

In this work, a thorough analysis is conducted to refine the conditions leading to
instability in the vertical comb-drive micromirror. Various scenarios are examined for
a more comprehensive understanding of the underlying instability factors. This paper
introduces the principle of quasi-static deflection for an electrostatic micromirror with a
vertical comb-driven structure and provides a detailed explanation of the forces generated
by the unequal-height comb-finger structure. Four potential instability models that may
manifest during the operation of the micromirror are explored in connection with its
structure. One model involves comb fingers with a relatively large length-to-width ratio,
causing an uneven force distribution and resulting in the elastic deformation of the comb
fingers themselves. The other three models involve comb fingers with high rigidity that
concentrate the force on the twist beams, inducing a bending deformation of the fixed
elastic beam at both ends. Consequently, the movable comb finger changes position and
comes into contact with the fixed comb finger, causing the device to stop functioning.
Failure voltages are determined based on these models. These models establish a robust
foundation to support the stable operation of electrostatic micromirrors at high voltages,
effectively compensating for the accuracy errors introduced in the fabrication process and
ensuring that the mirror operates in a steady state. A test system is set up to validate the
analysis of the vertical comb-driven micromirror device. This system ultimately determines
the stable operating voltage for the device.

2. The Principle and Design of Electrostatically Actuated Micromirrors
2.1. Analysis of Drive Structure and Quasi-Static Deflection Principle

Designing a MEMS micromirror involves careful consideration of torsion beams,
mirror size, and the structure of the micromirror comb [26]. For the vertical comb-drive
micromirror, its primary operational mode is characterized by static deflection. Figure 1a
illustrates an electrostatically actuated scanning micromirror with rectangular torsion
beams. Four sets of comb-driven structures are connected to the sides of the circular mirror.
It consists of two rows of undersized combs, one of which is attached to the substrate as
the fixed comb, while the other is attached to the mirror as the movable comb.

According to the definition of torsion for noncircular cross-section beams in mechanics
of materials, for a straight bar with a rectangular cross section undergoing free torsion, the
calculation formula for the relative rotation angle § between the ends of the beam with
applied torque T is as follows:

Tl

0=~
GI;

)
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Mirror Torsion Beam Actuated mirror

Initial mirror
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(a) (b)

Figure 1. (a) Schematic diagram of electrostatic vertical comb-drive micromirror; (b) simplified model
of one-dimensional micromirror torsion.

In the equation, GI; is referred to as the torsional stiffness of the beam:

GI; = GBhb® 2
E
M) v

where /1 represents the length of the long side of the torsion beam’s cross section, b rep-
resents the length of the short side of the torsion beam’s cross section. [ is the length of
the torsion beam, as shown in Figure 1b. E is Young’s modulus of silicon material; y is the
Poisson’s ratio. The factor f§ is related to the torsion of the rectangular cross-section beam
and is dependent on the ratio of the side lengths /b. Factor B for rectangular cross-section
beam torsion is listed in Table 1.

Table 1. Factor (3 for rectangular cross-section beam torsion [27].

h/b

1.0 1.2 1.5 2.0 25 3.0 4.0 6.0 8.0 10.0

o0

0.141 0.166 0.196 0.229 0.249 0.263 0.281 0.299 0.307 0.313

0.333

The external torque for driving the torsional motion of the micromirror is provided by
the vertical comb-drive structure. A change in the electric field between the comb-drive
structures results in the generation of a force that induces the deflection of the micromirror.
In the quasi-static torsional mode, the system attains a static equilibrium state wherein
the torque experienced by the torsional beam T is the applied torque. M, represents the
external torque exerted by the combs.

T=M,=F,d 4)

where F; is the electrostatic force between the combs in the vertical direction, and d is
the distance from the torsion beam to the end of the movable comb finger. As shown in
Figure 2, the single-beam micromirror undergoes torsional motion due to the driving force
provided by the comb-finger structure in the Z-direction.

The electric energy W(0) between the interdigitated comb electrodes can be approxi-
mated as the energy stored in a capacitor [28]. The expression for this energy is:

W(6) = 5C(0)V? ©
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(b) (0

Figure 2. (a) The 1D schematic of an electrostatic comb-drive micromirror, including the comb-finger

structure, mirror surface, and torsion beams; (b) the micromirror subjected to an external torque on
one side; (c) the detailed schematic of the micromirror’s comb-finger structure (The red box part in
subfigure (a)), highlighting the specific structural parameters of the movable and fixed comb finger.

A movable comb finger is affected by the fixed comb finger on the left and right sides,
therefore, the total electric energy generated by comb fingers become:

W.(8) = NC(8)V? (6)

where N is the number of comb fingers, V is the driving voltage, and C(6) is the capacitance
between the movable comb finger and the fixed comb finger. The electrostatic force between
the comb fingers can be calculated using the derivative of the total electric energy with
respect to the rotation angle, which is given by:

_We(8) _ ,,3C(0)

2
a0 a0 v @

Fz(0)

C(6)

where 2 50 is related to the rate of change in the overlap area between the movable and
fixed comb fingers. The capacitance formula between the plate electrodes is given by:

c= g 50 240

®)

where ¢ is the permittivity of the air, A(6) represents the overlapping area between the
movable and fixed comb fingers, and g is the gap distance between the movable and fixed
comb finger.

When a voltage is applied between the movable and fixed comb fingers, electrostatic
forces are generated in the vertical direction. The rotation angle between the comb fingers
is considered to be 6 in this particular state. As the torsion beam of the micromirror
twists, the overlap area between the movable and fixed comb fingers undergoes irregular
changes [29-31], which can be categorized into the following situations, where the fringing
tield effects are small. As shown in Figure 3(a-1), in the presence of a dielectric layer with a
thickness of T, between the movable and fixed comb fingers, the dielectric layer acts as an
insulating material, preventing direct contact between the comb fingers and creating a gap
between them. Figure 3(a-2) shows the status of the comb fingers.

Case 1 is shown in Figure 3(b-1). Point C on the left side of the movable comb finger is
in contact with the upper edge of the fixed comb finger, and the deflection angle 6; is given
in Figure 3(b-2). There is no overlap area between the movable and fixed comb fingers, so
the overlap area is zero.
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Figure 3. Changes in the overlap area of the comb finger. When the comb finger rotates around
the central flexure beam with angle 6, the overlap area of the upper (fixed) and lower (movable)
comb fingers changes. (a-1,a-2) are the initial state diagrams of the comb finger; (b-1,b-2) when the
deflection angle is 61, point C intersects the upper edge of the fixed comb finger, and the overlap
area is zero; (c-1,¢-2) when the deflection angle is 6, point F intersects with the upper edge of the
fixed comb finger, and the overlap area is a triangle; (d-1,d-2) when the deflection angle is 63, point C
intersects the lower edge of the fixed comb finger, and the overlap area is a quadrilateral; (e-1,e-2)
when the deflection angle is 6, point A intersects the lower edge of the fixed comb finger, and the
overlap area is an irregular pentagon; (f-2)when point A intersects with the lower edge of the fixed
comb finger, the overlap area becomes smaller.

The maximum angle of torsion is denoted by 0;:

_ -1 T,
01 = tan (—c) 9)

where d is the distance from the torsion beam to the end of the movable comb finger. L.

is the length of the comb finger. When 0 < 6 < 6;, the resulting overlap area of a single
finger gap is:

A(8) =0 (10)

The incremental area change in the single finger gap is:

dA(0)

gl 11

5 — 0 (11)

Case 2 is shown in Figure 3(c-1). The lower edge of the movable comb finger touches
the right peak F of the fixed comb finger. As the angle continues to increase, the overlap
area forms a triangle, and Figure 3(c-2) shows that the maximum angle at this time is 6,.

The maximum angle of torsion is denoted by 65:

T,
— o] 0
0, = tan (d oy Yo> (12)

where Y, is the overlap length of the movable and fixed comb fingers. When 6; < 6 < 0,
the resulting overlap area of a single finger gap is:

1[(d+ Lc)tan6 — T,)?
2 tan 6

A6) = (13)
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A®) = =(Lc+d)*tan0 — (L +d) T,

IA(8)

The incremental area change in the single finger gap is:

2 2
(d+Lc)\* To (14)
cos sin 6
Case 3 is shown in Figure 3(d-1). When the movable comb finger’s point C intersects
the lower edge of the fixed comb finger, the maximum angle is 03. As the angle continues

to increase, the overlap area forms a quadrilateral, as shown in Figure 3(d-2).
The maximum angle of torsion is denoted by 0s:

T, T,
6 = tan-! (d:LC) (15)

IA) 1

0 2

where T, is the thickness of the comb finger. When 6, < < 63, the resulting overlap area
of a single finger gap is:
1 1 2 .
7 —E(d—l—Lc—Yo) cos@sin® + (d+ Lc — Y, ) (cos0)T, (16)
The incremental area change in the single finger gap is:

0 = % [(LC +d)?sec?(0) + (d + Le — Y,)? (sinz(G) - COS2(9)> —2(d+ Le — Y,)T,(sin 9)} (17)

Case 4 is shown in Figure 3(e-1). As the torsion angle continues to increase, the shape
becomes an irregular pentagon before the movable comb finger’s point A intersects the
lower edge of the fixed comb finger. Figure 3(e-2) shows the diagram of the maximum
angle 6, of this process.

The maximum angle of torsion is denoted by 0:

_ To + T,
0, — si 1 0 c 1
4= sm <d+Lc—To) (18

When 603 < 8 < 6y, the resulting overlap area of a single finger gap is:

A(B) = %(LC +d)2 tan6 — (Lc +d)T, — %(d+ Lc— YO)ZCOSQSiHG

19
+(d+ Le — Yp)(cos ) T, — Y2 tan 0 + 1T.Y, (19)

The incremental area change in the single finger gap is:

[(Lc +d)*sec?(0) + (d + Le — Y, )? (sinz(e) - cosz(9)> —2(d+ Le — Y,)T, sin 9)} - %Yozsec2(9) (20)

N —

Case 5 is shown in Figure 3(f-2). As the twisting angle continues to increase, the shape
becomes an irregular hexagon, and at this point, the overlap area starts to decrease. The
capacitance decreases, and the driving force direction changes. In theory, this situation
will not occur. The change in overlap area with the angle is a nonlinear function of the
micromirror twisting angle, increasing from the rest position until 8 = 6, (see Figure 3(f-2)).

Combining Equations (1)—(4) and (7)—(8), we calculate the mirror rotation angle 0:

Tl eNIV? 9A(0) o1
~ GBhb® — Gpghb® 90

0

2.2. Analysis of Micromirror Driving Stability

The analysis of the micromirror driving stability involves examining the equilibrium
and dynamic behavior of the mirror under different operating conditions. Various factors
would influence the stability of the micromirror, such as its mechanical structure, electricity,
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and control aspects. This section mainly discusses and analyzes the mechanical stability of
the micromirror.

The driving force of the micromirror in the vertical comb-drive structure is primarily
provided by the electrostatic force between fixed and movable comb fingers. The driving
force increases as the gap between the comb fingers decreases. However, due to the residual
stress in fabrication or alignment deviation, the micromirror may experience small driving
forces in directions other than the desired deflection direction. Besides the force generated
in the deflection direction, there may be minor driving forces in other directions. The
contact between the movable and fixed comb fingers results in a short-circuit failure of
the device [29-31]. Several scenarios of structural instability are illustrated in Figure 4 as
shown below. These models are established based on the micromirror being deflected to its
maximum allowable angle, specifically at the position where the overlap area between the
movable and fixed comb fingers is maximized.

(a) (b)
(©) (d)

(e)

Figure 4. Several scenarios of structural instability. (a) In the initial state of the movable and fixed

comb fingers, under normal conditions, the comb fingers are in force equilibrium, and the structure
remains stable; (b) the comb fingers’ lateral bending contact’s instability model; (c) the comb fingers’
lateral displacement contact’s instability model; (d) the comb fingers’ lateral rotational contact’s

instability model; (e) the comb fingers’ lengthways displacement contact’s instability model.

2.2.1. The Comb Fingers’ Lateral Bending Contact’s Instability Model

Figure 5 schematically illustrates one movable electrode comb finger placed between
fixed electrode comb fingers. In this figure, V is the applied voltage across the electrodes, g
is the gap between the fixed and movable comb fingers, T, is the thickness of the upper
layer of the movable comb finger, and Y, is the length of the overlap of the comb finger.
Assume that the movable electrode finger moves x in the X direction.

eT.Y,

_Cfcto 2
Z(g—l—x)zv (22)

2, —
F right — V%, Ret =

2(g —x)?

where Fijgp and Fegt represent the lateral force on the right side and left side, respectively,
and ¢ is the permittivity of free space.

Movable combs

Fixed combs

Figure 5. Schematic view of the comb finger’s electrode.
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In this case, the lateral forces on both sides of the comb finger are no longer balanced,
and the electrostatic force F, generated by both sides of the parallel plate is:
eT.Y, eTY,
Fe = Regt — Fright = ———— V> — ——5V? (23)
2(g—x) 2(g+x)

where T, is the thickness of the movable comb fingers. A positive value of F, proves that
the suspended comb is unstable. It looks as if there was a “negative” spring. The equivalent
“negative” spring constant k. when the movable comb finger is placed at the center of the gap is
_ JF eTeYy o elY, o

= V2 4 1% (24)

S e A P

In this case, the spring constant of the movable comb finger bending along the X
direction is given by:

ET.W.3
kye = —— 25
Xc 1 2 LC 3 ( )
where E is Young’s modulus, and W, and L. are the width and length of the comb finger,

respectively.
The mechanical spring with spring constant ky. keeps the position of the movable
comb finger against the instability of the electrostatic force.
If
kel > [kec] (26)

the movable comb finger stays stable; otherwise, as shown in Figure 4b, the movable comb
finger become unstable and touches the fixed comb fingers. The voltage at this point is
referred to as the lateral side-instability voltage. At this stage, the electrostatic force between
the comb finger undergoes a rapid change, resulting in the attraction between them. Hence,
to keep the stable operation of the comb structure [32], Equation (26) must be satisfied.

When the driving voltage exceeds the so-called side-instability voltage Vi, the comb
drive becomes unstable leading to a side-sticking of the movable and fixed comb fingers.
By combining Equations (23)—(26) the voltage at which the side instability occurs can be
expressed as:

y— JEWE (g =)+ (g +x)° )
12¢L.2Y,

2.2.2. The Comb Fingers’ Lateral Displacement Contact’s Instability Model

When the elastic constant of the comb finger is large enough, it is difficult to generate
the bending contact of the comb finger, and the generated force is transferred to the torsion
beam through the root of the comb finger. As shown in Figure 6, the torsion beam an-
chored at both ends experiences axial forces (also known as tension or compression forces),
resulting in axial expansion and contraction deformation. The left beam of the mirror
extends due to tensile forces, while the right side undergoes compression forces, causing
it to shorten, as illustrated in Figure 4c. As a result, lateral displacement occurs when the
movable comb fingers make contact with the fixed comb fingers, creating variations in
electrical potential that disrupt the circuit, leading to device instability and an eventual
cessation of operation.

(b)

Figure 6. The comb fingers’ lateral displacement contact’s instability model. (a) The driving of one
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side of the comb-finger structure results in a total force in the X direction; (b) a schematic diagram
showing the deformation of the beam anchored at both ends due to axial forces.

The total force of the comb structure in the X direction is:
NeT.Y, | » NeT.Y, -,

Foy = V2 % 28
T 2g—xP . 2g+x) 9

where 7 is the number of movable comb finger.
The elastic constant of the torsion beam in the X direction is:

2ET)W,

kxl = l

(29)
The analysis process is similar to that of the previous case. The equivalent “negative”
spring constant k,, when the torsion beam bends up or down is:

ky — OFy _ NeLlYo V2 s NeT.Y, V2 (30)
T (g-x® (g+a)

It must satisfy |kpp| > |ky|. Finally, the instability voltage V; in this case is obtained by

. 2EW;[(g - %) + (3 +%)°] .
2= nelT,Y, (31)

2.2.3. The Comb Fingers” Lateral Rotational Contact’s Instability Model

According to the Figure 7a, the lateral electrostatic force F,,; generated between the
comb finger creates a torque on the torsion beam. In this case, the motion model of the
beam is as shown in Figure 7b, where the distortion of the torsion beam causes deflection
in the comb finger connected to the beam, resulting in contact between the movable and
fixed comb fingers, leading to device instability. Meanwhile, the deflection angle of the
movable comb finger is the same as that of the midpoint of the torsion beam.

(a) (b)

Figure 7. The comb fingers’ lateral rotational contact’s instability model. (a) Driving one side of the
comb-finger structure generates a total force in the X direction; (b) a simplified diagram illustrating
the bending deformation of the beam supported and anchored at both ends due to an external torque.

64 and 0p represent the angular displacements of the cross sections at points A and B
along the torsional beam, respectively. The deflection angle of the midpoint of the torsion
beam can be calculated based on the applied torque and the torsional stiffness of the system:

o _ 04 0 M2l  Fdl
7 2 7 2 T 12EI  6EI

(32)

where [ is the moment of inertia, which is a measure of an object’s resistance to changes in
its rotational motion. It quantifies how mass is distributed around the beam of rotation.
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In the context of a torsion beam, the inertia moment refers to the moment of inertia of the
beam itself, which depends on its geometry and mass distribution:

_ W

The movable comb-finger structure is fixed on the mirror through connecting beams,
so the movement of the comb fingers follow the deflection of the mirror structure. In other
words, it experiences an angular displacement at the midpoint of the torsional beam. The
angular displacement at the midpoint of the torsional beam represents the deflection angle
6 of the movable comb fingers:

9:tan<gx> (34)

d+ L.

When 6 > 6,, the movable comb finger touches the fixed comb finger and results the
device fails. In this case, the voltage is referred to as the rotational pull-in voltage Vs:

Vs = FER 35)

1 1
neTCYo' I:(g_x)z - (g+x)2] dZL

2-tan 1 (§5 ) -ELW}

2.2.4. The Comb Fingers” Longitudinal Displacement Contact’s Instability Model

In this model, when a voltage is applied to the movable and fixed combs, the over-
lap area in the direction of the comb overlaps increases, resulting in the generation of
electrostatic forces in the Y direction:

_ NeT, V2

22 (36)

F ¥
When the electrostatic force acts on the torsion beam through a mirror, the flexural
model of the torsion beam is depicted in Figure 8b. According to the deformation formula
for beams under simple loading in materials mechanics, with the ends of the beam securely
fixed and subjected to a longitudinal force, the maximum deflection of the beam occurs at

its midpoint:

3
Fy-(21)

“= T4REI (37)

b
b D

(a) (b)

Figure 8. The comb fingers” longitudinal displacement contact’s instability model. (a) Driving one

side of the comb-finger structure generates a total force in the Y direction; (b) a simplified diagram
of the deformation at the midpoint of an elastic beam fixed at both ends under the influence of a
longitudinal force; w represents the maximum deflection.

The displacement (Ay = L. — Y,) required for the device to fail after the contact
between the movable and fixed comb fingers is established in the Y direction.

When w > L. —Y,, the contact between the movable comb-finger and the fixed
comb-finger structure leads to the failure of the device.
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By combining Equations (36) and (37), we obtain the longitudinal unstable voltage at
that moment:
Lc — Y,ET;W?g

Vi =
4 I3NeT,

(38)

According to the above analysis, the structural parameters of the designed micromirror
are determined. The geometric parameters and material properties [28] used in the MEMS
fabrication of the micromirror are listed in Table 2.

Table 2. Geometric parameters and material properties.

Symbol Parameters Value
I Length of torsion beam 1200 um
W;/b Width of torsion beam 20 pm
T;/h Thickness of torsion beam 30 um
d Distance from the torsion beams to the end of the movable comb fingers 194 um
g Gap between fixed and movable fingers 5um
We Width of comb fingers 5 um
L. Length of comb fingers 280 um
T. Thickness of movable comb fingers 10 pm
T Thickness of fixed comb fingers 20 um
Y, Length of the overlap of the comb finger 240 um
T, Thickness of dielectric layer 1 um
N Number of movable comb fingers 120
E Young’s modulus of silicon 130 GPa
U Poisson’s ratio of silicon 0.28

When the given values are substituted into Equations (8)—(20), it is possible to calculate
the micromirror incremental capacitance change (%(:)) versus the torsional angle under
different driving voltages. To validate the structural design, a three-dimensional model
was created based on the parameters mentioned above, and a finite element analysis was
conducted using specialized software [33,34]. Finite element analysis (FEA) software is
a tool used in engineering to simulate and analyze how structures behave under differ-
ent conditions. It helps designers optimize designs by predicting factors like stress and
deformation. We performed simulations via the finite element method (FEM). Figure 9a
illustrates the simulation results of the structural displacement in the Z direction, Figure 9b
shows the Z-direction displacement of the tips of the movable comb fingers, and Figure 9¢
demonstrates the incremental change in capacitance between the comb fingers. The device
operated within the range of 0 < 6 < 6. Due to the idealized nature of theoretical calcula-
tions, where edge effects and other factors are not considered, the calculated values were
slightly greater than the simulated values.
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Figure 9. (a) The simulation result of the Z-direction displacement of the micromirror. (b) The

displacement of the movable comb fingertip in the Z direction. (c) Incremental capacitance change

% using finite element simulation and theoretical calculation for a limited angular range.
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3. Fabrication

The fabrication process involved bonding two silicon-on-insulator (SOI) wafers to-
gether using a silicon-to-silicon wafer bonding technique. Subsequently, a substrate silicon
layer was etched away, resulting in the formation of two silicon conducting layers. The
silicon dioxide of the top layer was used as a mask, using a single photolithography step
and a self-aligning process that created a height difference between the movable comb
structure and the fixed comb structure of the micromirror. The fabrication process steps of
the vertical comb-drive structure of the electrostatic micromirror are depicted in Figure 10.
A multilayer SOI wafer was bonded together (Figure 10a). The first step involved pho-
tolithography on the top silicon dioxide layer to create a pattern, followed by dry etching
to remove the oxide layer, acting as a mask for the third step to remove the top silicon layer
as shown in Figure 10b. The second step encompassed a pattern formation and multiple
stages of dry etching. This process included etching two oxide layers and two silicon layers
sequentially to produce comb structures of equal height, as illustrated in Figure 10c. After
removing the photoresist and cleaning, Figure 10d shows the deep silicon etching of the
entire structure to form the unequal-height comb structures. The oxide layer structure
was etched using a hydrofluoric acid (HF or BOE) solution to expose the second device
layer (Figure 10e). The third step involved a front-side sputtering of metal material and
using a wet-etching process to form electrodes (Figure 10f). Subsequently, a temporary
bonding process was employed to etch the backside cavity, fully exposing the device layer
and reducing the device mass to increase the deflection space (Figure 10g). The final step
involved chip cleaning using a wet-cleaning process.

a) % (e) F&@

©) Fﬂﬁﬂiﬁ; (g)ﬁ %

(d) 1 Silicon-1 1 SiO:
T Silicon-2 1 metal

Figure 10. Simplified fabrication process flow for vertical comb drive with self-aligned gaps. A single

lithography step defines the gap between the upper and lower fingers. Steps (a-g) show cross sections
during micromirror fabrication processing.

The vertical comb-drive micromirror devices were fabricated and used to verify
the correctness of the above model. Figure 11a shows the overall SEM image of the
MEMS micromirror, with a mirror diameter of 0.8 mm. Figure 11b shows a symmetrical
arrangement of vertical comb-finger structures on both sides of the torsion beam. This
structure allowed the mirror to deflect at a certain angle in both left and right directions.
A closed-up view of the vertical comb structure is shown in Figure 11c. In these images,
the upper structure of the movable comb fingers is about 10 pm above the lower structure
of the fixed comb fingers. Figure 11d shows the gaps on both sides of the movable comb
fingers are symmetrical. The upper and lower comb fingers also aligned well.
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Figure 11. SEMs of fabricated MEMS micromirror: (a) whole device; (b) micromirror torsion beam
and vertical comb-finger structure distribution; SEMs of self-aligning vertical comb fingers: (c) 3D
view and (d) top view.

4. Experiments and Discussion

The rotation angle of the micromirror was determined by measuring the distance
traveled by a laser beam reflected from the mirror surface when the micromirror was
actuated. The static response of the MEMS mirror was measured using an experimental
setup that involved a laser beam incident to the center of the mirror plate. The setup
comprised a DC power supply, a laser, a MEMS mirror, and a screen, as shown in Figure 12a.
The micromirror chip, after processing the wafer, was securely mounted onto a PCB (Printed
Circuit Board) for ease of applying the driving voltage, as illustrated in Figure 12b. The
experimental testing process was as follows: Firstly, the micromirror chip was securely
fixed onto an optical platform, and a signal was applied using a direct current power source.
Next, the laser beam was aligned with the mirror surface. Finally, after the mirror surface
was deflected, the point projected onto the screen moved from A to B. By measuring the
displacement of the laser point and the distance from the micromirror to the screen, the
mechanical rotation angle of the micromirror was calculated.

(b)

Figure 12. (a) Schematic of the optical measurement setup. L represents the length of the light ray

on the screen, S is the vertical distance from the mirror to the screen. (b) Photo of an assembled
MEMS micromirror.

As shown in Figure 13, when the driving voltage increased, the angle of deflection
continuously increased. At the driving voltage of 60 V, the deflection angle reached 2.25°.
When comparing these experimental results with the simulated and calculated results, it
was found that the experimental results were slightly lower. This could be attributed to
the fact that in reality, the gap between the comb fingers on the chip was larger than 5 um,
resulting in a smaller driving force than the ideal value, which in turn reduced the deflection
angle. Continuing to increase the driving voltage, the angle increased slowly, reaching 2.6°
at 80 V. The main reason for this phenomenon is that under a high voltage, the lateral force
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increases, and under small disturbances, the vertical comb-drive structure is unbalanced,
causing the torsion beam to bend and deform, resulting in the actual mechanical deflection
angle of the micromirror being less than the ideal value. After further increasing the voltage,
the torsion angle of the micromirror remained unchanged. The reason for this phenomenon
is that under quasi-static deflection, the torsion angle of the micromirror is affected by
the change in the overlap area between the comb fingers. When the angle reached the
maximum allowable deviation angle between the comb fingers (2.6°), a further voltage
application did not significantly change the angle of the micromirror. At that point, an
obvious instability in the lateral rotation and movement of the comb finger was observed.
Therefore, the stable working voltage should be less than 80 V.
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Figure 13. Static response of the MEMS micromirror.

As the voltage continued to increase, the quasi-static deflection angle of the micromir-
ror remained unchanged. However, the increasing voltage introduced unbalanced forces in
other directions on the micromirror’s comb fingers. According to the equilibrium stability
analysis, all parameters of the micromirror were substituted into Equations (27), (31), (35),
and (38), respectively. The calculated unstable voltages were as follows: V; = 313.12V,
Vo =34,846V, V3 =129 V, and V; = 237 V. The observation and testing were conducted
under an optical microscope. As shown in Figure 14, the partial image of the comb fingers
structure was observed. The blue dashed line represents the condition with no applied
voltage, while the red solid line represents a slight displacement in the Y direction of the
movable comb finger after applying a driving voltage of 80 V. This observation provides a
clear explanation for the deviation of the actual deflection angle of the microscope from
the theoretical and simulated values during testing within the voltage range of 60 V-80 V.
However, since there was no contact between the comb finger, the micromirror continued
to operate.

(a) (b)

Figure 14. (a) The comb finger’s image before applying the test voltage. (b) The comb finger’s image

113



Micromachines 2024, 15, 226

after applying the test 80 V voltage. The blue dashed line represents the condition with no applied
voltage, while the red solid line represents a slight displacement of the movable comb finger after
applying a driving voltage of 80 V.

With the continuous increase in voltage, when the voltage reached 129 V, the micromir-
ror underwent a torsional motion in the horizontal direction, causing contact between the
movable and fixed comb fingers. At that point, the micromirror became nonfunctional
and in the lateral rotational contact instability state. After turning off the voltage, the
micromirror returned to its original static state, as shown in Figure 15. The blue solid line
frame represents the comb finger image before testing, while the red dashed line frame
represents the comb finger image after testing. A comparison reveals that the movable
comb finger shifted to the left and contacted with the fixed comb finger. This corresponded
to the previously analyzed lateral torsional pull-in voltage values. Through testing, the
stable operating voltage range of the micromirror was 0 V=80 V, and the device failed at
129 V. Utilizing this analysis provides a better understanding of the micromirror’s unstable
phenomenon and helps to confirm the unstable voltage in the operational mode.

(a) (b)

Figure 15. (a) The comb finger’s image before applying the test voltage. (b) The comb finger’s image

after applying the test 129 V voltage. The blue solid line frame represents the comb finger image
before testing, while the red dashed line frame represents the comb finger image after testing.

5. Conclusions

This paper established the principle of quasi-static deflection for an electrostatic mi-
cromirror with a vertical comb-driven structure and provided a detailed explanation of
the forces generated by the unequal-height comb-finger structure. Four potential instabil-
ity models that may manifest during the operation of the micromirror were explored in
connection with its structure. The experimental testing effectively validated the analysis
of the driving principles and stability model of the vertically comb-driven micromirror.
This micromirror was driven by a direct current voltage, achieving a mechanical angle
of 2.25° with 60 V@DC. When the driving voltage was below 60 V, stable operation was
observed, and it was generally consistent with theoretical calculations and simulations.
At a driving voltage of 80 V, the comb-finger structure was observed to undergo a longi-
tudinal movement, and when the driving voltage reached 129 V, a comb-finger adhesion
phenomenon occurred, leading to device failure. This failure voltage corresponded to the
lateral torsional failure voltage.

In order to make the micromirror torsion angle larger during design, the torsion beam
is usually a thin and elongated structure, which is more likely to produce unstable pull-in
phenomena and cause device failure. The establishment of the above model can calculate the
torsion angle and failure voltage during the design stage, thus greatly reducing the workload.
Devices with errors introduced during the manufacturing process can also be analyzed to
determine the stable operating voltage so that the micromirror can operate stably. This method
can effectively ensure the long-term efficient and stable operation of the device.
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Abstract: In this work, a novel mechanical amplification structure for a MEMS vibratory gyroscope is
proposed with the aim of improving their sensitivity. The scheme is implemented using a system of
micromachined V-shaped springs as a deflection amplifying mechanism. The effectiveness of the
mechanism is first demonstrated for a capacitive fully decoupled quad mass gyroscope. A proof
of concept vertical-axis mechanically amplified gyroscope with an amplification factor of 365% has
been designed, simulated and fabricated, and results from its evaluation are presented in this paper.
Experimental results show that the natural frequency of the gyroscope is 11.67 KHz, and the full scale
measurement range is up to +400° /s with a maximum nonlinearity of 54.69 ppm. The bias stability
is 44.53° /h. The experiment results show that this quad mass gyroscope’s performance is a very
potential new way of reaching the navigation grade in the future.

Keywords: MEMS gyroscope; quadruple mass gyroscope; mechanical amplification; large mechanical

sensitivity; finite element analysis

1. Introduction

Micro-Electro Mechanical Systems (MEMS) and especially gyroscope sensors are part
of a flourishing market ranging from consumer electronics to space applications. Although
MEMS gyroscopes have been evolving for more than 25 years, there is still considerable
research effort for further improving their performance [1,2]. The performance of MEMS
gyroscopes is often limited to transducing the initial physical signal into a mechanical
displacement or deformation, which in turn causes a change in capacitance or piezoresistive.
Typically, the resulting electrical changes are quite small and need to be amplified, which is
usually carried out using charge amplifiers or transimpedance amplifiers. However, noise
and other disturbance sources at the front-end of the electronic amplifier such as parasitic
capacitances as well as intrinsic noise sources of the amplifier itself are enhanced, which
restricts the sensitivity and the resolution of gyroscope systems [3,4].

The differential structure designs with two out-of-phase vibrating proof masses to
reduce the vibration and acceleration induced errors are reported [5-8]. A further increase
in the rejection of external stimuli has been proposed by University of California (Irvine)
with an 8 x 8 mm? quadruple mass gyroscope (QMG), which can minimize frequency
and damping mismatches and maximize the Q-factor [9-11]. QMG is fully dynamically
balanced in forces and momentum and provides mechanical rejection of external vibrations
and mechanical shocks along both the drive and sense axis. Moreover, Singapore Institute
of Microelectronics presents a QMG with new working modals, which is similar to the
wine-glass vibrating gyroscope [12]. The size of this QMG was 5.8 x 5.8 mm?. Southeast
University proposed a symmetrical quadruple mass gyroscope with four hair masses at
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8 x 8 mm?. It realized an improvement in sensitivity and a differential detection of the
Coriolis force [13]. Tsinghua University designed a QMG in 7.7 x 7.7 mm? with a center
support frame which had a similar working principle with ring-like gyroscopes [14]. The
QMGs demonstrated above were operated under wine-glass working modes. However,
compared to the working modes used in University of California (Irvine), the wine-glass
type did not provide a symmetric working mode which should be an advantage of QMGs.
It should be noticed that all kinds of QMGs result in a high rejection to external vibrations
and shocks [15,16].

Instead of amplifying the pick-off signal in the electrical domain for the first time, we
show a primary amplification in the mechanical domain using a new compliant mechanical
amplifier. The Coriolis force signal is therefore amplified before electric noise disturbances
can affect the analog signal [17]. Compliant mechanical amplifiers are well known for piezo-
electric actuator applications. Generally, these amplifiers can be divided into flexure-based
and lever-based mechanisms [18-20]. In recent studies, lever-type compliant amplifiers
had a great combination with an accelerometer. The University of Southampton have
proposed a capacitive accelerometer with a lever-type mechanical motion amplifier [21].
By observed the contrast between the change of capacitance from the proof mass and end
of the lever, it showed a higher sensitivity without sacrificing bandwidth. The University
of California, Berkeley, proposed a resonant accelerometer with a two-stage lever as a
force amplifier [22]. All of the mechanisms mentioned above realized a great amplification
effect. We innovatively combined the compliant mechanical amplifier with a quadruple
mass gyroscope.

The system proposed in this work is a novel rhombus-like compliant mechanical
amplification concept for a silicon micro-machined resonant quadruple mass gyroscope
(QMG) to improve its performance with a smaller active area of 4 x 5 mm?. The scheme
is implemented using a system of rhombus-type compliant amplifiers as a deflection
amplifying mechanism. This results in a larger Coriolis deflection and a higher signal-
to-noise ratio compared to conventional QMGs. It also has the supplementary benefit of
reducing the energy leakage from drive mode to sense mode.

The paper is organized as follows: Section 2 gives the demonstration about the
structural design of quad mass gyroscopes, which includes the basic structure and the
rhombus-like compliant mechanical amplification structure design. The analysis of the
amplification structure is briefly introduced. Section 3 confirms the validity of the structural
design with Finite-Element Analysis (FEA). Section 4 describes the fabrication process of the
quad mass gyroscope, which is based on cavity SOI and gold-silicon eutectic bonding. The
experimental methods and results are presented in Section 5. Finally, Section 6 concludes
the whole paper with a summary.

2. Design and Analysis
2.1. Structure and Working Principle

Figure 1 shows the schematic diagram of the mechanical design of our gyroscope. It
is a symmetric structure with quad proof masses. Each proof mass is connected to the
drive frame by four straight beams. Two masses on both sides are linked together with
a U-shaped beam, which can provide a large range of displacement that is linear to the
stress. Masses on different sides are connected with a balance leverage which can make
sure masses move in opposite direction but at the same amplitude. The upper and lower
masses are connected through V-shaped springs, and the other end of V-shaped springs are
connected to the sense frame which is composed of the movable parts of comb capacitors.
There are four anchors in left and right balance beams, respectively, and two anchors in the
middle of this structure.
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Figure 1. Structure of quad mass gyroscope.

The working principle of the gyroscope is explained as follows. The proof masses are
electrostatically actuated to vibrate in the X direction as shown in Figure 2. Four masses
were named as 1 to 4. For example, when the gyroscope worked, mass 1 would vibrate in a
different direction to mass 2 and mass 3. The movement of each proof mass in the QMG is
depicted in red arrows in Figure 2, and that was the basic drive mode of this QMG. When
there is a rotation around the Z-axis, a Coriolis force would be induced. Then, it would apply
on the proof mass to make it move in the Y direction, as the yellow arrows show in Figure 2.

Input

Figure 2. The basic working principle of quad mass gyroscope.

The displacement caused by the Coriolis force is then amplified by V-shaped springs
(compliant mechanical amplification structure) which is used as a mechanical motion
amplifier. Then, it changed the movement of the sense frame from the Y direction to
X direction. Sensing capacitors connected to the sense frame can detect the movement.
Because of the mechanical motion amplifier, the displacement is greatly increased. So, the
mechanical sensitivity was literally improved. Moreover, the motion coupling of the sense
and drive frame is only through the proof mass, the drive and sense frame movement can
be perfectly decoupled due to a decouple spring design.

2.2. Design Strategy

The Coriolis effect is not obvious in the microscale resonator, and its signal is very
weak. Therefore, it is quite necessary to design a gyroscope with high mechanical sensitivity.
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Mechanical sensitivity is defined as the ratio of the displacement of the sense mode and the
input angular velocity. The mechanical sensitivity of QMG can be expressed by (1).

_ 203wy AgrineQ)z 1

Kyw? 2
y 1 _ wdrivfz + (wdrivf ) 2
wy Qyuwy

In Equation (1), Qx and Qy, are quality factors of the drive and sense mode. Wy, is
the frequency of the drive force. wy and wy, are the natural frequency of the drive and sense
mode. Ay is the amplitude of the drive mode. (), is the input angular rate. Ky is the
stiffness coefficient of the drive mode. When the sense mode is equal to the drive mode
frequency, the mechanical sensitivity changes to (2).
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It was shown clearly from Equations (1) and (2) that there is a large mechanical
sensitivity need mode match, large Q value and large drive amplitude [23]. During the
design state, the frequency tunning electrodes were reserved to the realized mode match.
To obtain a large Q value, the fabrication process including eutectic bonding and integrated
getter in the cavity of the CAP wafer to ensure a high vacuum level. Moreover, QMG’s
drive springs were folded into double U-shape springs which can provide a big movement
of up to 20 um. Despite the fact that the QMG has all of the factors considered above, in this
work, we present a mechanical motion amplifier to increase the sensitivity of the Coriolis
detection. The sensitivity amplification part was implemented in the front of electronic part,
then the desired amplification will be achieved without the generation of additional noise.

2.3. Mechanical Motion Amplifier

Figure 3 shows the proposed design of the Mechanical motion amplifier which is
basically simplified to V-shaped springs. As Figure 3 shows, d,, is the proof mass displace-
ment caused by Coriolis force, and dy is the displacement of sense frame, which is also the
movement of the sensing capacitors’ movable parts.

Ky

T "

~dy
(a) (b)

Figure 3. Simplified model of mechanical motion amplifier; (a) scheme and working principle of the
V-shaped springs; (b) the simplified model for stiffness transformation analysis.
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The angle ¢ is a parameter, which would decide the amplification factor (from dy to
dy) of this mechanical motion amplifier. The amplification factor « can be calculated as in
Equations (3) and (4).

« = 1/tanf 3)

To change the angle inside the V-shape springs, this amplifier could achieve different
amplification factors. And the fold beam inside this V-shape springs is also carefully
designed. When calculated, this quad mass gyroscope characteristic, the V-shape springs
cannot provide enough stiffness to make the natural frequency of the sense mode match
the drive mode which is firstly confirmed about 13 kHz.

According to Hooke’s Law, the spring coefficient could be obtained by Equation (5).
In this V-shaped spring, the spring coefficient in the X direction can be transferred into the
Y direction as shown in Equation (6). Finally, considering the Y-axis as the sense direction,
the equivalent stiffness of the sense direction can be calculated as Equation (7). Therefore,
the fold beam can provide additional stiffness in the sense direction and match the sense
mode and drive mode.

Kspring =F/X ®)
1
_E_ ik
Kx = &~ d, (6)
Ks = DCZKx + Ky (7)

In Equation (7), Ky and K, represent the stiffness coefficient of the beam connected
to the V-shape springs. The angle 6 should not be too big or too small. If # was designed
bigger than 25°, the amplification factor & would be smaller than 2, which cannot provide a
satisfied effect on amplification. On the other hand, if # was designed smaller than 10°, the
stiffness of the X direction would be too small that the structure would be too fragile.

After optimization, the angle in this work was confirmed to be 6 = 15°. The amplifi-
cation factor of the mechanical motion amplifier was also simulated under the condition
of steady analysis. As shown in Figure 4, in the simulation, a force which pretended to
be the Coriolis force was given to the upper and lower end of this V-shaped spring. The
result showed that in this amplifier, the displacement can be changed from that induced by
Coriolis to the movement of sensing capacitors and be magnified 3.65 times, which is quite
the same with calculation.

Y direction
0.21 um

X direction
0.74 um

(b)

Figure 4. The results of steady simulation of mechanical motion amplifier. (a) The model of mechani-

cal motion amplifier. (b) Displacement distribution of the Steady simulation.
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2.4. Other Parameter Designs

The beams and the proof masses have the same thickness of 60 um, the device size
is4 mm x 5 mm. The drive beams are four-fold beams with a width of 12 um and length
of 400 um for each beam. The mechanical motion amplifier parameters are a width of 8
pum, length of 540 um and angle of 15°, as discussed in Section 2.3. In the middle of the
amplifier, the fold beam consists of a thinner and a thicker rectangle (Figure 4a). The thicker
one’s width is 15 pm, and the length is 230 um; this kind of composite rectangle design can
precisely adjust the stiffness of the beams. This kind of design is used on almost all beams
inside this QMG. More parameters about this gyroscope are as follows in Table 1.

Table 1. Main parameter of QMG structure.

Parameter Drive Mode Sense Mode
Resonant frequency 13,863 Hz 13,919 Hz
Spring constant 5590 N/m 5637 N/m
Come finger length 42 pm 7 um
Come finger width 4 um 4 um
Nominal electrode overlap 18 um 3 um
Nominal capacitive gap 2 um 2 pm
Number of fingers (all) 684 3812
Nominal capacitance (all) 6.54 pF 6.08 pF
Number of fingers (Drive) 492 1906
Nominal capacitance (Drive) 4.7 pF 3.04 pF
Number of fingers (Sense) 192 1906
Nominal capacitance (Sense) 1.84 pF 3.04 pF
Capacitive scale factor 0.102 pF/um 1.01 pf/pm
Mass of proof mass 0.737 mg 0.627 mg

3. Finite Element Simulations

We used COMSOL, a commercial finite element program, to model this quad mass
gyroscope. We considered a thickness of 60 um for the whole structure which is the same as
fabrication. The material properties of the silicon were chosen to be single-crystal (isotropic).
We used free tetrahedral mesh to divide the structure with the maximum units of 50 um
and minimum units of 5 um. Using the setting above, different kinds of Finite Element
Analysis were carried out to observe the characteristics of this gyroscope.

First of all, the modal analysis was used to observe that the frequency of the QMG. The
working modes of the gyroscope are simulated, and the results are shown in Figure 5. The
modal frequency of the drive mode was 13.8 kHz and 13.9 kHz for the sense mode, which
perfectly agreed with the design. Moreover, a harmonic response simulation was also
carried out to check the decoupling design of the structure. In the simulation, a harmonic
signal at the drive-mode natural frequency is given to the structure on the drive electrode,
as shown in Figure 6a. The amplitude of the drive mode is 7.43 um. Meanwhile, the
observed amplitude of the sense mode is 5.5 x 10~% um. The amplitude ratio of the sense
mode to the drive mode is 0.07%. In Figure 6b, a harmonic signal at the sense mode natural
frequency is given to the gyroscope. The amplitude of the sense mode is 1.65 um, and the
amplitude of the sense mode is 0.8 x 10~ pum. Then, the amplitude ratio of the drive mode
to the sense mode is 0.04%. The results above show that the drive and sense movement can
be literally decoupled.

The influence of linear acceleration to this structure was also carried out in COMSOL
as shown in Figure 7. First, the gyroscope was vibrating in the drive mode, which is its
normal working state. Then, linear acceleration ranging from 1 g to 10 g was loaded onto
X-axis and Y-axis, respectively. In Figure 7a,b, the relationship between X-axis/Y-axis
acceleration and the drive part displacement is depicted. The rest of the pictures are similar
but show the displacement of the sense part.
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Figure 5. Modal analysis of gyroscope structure. (a) Drive mode. (b) Sense mode.
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Figure 6. The results of harmonic response analysis. (a) Mechanical coupling from driving mode to
sensing mode. (b) Mechanical coupling from sensing mode to driving mode.
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Figure 7. The results of linear acceleration analysis. (a,b) Drive parts’ movement under X and Y direction
acceleration, respectively. (c,d) Sense parts’ movement under X and Y direction acceleration, respectively.

The simulation results showed that the acceleration had barely any effect on the change
in sense capacitance. Though the drive part’s movement under X-axis acceleration can
reach about 0.8 pum, the design of the differential sense capacitance makes sure it would
not influence the output. Under other circumstances, the linear acceleration effect was
calculated to be 0.03°/s/g, and this gyroscope had great resistance over linear acceleration.

4. Device Fabrication

The Gyroscope is divided into two parts. The device structure is fabricated with a
silicon on insulator (SOI) wafer, and the CAP wafer is fabricated in a (100) orientated wafer.

Figure 8 depicts the whole fabrication process of this gyroscope. First, the back
alignment marks of the CAP wafer are defined by maskl and the Deep RIE process
(Figure 8a). Then, it used mask?2 to define thermal SiO; as a hard mask and etched 5 um
cavities using KOH wet etching (Figure 8b). After removing the hard mask, a 500 nm
thermal oxide layer was grown as an insulator layer (Figure 8c). The first layer electrical
connections are formed by metal sputtering Ti/W and wet etching of spare metal through
the pattern of mask3 (Figure 8d). The insulator between the first and second metal layer is
formed through PECVD and then used mask4 and SAMCO Rie to define the holes through
two metal layers (Figure 8e). Finally, the bond ring and second metal layer are formed by
metal sputtering and IBE with the pattern of mask5 (Figure 8f). The last step of the CAP
wafer’s fabrication was depositing the getters (Figure 8g).
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Figure 8. Fabrication process.

The device wafer is fabricated using the following steps. First, the back alignment is
defined with mask?. The positions of the structure which are on top of the electrode are
first released from the backside of the wafer by etching the handle silicon layer through to
the buried oxide layer using Deep RIE with mask8 (Figure 8h). Then, a shallow trench of
about 4 pm was defined with mask9 and etched using silicon dioxide as a mask (Figure 8i).
Finally, the structure is etched through to the buried oxide layer by DRIE with mask10,
then released by the Vapor HF etch (Figure 8j). The device is fully fabricated after the gold
silicon eutectic bonding of the CAP wafer and the device wafer. The final device is shown
in Figure 9.

Device wafer

Comb & movable mass

Bond pad

i

Insulation

First Metal Second Metal Getter
layer layer CAP wafer

Figure 9. Device structure schematic.
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The SEM images of the fabricated device are shown in Figures 10 and 11. Due to the
device limitations, only half of the QMG can fit into an image. As Figure 10 shows, the
drive capacitance finger length and overlap length were 42 um and 4 pm, respectively. The
sense capacitance finger length and overlap length were 18 um and 2 um, respectively.
They were both fabricated as designed. However, the finger gap was 0.4 um larger than
designed because of the Deep RIE CD loss. The SEM image of the CAP wafer was shown
in Figure 11. The width of the metal wire on top and the bonding ring was 20 um and 120
um, respectively. All of the key dimensions of the CAP wafer were closely matched with
the design values.

B T e T

A

[ 100um JEOL 8/28/2023
15.0kV LED LDF WD 15mm  08:49:49

3.0kV 8.0mm x45 SE(M)

Figure 11. SEM image of fabricated gyroscope CAP wafer.
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5. Test Results
5.1. Frequency Response Test

The frequency response and ring-down tests were performed in order to characterize
the basic parameters of the QMG. The experimental circuit is shown in Figure 12. In
order to minimize the influence of parasitic capacitance and external environment on weak
capacitance signals, the Gyroscope is encapsulated separately into the ceramic package.
Therefore, the sensor is in a relatively stable environment. Then, the frequency response
test was carried on.

Figure 12. Photo of the experimental PCB.

To precisely get the ring-down signals, we use a capture board with a maximum
sampling rate of 250 khz. During the test, the sample rate was set to be 120 kHz, which
is about ten times over the frequency of the gyroscope. The sample time was set to be 3 s.
The total data volume is 360,000. The ring-down part of data was extracted and replotted
into curves using MATLAB R2021a, as shown in Figure 13b.
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Figure 13. Results of ring-down test. (a) Ring-down test result on oscilloscopes, (b) ring-down data
on MATLAB and FFT analysis of ring-down data.
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The frequency characteristics were obtained by calculating the results of the ring-down
test in MATLAB using the FFT function. After calculation, the accurate resonant frequency
f was shown in Figure 13b. The resonant frequency obtained from the analysis is 11.67 kHz,
which is basically within a reasonable range for the results of the structural simulation. The
error was mostly caused by fabrication. During the Deep RIE process, the drive beams
were etched more than designed, which caused a lower stiffness in the drive mode. This
resulted in a lower natural frequency.

5.2. Gyroscope Characteristic Testing

The overall gyroscope measurement and control circuits consisted of two parts. As
shown in Figure 14, the first one included a MEMS gyroscope, a CV circuit, a quadrature
calibration voltage module and a frequency tuning module. In Figure 15, the other one
includes an FPGA control circuit, signal demodulation circuits, AD/DA circuits, excitation
single-to-dual circuits, a carrier generation circuit and a voltage reference module. Among
them, the design of the C/V circuit is shown in Figure 16. The C/V analog interface circuit
consisted of charge amplification circuits, high-pass filter circuits, diode demodulation
circuits, low-pass filter circuits and anti-phase difference amplifier circuits.

Sensor and C/V circuits

Connectors
5V Power*
. Drive
C/V fOf Drlve excitation
Carrier
wave
External QNNﬁ « & External
input voltage input voltage

> 2

J0o112 dumerpen()

o[npow UoneIqI[ed

o[npow uruunj Aouanbaig

C/V for sense Sense

excitation
15V Power‘

Connectors

Figure 14. The diagram of gyroscope measurement and control circuit’s daughter board.
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Figure 16. The diagram of gyroscope measurement and control circuit’s C/V analog interface circuit.

When the gyroscope was working, the drive signal was modulated in a mother board
and delivered to a daughter board, then input into the device through A/D circuits. From
the drive mode output signal, the vibration information of the device can be obtained and
transferred from the daughter board to mother board through C/V circuits. Moreover, it
was analyzed by FPGA control circuits to output a feedback drive signal. This close-loop
circuit ensured that the gyroscope was vibrating under a constant amplitude, constant
frequency situation.

After an angular rate input, the gyroscope sense mode was excited. The output sense
signal was also transferred into the FPGA control circuit. After analyzing this signal, the
FPGA will output a feedback signal to cancel the vibrations in the sense mode. In our
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circuits, The frequency tunning module and quadrature error calibration module were also
designed to improve the performance of the gyroscope.

The C/V circuits in Figure 16 mean that the capacitance signal can change to a voltage
signal. The charge amplification circuit can pick out the change in the charge change on
capacitive plates and then turn it into a voltage signal. The high-pass filter circuit can filter
out the carrier wave signal. Then, the diode demodulation circuit demodulates a useful
signal from the carrier signal. Finally, two signals were sent to the differential amplification
circuit to realize the elimination of common-mode signals and differential amplification of
useful signals.

Using the circuits mentioned above, the Gyroscope characteristic tests were carried
out. The first test was about the scale factor nonlinearity. A rate table is used to apply an
angular rate to the QMG so that we can get its angular rate response. Figure 17 shows the
measured angular rate response of the QMG. The input angular rate is from —400°/s to
400°/s. The X-axis data of Figure 17 are the angular rate from the rate table, which are used
as a standard angular rate. The Y-axis data were the angular rate output of the QMG after
normalization. The scale factor nonlinearity is 54.69 ppm in the full-scale range of £400°/s.
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Figure 17. Measured angular rate output of Gyroscope. X-axis represents the normalized QMG
response; Y-axis represents the angular rate of rate table. The scale factor nonlinearity is 54.69 ppm in
the full range of +400°/s.

The zero rate output (ZRO) data are collected for 2 h at room temperature in order to
calculate the bias stability of the QMG gyroscope system. The zero rate output of the QMG
under constant temperature and pressure is shown in Figure 18. In Figure 18, the blue line
is the raw data of the Gyroscope output, and the red line is the data being averaged for
10 s. As Figure 18 shows, the zero rate output data had a lot of undesired signals, which
may have been induced by external vibration. By calculating the standard deviation of the
averaging data, the bias stability was obtained to be 44.53° /h.
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Figure 18. Angular rate output of the QMG system. The blue line is the raw data and the red line is
the data being averaged for 10 s. After calculating, the bias stability was 44.53° /h.

6. Conclusions

In this paper, the design of a quadruple mass gyroscope with compliant mechanical
amplification was successfully proposed, designed and fabricated. Due to the innovative
mechanical amplification design, the Coriolis force signal is therefore amplified before
the electric domain, which successfully enlarged the mechanical sensitivity of the QMG
for 365%. The QMG can realize the decoupling of the drive mode and sense mode and
is insensitive to external vibrations such as linear accelerations. Then, the gyroscope was
fabricated through gold-silicon bonding of an SOI wafer and a Cap wafer. The prototype
has shown a scale factor nonlinearity of 55.69 ppm. The bias stability of the QMG is
calculated to be 44.53° /h. The QMG demonstrated in our work realized the combination of
mechanical amplification mechanisms with the gyroscope. The mechanical amplification
structure also provides a new way to design high-performance inertial sensors.
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Abstract: Microscale gas chromatography (uGC) systems are miniaturized instruments that typically
incorporate one or several microfabricated fluidic elements; such systems are generally well suited
for the automated sampling and analysis of gas-phase chemicals. Advanced pGC systems may
incorporate more than 15 elements and operate these elements in different coordinated sequences
to execute complex operations. In particular, the control software must manage the sampling and
analysis operations of the uGC system in a time-sensitive manner; while operating multiple control
loops, it must also manage error conditions, data acquisition, and user interactions when necessary.
To address these challenges, this work describes the investigation of multithreaded control software
and its evaluation with a representative nGC system. The uGC system is based on a progressive
cellular architecture that uses multiple pGC cells to efficiently broaden the range of chemical analytes,
with each cell incorporating multiple detectors. Implemented in Python language version 3.7.3
and executed by an embedded single-board computer, the control software enables the concurrent
control of heaters, pumps, and valves while also gathering data from thermistors, pressure sensors,
capacitive detectors, and photoionization detectors. A graphical user interface (UI) that operates
on a laptop provides visualization of control parameters in real time. In experimental evaluations,
the control software provided successful operation and readout for all the components, including
eight sets of thermistors and heaters that form temperature feedback loops, two sets of pressure
sensors and tunable gas pumps that form pressure head feedback loops, six capacitive detectors, three
photoionization detectors, six valves, and an additional fixed-flow gas pump. A typical run analyzing
18 chemicals is presented. Although the operating system does not guarantee real-time operation, the
relative standard deviations of the control loop timings were <0.5%. The control software successfully
supported >1000 pGC runs that analyzed various chemical mixtures.

Keywords: portable GC; embedded systems; C#; GUI; Python; I2C; SMbus; GPIO; JSON; firmware;
middleware

1. Introduction

Microscale gas chromatography (uGC) systems have shown promise for use in in situ
detection and measurement of volatile organic compounds (VOCs) since their introduction
in the 1970s [1,2]. A nGC system incorporates a number of fluidic components for gas-phase
flow management. The major fluidic components in pGC systems include preconcentrators,
separation columns, detectors, pumps, and valves [3]. Typical operation involves two
steps that constitute an analytical run: first, a sampling step is performed, in which the
VOC molecules are drawn into the system using a sampling pump and adsorbed in the
preconcentrator; subsequently, the VOC molecules are thermally desorbed and transported
through the separation column by a carrier gas flow, during which the VOC molecules
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are spatiotemporally separated. Further downstream, the detector responds to the eluting
analytes and forms a chromatogram, in which the location and magnitude of each peak
indicate the species and quantity of a VOC, respectively.

The performance of uGC systems can be enhanced using complex architectures with a
larger number of fluidic components. Some uGC systems incorporate multiple complemen-
tary detectors to enhance chemical recognition. These detectors are based either on a single
sensing principle (e.g., capacitive detection [4], chemi-resistive detection [5], or resonance-
based detection [6]) or on a mix of sensing principles with higher orthogonality [7]. A 2D
nuGC system typically incorporates two columns of complementary separation mechanisms
to enhance the separation; typically, it requires either a thermal modulator [8] or a flow
modulator [9]. The recently reported progressive cellular architecture [7,10] incorporates
multiple sets of preconcentrators and columns, with each set tailored for a different range
of VOC volatilities.

In a uGC system, the diverse fluidic components all require specialized controls.
For example, the preconcentrators, separation columns, and detectors require separate
temperature controls, as they are operated at different temperatures and with different
heating rates. The heating control is usually provided by either pulse-width modulation
(PWM) of a fixed voltage or by controlling an analog voltage. This control is preferably
implemented in a servo-controlled (closed-loop) manner using temperature measure-
ments from either thermistors or thermocouples connected to analog-to-digital converters
(ADCs) [11,12]. Capacitive detectors are typically read out using capacitance-to-digital
converters (CDCs) [4,7,10,13]; photoionization detectors are read out of amplifiers and
ADCs [7,14]; resonance-based detectors are read out by phase-locked loop circuits [6] and
ADCs. The valves used in pGC systems are typically active valves, either latching or
non-latching. Latching valves are actuated using a short voltage pulse, the polarity of
which controls whether the valve is opened or closed. In contrast, non-latching valves
need sustained voltage levels but with an additional complexity favored for certain models,
in which the sustained voltage should be lower than the initial actuating voltage. The
commonly used miniature piezoelectric or motor-driven diaphragm pumps are controlled
by on/off power and sometimes in combination with a tunable actuation frequency.

Within an analytical run, all the pGC components must be continuously and concur-
rently controlled. One of the challenges is that the data rates of different elements can
vary widely. For example, the data rates of detectors vary based on the sensing principles
and the readout electronics; higher data rates are generally favored. Other components
may differ even more widely in data rates. The control software must accommodate the
heterogeneous timing of individual components, with some components operating in
closed-loop control.

The control software must also implement fail-safe protocols to handle hardware error
cases, such as accidental overheating and thermal runaway. Otherwise, these error cases
may cause irreversible damage to the nGC system.

To achieve standalone operation, all these hardware controls must be provided by an
embedded computer (EC). Conversely, to facilitate user interaction, a user interface is often
preferred on an external computer that can communicate with the EC.

This work presents advances in control software using a representative pGC system
that is based on a multisensing progressive cellular architecture (MPCA) [7]. This MPCA
system is an example of a highly complex uGC system with a large number and variety of
components that require concurrent software control. The MPCA system incorporates eight
elements that require individual temperature control, six detectors that require capacitive
readout, three detectors that require voltage readout, six latching valves, and three pumps
with different control requirements. This work investigates a multithreaded software
architecture for the concurrent control of the MPCA system, with specific considerations
regarding thread implementation, thread timing, temperature and flow control, communi-
cations between the EC and electronics, data saving and storage, low-power operation, and
the user interface (UI) that communicates with the EC.
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2. Design and Implementation
2.1. MPCA System Overview

The MPCA system incorporates a monolithic microfabricated MPCA chip in addition
to multiple miniature valves, pumps, and pressure sensors. The MPCA chip integrates
three uGC cells, each containing a preconcentrator, a separation column, and three com-
plementary detectors (Figure 1). The three cells are tailored to different ranges of analyte
volatility, primarily by altering the sorbent materials in the preconcentrators and adjusting
the stationary phase thicknesses in the separation columns. The three detectors within each
cell are based on different sensing principles, providing complementary responses that
enhance chemical recognition. Two of the detectors are capacitive detectors (CapDets) that
use coplanar interdigitated thin-film metal electrodes with a sensing polymer of controlled
thickness. The absorption of incoming analytes causes changes in both the thickness and
dielectric constant of this layer, leading to changes in the detector capacitance. The first ca-
pacitive detector (CapDetA) primarily responds to polymer swelling, which produces only
positive changes to the capacitance for all analytes. In contrast, the response of the second
capacitive detector (CapDetB) is dominated by the change in dielectric constant, which
may produce positive or negative changes to the capacitance depending on the dielectric
constant of the analytes relative to that of the polymer itself. The third detector is an arrayed
integrated photoionization detector (AiPD), which uses biased coplanar electrodes to draw
a current from the photoionization of the analyte molecules. The photoionization is caused
by ultraviolet radiation. The AiPDs across the three cells share a vacuum ultraviolet (VUV)
lamp. Additionally, the MPCA chip incorporates a carrier gas filter, which dehumidifies
ambient air to supply the carrier gas. For each preconcentrator, each separation column,
the carrier gas filter, and the ensemble of all the detectors, a pair of on-chip heater and
thermistor are incorporated to support closed-loop temperature control.

MPCA Chip Vellyed Sampling
Vapor Precon- Precon- Precon- Carrier pump e
sample centrator3 centator2 centrator1 gas filter .
Ambient
BE‘ICK'EP Upstream
valve separation pum
i Column3 |Co|ulmn2| |Co|ulmn1| P pump

CapDet CapDet

A-2 A-1 Detector
apDet CapDet e

B-2 B-1

T T
_— P02 ] [PD1]

[1: Closed loop IShared VUV lamp !

heating control

[: Closed loop |Valve3 Valve2 Valve1 Q Downstream
pressure control separation pump

Ambient |
Figure 1. MPCA fluidic architecture and photo of the chip.

The MPCA system operation includes a sampling step, three sequential separation
steps (one for each cell), and multiple purging steps. During the sampling step, the flow is
generated using a sampling pump and routed using the valves. The analyte samples are
transported through the preconcentrators sequentially, first through the one with the least
adsorptive sorbent and then through those with progressively more adsorptive sorbents.
The analytes are adsorbed by the preconcentrators, with the lower-volatility chemicals ad-
sorbed by the upstream preconcentrator, and the more volatile chemicals breaking through
the upstream preconcentrator and being adsorbed by downstream preconcentrators. Dur-
ing the separation step for each cell, the corresponding preconcentrator is heated to desorb
the chemicals, which are then carried forward by the carrier gas flow and separated by the
corresponding column and subsequently detected by the detectors. The carrier gas flow
during separation is generated using both an upstream separation pump and a downstream
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separation pump, both of which may be used in conjunction with a pressure sensor to
support closed-loop flow control. Prior to the next sampling step, purging steps may be
used to reduce humidity and chemical carryover; these purging steps involve combinations
of component heating and carrier gas flow. To support the MPCA system operation and
continuing development, the control software must provide users with enough flexibility
to modify operation sequences and parameters.

2.2. Electronic Interfaces

The EC serves as both the controller for the MPCA system electronics and the interface
with the laptop UI (Figure 2). The EC may be embodied as either a microcontroller [11]
or a single-board computer [5]. Microcontrollers are highly compact and inexpensive, but
their limitations in computational power, visualization, and storage resources increase
the burden on software development. In contrast, single-board computers provide a
favorable balance between device size, cost, computational power, and ease of software
development. The control and readout functions in this work can be supported by either
a microcontroller or a single-board computer. However, from the perspective of a fully
autonomous system for continuous, near-real-time in situ analysis, the post-processing
of raw data requires extensive computation [15,16]. An alternative to the EC is a data
acquisition (DAQ) device [17]; it can be easily programmed and is attractive for proof of
concept. However, without a built-in controller, the control software for a DAQ device
typically resides on an external computer, which does not always facilitate standalone
operation. This work uses a Raspberry Pi (RPi) series single-board computer [18] as the
EC. The RPi series includes various models with different computational power, power
consumption, and sizes. Most models have the same pinout and the same operating system,
which facilitates upgrades to newer models. For this work, the control software is built in
the RPi Model 3B+ [18], which was the latest model available at the start of this work.

External | _ | Embedded
computer| | computer
Ethernet
TCP/IP ‘GPlO t [’C
Circuit board
Eemperature Photoionizat- apacitance Pump control
ontrol and ion detector etector Onl/off
readout Amplifiers CDCs pumps
GPIO/analog VUV lamp Frequency
power drivers LELC °°'T"°I controlled
ADCs ADCs Latching pumps
waveform Pressure/
Power management Relays flow sensors

Figure 2. Block diagram of the electronic interface between components.

The electronic interfaces used within the MPCA system are selected for their com-
patibility with the general-purpose input/output (GPIO) pins and/or the inter-integrated
circuit (IC), which are readily available on the EC. A GPIO pin can be easily programmed to
provide simple on/off control or to provide square waveforms with controllable frequency
and duty cycles. An I>C bus, operating with just two wires, may be used to communicate
with tens of integrated circuit (IC) chips. This capability makes the I*C more suitable for
the MPCA system than other protocols, such as the serial peripheral interface (SPI) and the
universal asynchronous receiver/transmitter (UART).

The component heating is controlled by pulse-width modulation (PWM) for certain
elements and by analog voltage control for other elements. The PWM-based circuit uses a
relay (#CS326, Coto Technology, North Kingstown, RI, USA) controlled by a PWM signal
from the EC (Figure 3a). By varying the duty cycle of a 24 V square wave, the PWM signal
controls the average output voltage using just one GPIO pin, while eliminating additional
ICs. However, for certain components that are sensitive to electrical interference, an analog
voltage control circuit is desired. This is implemented using a digital potentiometer (#
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MCP45HVX1, Microchip Technology, Chandler, AZ, USA) that controls the output voltage
of a buck converter (# TPS54061DRBR, Texas Instruments, Dallas, TX, USA) (Figure 3b).
In the MPCA system, the heating of the preconcentrators, columns, and carrier gas filter
uses the PWM-based circuit, whereas the heating of the ensemble of the detectors uses the
analog voltage control circuit.
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Figure 3. Circuit schematics of pGC system hardware.

For temperature measurements, each on-chip thermistor is read out using a voltage

divider coupled to an ADC (#ADS1115, Texas Instruments, Dallas, TX, USA) (Figure 3c).
This ADC provides 16-bit resolution at a data rate of 8-860 Hz. It contains a converter core
that is shared by four input channels in a time-multiplexed manner. Therefore, the eight
on-chip temperature channels can be read out using two chips of this ADC, maintaining
the same resolution but at % of the data rate compared to an individual channel. These are
necessary for the closed-loop temperature control of the MPCA system.

The sampling pump is a mini motor-driven pump (#NMP03KPDC-L, KNF Neuberger
Inc., Trenton, NJ, USA) that is controlled using a relay (Figure 3d). The separation flow
requires more accurate and adjustable control. The two separation pumps are piezoelectric
micropumps (#mpé6-air, Servoflo Corporation, Lexington, MA, USA), each driven using
an original equipment manufacturer (OEM) driver circuit. The driver circuit receives
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on/off control from a GPIO pin; it also receives a square wave with a variable frequency of
0-1000 Hz to control the flow rate of the separation pump (Figure 3e). To implement closed-
loop control of the separation flow rate, two differential pressure sensors (#MPX5010DP,
NXP Semiconductors, Eindhoven, The Netherlands) are used to measure upstream and
downstream pressure heads generated by the two separation pumps; these two pressure
sensors are directly read out using a high-resolution ADC (#LTC2493, Linear Technology,
Milpitas, CA, USA) (Figure 3f), which is rated with a 24-bit resolution at a data rate of 7.5 Hz.
It contains a converter core shared by four time-multiplexed input channels. Therefore, the
two pressure sensors can be read out using one chip of this ADC, maintaining the same
resolution but at half of the data rate (i.e., 3.75 Hz) compared to an individual channel.

Six latching solenoid valves (#LHLA1231211H, The Lee Company, Westbrook, CT,
USA) are used to route gas flow within the system. A single-pole double-throw relay
(#1462042-1, TE Connectivity, Bevaix, Switzerland) is used to select the voltage level
between that required for latching and unlatching a valve. Additionally, multiple relays
(#CS326, Coto Technology, East Greenwich, RI, USA) are used to separately control the
actuation of individual valves (Figure 3g).

Each of the two CapDet elements in the active cell is read out using a separate high-
resolution capacitance-to-digital converter (CDC) (#AD7746 ARUZ, Analog Devices Inc.,
Wilmington, MA, USA) (Figure 3h); the CDC is rated for a root mean square (RMS) input-
equivalent noise level of 4 aF and a peak-to-peak noise of 27 aF, at a data rate of 9.1 Hz.
A limitation of this CDC is its single fixed I?C address, which allows for only one CDC
chip on each I?C bus. This limitation is overcome by using an I>C address translator
(#LTC4316, Linear Technology, Milpitas, CA, USA) to assign different I°C addresses to
the additional CDC chips. All the CDC chips are set in continuous conversion mode,
operating at the slowest data rate (9.1 Hz) to achieve the highest available resolution. The
excitation signal is set at 32 kHz frequency and £1.65 V peak-to-peak amplitude. The
built-in capacitance offset is set at 13.344 pE, which provides an effective measurement
range of 9.248 pF to 17.440 pF. More details of the CDC chip connectivity are described in
Supporting Information Section S1.

For the AiPDs, the shared VUV lamp is controlled using on/off power. The current
generated by each AiPD is amplified and converted into a voltage signal using a low-noise
transimpedance amplifier circuit. This voltage is read out using a high-resolution ADC
(#LTC2493, Linear Technology, Milpitas, CA, USA), which is the same model as that for the
pressure sensors (Figure 3i). Because of the sequential (i.e., non-concurrent) operation of
the separation steps in the three cells, the three AiPDs can be read out using three channels
of this ADC chip without time multiplexing. Therefore, each AiPD can be read out at a
nominal data rate of 7.5 Hz (which is twice as fast as for the pressure sensors).

To power the MPCA system, both 24 V and 12 V supplies are needed, each of which
can be sourced from either a wall plug power supply or a battery pack (Figure 4). The
12 V supply is dedicated to valve actuation. In contrast, the 24 V supply is used directly
for component heaters (Figure 3a,b) and for valve actuation (Figure 3g). Additionally, the
24 V supply is used to provide 2 V for sampling pump actuation using a DC-DC converter
(LMR14010A, Texas Instruments, Dallas, TX, USA). The 24 V supply is used to provide a
5 V supply, i.e., Vpjgital (5 V), using another DC-DC converter (R-745.0, RECOM Power,
Gmunden, Austria). The Vigital (5 V) is used to provide a 3.3 V supply, i.e., Vpjgjta (3.3 V),
using a voltage regulator (NCP51460, Onsemi, Scottsdale, AZ, USA). These digital voltage
supplies are used for digital electronics. Additionally, the Vpjgjta) (5 V) is treated using a Pi
filter to provide another low-noise 5 V supply, i.e., Vanalog (5 V), which is used to provide
another low-noise 3.3 V supply, i.e., Vanalog (3.3 V). These analog voltage supplies supply
the data converters. The Vanalog (5 V) is also converted to 1.2 V and 2.5 V reference voltages
for the ADC chips using two different power regulators (LM4041, Texas Instruments, Dallas,
TX, USA and LT6657, Analog Devices Inc., Wilmington, MA, USA, respectively).
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Figure 4. Schematic illustration of the power management circuit.

2.3. Control Software Implementation

In the MPCA system, the control software executed by the EC is programmed in
Python 3.7.3. As the default language for the RPi, Python is compatible with a wide range
of built-in and online open-source libraries, easing control software development. The
main libraries that were used for this work include the open-source pigpio library [19]
for GPIO pin control, the open-source SMbus library [20] for I2C communication, the
Python built-in multithreading library for achieving multithreading, and the Python built-
in JSON library for handling operation method files in JavaScript Object Notation (JSON)
format. An operation method file contains all the necessary information for automating
an analytical run. Each analytical run can be divided into up to eight run steps (such as a
sampling step, a separation step, or a purging step). The operation methods file contains
parameters for thermal, fluidic, detector, and timing controls of each run step. The libraries
for interfacing with the electronics, namely SMbus and pigpio, are open-source libraries
with core functions implemented in C programming language [19,20], which provides the
necessary performance for the control software. The specific challenges and solutions are
described in the following sub-sections.

2.3.1. Multithreading Architecture

In each run step of the MPCA system operation, multiple fluidic components must
be controlled concurrently. There are two mainstream approaches for providing concur-
rency: multiprocessing and multithreading (Figure 5). Multiprocessing provides true
parallelism [21], where multiple tasks are executed simultaneously using multiple central
processing unit (CPU) cores. It is most suitable for tasks that require intensive and parallel
CPU usage. In contrast, multithreading achieves concurrency through context switch-
ing [22], where only one task is active at a time while the others are waiting. Multithreading
is better suited for the MPCA system because all the readout ICs require relatively long
data conversion intervals (of 15.6-146.9 ms) between measurements; increasing the compu-
tational power does not benefit the performance. In addition, multithreading is compatible
with single-core CPUs that are commonly used in low-power single-core microprocessors
(e.g., the RPi Model Zero [23]) that are favored for ultra-portable systems. Therefore, for
this work, multithreading was chosen to provide concurrency.
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Figure 5. Temporal flow examples of multithreading and multiprocessing.

To align multithreading with the MPCA system hardware, the control software is
divided into six threads: the main thread (Th0), the temperature control thread (Th1), the
capacitive detector readout thread (Th2), the valve control thread (Th3), the pump control
thread (Th4), and the AiPD readout thread (Th5). Each thread operates using its own dedi-
cated library that is specifically designed to interface with and control the corresponding
electronics. The main thread manages the other threads, handles communication with the
UL monitors overall progress, saves readout data, and provides centralized control to start
or stop all the threads as needed (Figure 6).
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Figure 6. Flowchart of the main thread ThO.

2.3.2. Concurrent Threads Th1-Th5

The Th1 thread manages the closed-loop controls of all the eight temperature channels
that are read using two ADC chips (Figure 7). In a control loop, it first initiates data
conversion on one channel of each ADC chip and then enters sleep mode, awaiting the data
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conversion while allowing other threads to progress. Once the prescribed data conversion
interval has elapsed, the Thl thread reads the output data. If a channel is designated
to perform active heating, its temperature data are used to compute the parameter that
controls the heating power (as described in Section 2.3.4). The process is repeated for
the four channels of each ADC chip, and the total duration of the four-channel process is
recorded as the current loop execution time. The Th1 thread then re-enters sleep mode for
a duration equal to the difference between the predetermined loop cycle time (which is
100.0 ms) and the execution time (which is typically between 62.5 ms and 100.0 ms). The
Th1 thread also monitors any anomalous temperature readings, which indicate system
malfunction that may lead to hardware damage if left uncorrected. In this process, for
each temperature channel, if anomalous temperature readings occur consecutively over
an excessive count (here set at three consecutive readings), this thread terminates all
the heating and temperature readout actions; it also alerts the ThO thread, which then
terminates all the threads.

Temperature control

thread (Th1) For each of

Y the 2 ADC chips
|

|[Channel 1
Channel 2 \ ]
Channel 3 |

Initiate data
conversion
Wait for *

conversion
Read data

Excessive
12C error
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Anomalous
data

[Control heating |

- [Stop thread, reset
"~ |hardware, and inform ThO

Figure 7. Flowchart of the temperature control thread.

The Th2 thread manages the readout of the two CapDet elements in each cell. The
two CDC chips for CapDet readout are programmed to operate in the continuous data
conversion mode, which automatically initiates a new data conversion immediately after
the preceding one completes (Figure 8). After initiation, each CDC chip is read at a fixed
interval, i.e., cycle time, of 110.0 ms, which is slightly longer than the conversion interval of
109.6 ms (Table 1).

The Th3 thread controls the six latching valves (Figure 9). The valves are actuated
sequentially using voltage pulses of 50.0 ms duration. The cycle time of Th3 is set at one
second in order to reduce the computational burden (Table 1).
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Figure 8. Flowchart of the capacitive detector readout thread.

Table 1. The IC model and conversion time used for each type of readout.

Readout Type IC Model ?riS)T Time Multiplexed? E(iS)T I:ll;lCS;l"
Temperature ADS1115 15.6 Yes (4 channels) 62.4 100.0
CapDet AD7746 109.6 No 109.6 110.0
Pressure head LTC2493 146.9 Yes (2 channels) 293.8 400.0
AiPD LTC2493 146.9 No 146.9 200.0

Abbreviations. OCCT: one channel conversion time; ECCT: effective channel conversion time (depending on
whether multiple channels are time-multiplexed); PLCT: programmed loop cycle time.
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Figure 9. Flowchart of the valve control thread.

The Th4 thread controls the three pumps (Figure 10). For the sampling pump, the
thread sends an on/off signal to start or stop the sampling pump. Then, for the separation
pumps, it initiates data conversion for pressure head readout on one of the two ADC
channels and then enters sleep mode. After the prescribed data conversion interval has
elapsed, the Th4 thread reads the output pressure head from this channel and computes the
actuation frequency required for its corresponding separation pump control (as described
in Section 2.3.4). This process is then repeated for the other ADC channel. To accommodate
the total required conversion time of both channels, which is 293.8 ms, the loop cycle time
of the thread is set at 400.0 ms (Table 1). This is a much longer loop cycle time, leaving
enough margin for any algorithmic processing that may potentially be required.

The Th5 thread controls the AiPD power supply and readout of the AiPD (Figure 11).
In its loop, it first sends an on/ off signal to the VUV lamp. Next, it initiates data conversion
on the ADC and then enters sleep mode. Ater the prescribed data conversion interval, the
Th5 thread reads the output data. To accommodate the data conversion time of 146.9 ms,
the cycle time of the thread is set at 200.0 ms (Table 1). Although this cycle time can be
reduced, it is set at 200 ms for consistency with the Th4 thread, where the same ADC model
is used but with two time-multiplexed input channels.
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Figure 10. Flowchart of the pump control thread.
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Figure 11. Flowchart of the AiPD output voltage readout thread.

Within each run step in the operation method, the Th2—-Th5 threads are programmed
to be active only when their specific functions are required. Otherwise, these threads enter
sleep mode. For example, during the sampling step, where users typically do not need
detector readouts, both the Th2 and Thb5 threads enter sleep mode. When in sleep mode,
a thread performs no action other than checking periodically—once per cycle time—to
determine whether it needs to resume activity. Sleep mode conserves computational power
and energy expenditure.

2.3.3. Thread Timing

The Raspberry Pi OS, which is the main operating system on RPj, is not a real-time
operating system (RTOS). Consequently, programmed events are not always executed at
precisely scheduled time points [24]. The timing errors can accumulate and consequently
affect the accuracy of the chromatograms. To address this, two solutions are implemented.
Firstly, the loop cycle time in each thread is set to be sufficiently longer than the time
required by the hardware (Table 1), as described above. Secondly, all readout data are
timestamped relative to the start of each run step. This allows back-end chromatogram
processing (although not performed for this work) to interpolate the data, thereby compen-
sating for any accumulated timing error, obtaining time-corrected chromatograms.
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2.3.4. Control of Temperature and Flow

In this work, all the temperature and pressure head channels are closed-loop controlled
to follow user-defined transient temperature and pressure head profiles. After reading
out the temperature or pressure head data, the corresponding output control is computed
using a proportional-integral-derivative (PID) algorithm. For a parameter x under control,
a unified transfer function of the control is as follows:

C=Cmax(P-Axy +1-Axy +D - (Axy — Axy 1)) (1)

where C is the control signal strength; Ciax is the maximum available signal strength; P, I, D
are the proportional, integral, and derivative coefficients, respectively; Ax; is the difference
between the target value of x and the measured value of x, both at the current (i.e., most
recent) measurement time, n. The measurement time is discretized in 0.1 s intervals; Axy- is
the accumulated difference between the target value of x and the measured value of x since
the beginning of each run step; Ax;,_1 is the difference between the target value of x and
measured value of x, both at the preceding (i.e., second most recent) measurement time. In
temperature control, x represents the temperature. Further, for the PWM-based control, C
represents the output duty cycle, with a maximum available value (i.e., Cmax) at 100%. For
the analog voltage control via a potentiometer, C represents the output resistance, whereas
Cmax represents the maximum available output resistance of the potentiometer. In pressure
head control, which effectively controls the flow rate, C represents the actuation frequency
for a separation pump, Ciax represents the maximum available actuation frequency, and x
represents the pressure head.

The square waves required for PWM and for pump actuation may be generated using
either hardware PWM or software PWM to provide the timing pulses. Hardware PWM
supports precise timing control over a large range of frequency (up to 30 MHz) [18]. In
contrast, software PWM is less precise in timing, because its pulses are generated using a
software clock. Additionally, it can only support a lower frequency range (up to 40 kHz) [18].
Despite the superiority of the hardware PWM, on the RPj, it is limited to only 4 GPIO pins,
which are insufficient for all the channels in the MPCA system. Considering the relatively
large thermal time constants in the heating of the MPCA components (typically >0.5 s),
all the temperature control channels are set to use software PWM. This software PWM
operates at a frequency of 50 Hz with an 8-bit duty cycle resolution. Conversely, for the two
separation pumps that require 0-1000 Hz frequency control, hardware PWM is selected.
It provides a square wave at 50% duty cycle with a frequency control resolution down
to a millionth of the set frequency. In this work, both types of PWM are managed by the
pigpio library.

2.3.5. Communication between the EC and the Electronics

As I?C bus is shared by the EC and multiple electronic components; the communi-
cation on this bus may be affected by power glitches, noise, and interference. However,
I2C communications use a handshake protocol, so the Smbus used in this work can de-
tect a failed handshake and report an error. If left unaddressed, accumulated I?C errors
can prematurely end a thread without implementing proper hardware controls. This is
especially risky during component heating, which may eventually damage the hardware
irreversibly. Nevertheless, tolerating a limited number of I?C errors can sometimes be
beneficial, especially at early stages of hardware development. Therefore, in the threads
that use IC, namely Th1, Th2, Th4, and Th5, an error-handling protocol is implemented as
follows. Each thread continuously monitors its cumulative I2C errors. If the accumulated
number of I2C errors in a thread exceeds a pre-determined threshold (here set at 3), the
I2C communication is deemed unreliable. As a result, this thread terminates its associated
hardware operation and alerts the main thread, which then shuts down all the other threads
and saves the data.
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2.3.6. Data Saving and Storage

The control software is designed to automatically export all raw data, including
timestamps and values of the readout data points, into a comma-separated value (CSV)
file at the end of each run step. CSV files are compatible with a wide range of commonly
used software, such as Microsoft Excel, MATLAB, and Python. After an analytical run, the
raw data files that are generated can be readily used for automated peak detection [16]
and subsequently for automated chemical detection [15]. Additionally, after each run, the
control software automatically saves as a metadata file, the operation method file that
contains the entire set of operation parameters used for the run (which is further described
in Section 2.3.8). This file also serves as a record of the exact operating parameters used
for the run, which is important for systems where the operating parameters are frequently
adjusted by users. For clear and convenient record keeping, all data and metadata files of a
particular run are saved in a dedicated folder that is uniquely named with the hardware
serial number and the date and time of the run.

2.3.7. Low-Power Mode

For applications with constrained power sources, e.g., small-size batteries or solar
panels, pGC systems must operate within a limited power budget. Therefore, this work also
investigates software approaches to reduce the power consumption of the MPCA system
while maintaining essential hardware control capabilities. Table 2 shows various options
for reducing power consumption by turning off certain RPi functions. Among these, the
most significant power saving is achieved by turning off the Ethernet and USB functions.
By implementing a low-power mode with all these options active, a total reduction in
power consumption of 1.6-1.8 W is achievable.

Table 2. Normal-mode and low-power mode power consumption of the RPi (Model 3B+ in this work).

Functionalities Normal Mode Low Power Mode Savings
Bluetooth + Wi-Fi On Off, 0.2 W reduction
Soundboard On Off, 0.2 W reduction
Ethernet + USB On Off, 1.2 W reduction
HDMI On Off, 0.15 W reduction

1.6-1.8 W reduction

Energy usage (idle state) 2.8-29W 1.1-1.2 W total consumption

In the low-power mode, the MPCA system must be able to perform the analytical runs
without Ethernet communication to the UL Upon starting, the control software executes a
script to terminate Ethernet and USB functions, then operates the MPCA system based on
the previously transferred operation method file. After the prescribed runs are complete,
the control software executes another script to restore Ethernet and USB functions, allowing
users to configure the system for the next series of runs. Turning off the other RPi functions
in the low-power mode does not affect the system function in any way.

2.3.8. UI Design and Communications to the EC

The user interface (UI) of the MPCA system allows users to configure the operation
method and to start and stop the system operation; it also provides a real-time display
of the data. The Ul operates in a Windows (Microsoft Corporation, Redmond, WA, USA)
environment using the Windows Presentation Foundation (WPF) [25], which is a proven
framework with strong open access library support. The Ul is programmed in C# and
Extensible Application Markup Language (xaml), which are the primary languages for
WPF. In the Ul, the main window contains plots for the temperature profiles, pressure
head profiles, and the chromatograms. The plotting of real-time readout data (Figure 12) is
implemented using LiveCharts [26]. To manage resource demands of plotting, each data
stream is accompanied by a checkbox, which allows users to select whether to plot the data
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stream. After each run step, the plots are automatically cleared and prepared for the next

run step.
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Figure 12. Graphical representation of the main Ul window with real-time plotting of data.

The method configuration page allows the user to customize the operation parameters
of each run step (Figure 13). This page opens when users click the corresponding button
of a run step in the main Ul window. The option to save the current method for future
use is also included. More details about the UI are described in Supporting Information
Section S2.

The operation parameters of all the run steps set up in the Ul are arranged into
an operation method file in the JSON format [27], which is both machine-readable and
comprehensible to users. The widely used open-source Newtonsoft library is used to
generate this file from the parameters entered into the UL For the MPCA system, this file is
typically larger than the TCP/IP receive buffer in the EC. Therefore, for transmitting it to
the EC, this file is first segmented into smaller packets, which are then individually sent
to the EC and finally reassembled into the full operation method file. The EC then reads
the operation method file and prepares for initiating the MPCA system operation. During
automated runs, the EC sequentially executes each run step based on the operation method
file; in this process, the system operation is controlled by the EC and does not rely on the UL
The operation method file is also saved by the EC as the metadata for the corresponding
MPCA system run.

In the normal operation mode, as opposed to low-power mode, real-time data transfer
between the EC, and the Ul is performed. This includes sending the readout data from
the RPi to the Ul and sending the user commands from the UI to the EC. For the readout
data, the Ul issues requests for the latest real-time data by sending a simple string to the
EC. To avoid overburdening the U], the frequency of these requests is programmed to vary
inversely with the number of data streams already plotted. The EC then replies with the
readout data in a string, which are parsed by the UL The user commands include those to
initialize the TCP/IP connection, to start the runs, and to stop the runs. These commands
are sent to the EC in the form of a simple string immediately after being issued from the UL

146



Micromachines 2024, 15, 95

Ramp |Ramp |Heating |[Initial [Ramp Target|Enabled Valve [Valve |Enable
Start End End Temp. [Temp. (°C) Open  [Close
[Time (s)[Time (s) [Time (s) |(°C) Time Time
Preconcentrator1 |0 0 0 0 0 False \Valve1 -1 =i False
Preconcentrator2 |15 20 35 20 165 True \Valve2 |1 498 True
Preconcentrator3 |0 0 0 0 0 False Valve3 |-1 -1 False
Column1 0 0 0 0 0 False \Valve4 [-1 2 True
Column2 20 398 500 30 70 True Valve5 |-1 3 True
Column3 0 0 0 0 0 False \Valve6 [-1 =i False
Carrier Gas Filter |0 0 0 0 0 False
Detector Heater |1 5 500 20 40 True AIPD AIPD  |[Enable
Test Chip Heater [0 0 0 0 0 False Start  |End
Time (s) |Time (s)
AIPD1 [0 0 False
Knudsen Start time (s)[-1 | -1 |-1|-1]|Enable |False AIPD2 |0 500 True
Pump End time -1 (-1 |-1[-1[Closed Total APD3 0 0 Ealse
Loop Time (s) Lamp |Lamp [Enable
Freq/Press |-1|-1 |-1]-1 500 Start End
5 Erable AIPD [0 500 True
MP6 pump  [Start time (s) |20 [260 |-1 |-1 [Enable |True Lamp
Upstream  [Endtime  |-1 [498 [-1 [-1 [Closed [True Step
Loop True Cap [Cap |Enable
Freg/Press 500 [1700 -1 -1 Start |End
Time |Time
MP6 pump  [Start time (s) |20 |260 |-1 |-1 |[Enable |True CapDetA_1 10 0 False
Downstream [End time  [260 [498 |-1 |1 [Closed [True LEpUSt, 4 U IS
Loop CapDetA 3 |0 0 False
Freg/Press__[900 [2000 [-1 -1 CapDetB 110 [0 False
CapDetB 2 |0 500 |True
CapDetB_3 |0 0 False

Figure 13. Graphical representation of Ul for customizing the operation method. The entries in blue
are representative values filled by a user for the Cell2 separation step.

3. Experimental Validation

The control software has been deployed in multiple generations and multiple units
of the MPCA system [7] and has supported >1000 analytical runs, which have analyzed
>40 different VOCs in various mixtures. Additional results of chemical analyses conducted
using this control software have been previously reported [7]. The details of the system
setup for experimental evaluation are described in Supporting Information Section S3. The
performance of the control and readout can be assessed by the readout data from a typical
run, as described below.

The efficacy of the closed-loop control was confirmed by verifying the measured
temperature and pressure head profiles during the separation steps. For example, for the
separation step performed in Cell2, Preconcentrator2 was set to ramp from 20 °C to 165 °C
from 15 s to 20 s, to maintain a steady temperature at 165 °C from 20 to 35 s, and then to
cool down naturally; Column2 was set to ramp from 20 °C to 70 °C from 20 s to 398 s and to
maintain at 70 °C till 500 s; the detectors were set to heat up to 40 °C by 20 s and to maintain
this temperature until 500 s. In a representative set of results, all these components adhered
closely to their programmed temperature profiles (Figure 14a). Preconcentrator2 reached
93% of the target temperature at 20 s and remained within £1% of the target temperature
during the maintaining period. Column?2 tightly followed its target temperature profile,
showing an average deviation of only 0.38 °C. The region of the detectors also tightly
followed its target temperature profile, showing an average deviation of only 0.02 °C.
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Figure 14. Typical temperature and flow control results in the MPCA system during (a) the Cell2
separation step and (b) the Cell3 separation step.

A parasitic temperature rise was observed in the unheated components, including
Preconcentratorl, Preconcentrator3, Columnl, Column3, and the carrier gas filter. This
phenomenon was anticipated, because both the heated and unheated components were
monolithically integrated in close proximity on the same MPCA chip, which had incomplete
thermal isolation. Nevertheless, this parasitic temperature rise did not adversely affect the
system operation.

For the separation step performed in MPCA Cell2, each flow control loop, both the
upstream and downstream, was programmed for a two-stage flow rate pattern: an initial
modest flow rate, followed by a stronger flow. The initial flow was used to provide an
amenable flow rate for separation, whereas the stronger flow was used to expedite the
elution of the low-volatility chemicals in the cell. For example, the upstream loop was set to
provide a pressure head at 500 Pa during 20-260 s and 1700 Pa during 260-500 s. From the
pressure readout, the upstream pressure head stabilized by 30 s into a range of 485-513 Pa,
which was within 4:3.0% of the target pressure. Following the scheduled increase at
260 s, the upstream pressure head stabilized by 275 s within a range of 1704-1696 Pa, i.e.,
within +0.3% of the target pressure. Similar control performance was also obtained for the
downstream loop (Figure 12a).

For the separation step in Cell3, the operation parameters were set up in a similar
manner as those for Cell2, albeit with slightly different values. Both heating and pressure
head controls in Cell3 provided similar performance as Cell2 (Figure 14b). The unheated
components also showed unremarkable temperature responses. For example, Column2
started at an elevated temperature because it was heated in the preceding separation step in
Cell2; as it was not actively heated during the current separation step in Cell3, it gradually
cooled down during this step.

The effective control of the MPCA system was further validated by the chromatograms
generated in analytical runs. In one such run, the MPCA system was tested with a mixture
that included 18 detectable analyte chemicals, including cyclohexane, pentanal, heptane,
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pinacolyl alcohol, methyl isobutyl ketone (MIBK), toluene, butyl acetate, ethylbenzene,
m-xylene, o-xylene, 1-chloropheptane, nitrobenzene, mesitylene, decane, 2-nonanone,
undecane, and dodecane. All the chemicals were prepared at a concentration of 200 parts
per billion (ppb), except for o-xylene, which was present at an unspecified concentration.
The sampling time was set by the user to be 10 min.

After the run, the exported data successfully provided an ensemble of chromatograms
(Figure 15). The analyte chemicals presented various degrees of separation, such as pairs
with complete baseline separation (e.g., between 1-chloroheptane and nitrobenzene), partial
separation (e.g., between ethylbenzene and m-xylene), and complete overlap (e.g., between
pinacolyl alcohol and MIBK). It was evident that the chromatograms obtained from the
three different types of detectors were complementary in nature, even within each cell. For
example, in Cell3, nonane produced relatively small positive CapDetA and AiPD peaks
and a relatively large negative CapDetB peak, whereas ethylbenzene produced relatively
small positive CapDetA peaks, almost no CapDetB peak, and a relatively large AiPD peak.
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Figure 15. Chromatogram of a mixture containing cyclohexane, pentanal, heptane, pinacolyl alcohol,
toluene, methyl isobutyl ketone, butyl acetate, ethylbenzene, m-xylene, o-xylene, 1-chloroheptane,
nitrobenzene, nonane, mesitylene, decane, 2-nonanone, undecane and dodecane. Currently, the
chromatograms are only presented for Cell2 and Cell3, as Celll is still under hardware development.

Most peaks showed peak widths > 10 s, which were much larger than the data
acquisition rate of any detector. Therefore, each peak was well profiled by at least 50 data
points. Even for those peaks that were partially separated within a narrow time window
(e.g., the three peaks in Cell3 from 17 s to 20 s), their profiles were well represented by >5
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data points per peak. The available time resolution provided accurate and undistorted
acquisition of the peak profiles, allowing recognition and quantification of the chemicals.

To examine the data acquisition rate more closely, readout data streams in the Cell2
separation step are used here as a case study. In this step, the data stream of each readout
transducer type (i.e., temperature, CapDet, pressure head, or AiPD) contained >1200 data
points. For each readout type, the actual time interval between measurements (TIBM) was
obtained as the difference in the recorded timestamps between every two consecutive date
points (Figure 16). Across all the readout types, the standard deviation of TIBM was <0.5%
of the mean TIBM value, demonstrating timing stability (Table 3). This low variation in
TIBM is desired, as it contributes to repeatable control of temperature and flow from run
to run, which, in turn, contributes to repeatable system results. Additionally, the mean
TIBM values for all readout types closely matched the intended cycle times, with <0.1%
discrepancy in the temperature readout, <0.5% discrepancy in the CapDet readout, and
<1.2% discrepancy in the pressure head and AiPD readouts. These discrepancies are further
discussed in Section 4.
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Figure 16. The typical experimentally measured time interval between measurement (TIBM) for each
type of readout over time (measured during the MPCA Cell2 separation step). The number of data
points in each plot is greater than 1200.

Table 3. Actual time interval between measurements (TIBM) of all the readout component types
(measured at the peak software workload step, i.e., the Cell2 separation step).

Readout Type Intended Loop Actual Mean TIBM TIBM §tandard
Cycle (ms) (ms) Deviation (ms)
Temperature 100.0 100.1 0.4
CapDet 110.0 110.5 0.4
Pressure head 400.0 404.7 1.0
AiPD 200.0 202.3 0.9

The noise level of each readout was also experimentally measured and compared to
the rated noise in the converter datasheet (Table 4). The measured RMS noise values for
the temperature, CapDet, pressure head, and AiPD readouts were 32.0 1V, 53.0 aF, 66.9 1V,
and 107.1 uV, respectively.
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Table 4. Noise data of the detectors.

Noise (RMS)
Readout Type Typical Noise Waveform (over 5 s Duration)
Measured Datasheet

Temperature (0.04°C) 62.5 uV 64.1 1V (0.85 °C)

CapDet 53.0 aF 40aF W/\/\/\’\/ I 219.8 aF

66.9 UV

Pressure head (0.15 Pa)

0.6 UV * I 2493 1V (0.55 Pa)

AiPD 107.1 uV 0.6 uV * ’\/\/\/\/\/\/\/I 400.1 uv

* Per datasheet, this number is constant over a range of data rates and corresponds to the voltage for the least
significant bit.

The measured noise of the temperature readout was comparable to that rated in the
datasheet. According to the datasheet, the voltage resolution that corresponds to the least
significant bit (LSB) of the ADC, under the settings in this work, is 62.5 uV, which aligns
with the rated RMS noise. As shown by the measured noise waveform (Table 4), the
measured voltage of the temperature readout typically toggled between two discretized
values with an increment that corresponded to an LSB of the ADC. This observation not
only confirmed the datasheet ratings but also indicated that the temperature readout
resolution was limited by the LSB or the quantization error of the ADC.

In contrast, the CapDets measured much higher noise than that rated in the CDC
datasheet. Similarly, the pressure head and AiPD readouts (both using the same ADC
model) measured noise levels that significantly exceeded that rated in the datasheet
(Table 4). These observations indicated that the resolutions of these readouts were not
limited by the quantization errors of the ADC and CDC models. Instead, they appeared to
be limited by the overall noise of the system, which possibly resulted from various sources,
such as the noise in the reference voltage, noise in the power supply, interference, and the
amplifier. Additionally, the elevated noise observed in the CDC readings was likely caused
by the large baseline capacitances of the CapDets.

4. Discussion and Conclusions

Beyond the demonstrated functionalities, the control software may be improved in
several ways. Firstly, ringing behaviors observed in the pressure head profiles likely
resulted from the relatively long loop cycles (0.4 s) used for controlling the separation
pumps. This problem can be mitigated by using an ADC model with a faster data rate.

Secondly, the recorded loop cycle times for pressure sensor and AiPD readouts were
slower than the targets by 1% for all the data points. This was most likely because the
control software assumed the computation times of these threads were negligible in the
pressure sensor control thread (Th4) and the AiPD readout thread (Th5), whereas, in fact,
the computation times of these threads were not negligible and caused some delay. In
contrast, this issue was less pronounced in the temperature control thread, likely because
of the implementation of a variable cycle wait time based on the measured computation
time. In the capacitance readout thread Th2, the behavior of slower loop cycle time was
also less significant, because the CDC chips operated in the continuous conversion mode,
requiring only two I2C read operations per loop. For the pressure sensor control thread
(Th4) and the AiPD readout thread (Th5), the approach of using variable cycle wait time
can be implemented in the future.

In conclusion, the experimental results demonstrate that the control software reported
in this work is successful in using multithreading to provide concurrent control of all
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aspects of the pGC system operation, including temperature control, flow control, capacitive
detector readout, AiPD readout, and user interface. The efficacy of the control software is
reflected by the generated temperature profiles, pressure head profiles, and chromatograms,
all aligning with the user-defined operation method and expectations. Despite the use of
a non-real-time operating system, the variations in TIBM are small and show no adverse
impact on system control. The raw chromatogram data acquired can be readily processed,
first using an automated peak detection algorithm [16] and then using an automated
chemical recognition algorithm [15], culminating in a fully automated VOC analyzer.

With the demonstrated functionality for the MPCA system, the control software
reported in this work shows great potential for applications in other pGC systems. Its
modular thread design can be easily expanded or adjusted to support different hardware
configurations. In the future, real-time data transfer between the RPi and the UI can be
implemented wirelessly, e.g., via Bluetooth or Wi-Fi. Additionally, the control software
can be tested and assessed on a lower-power, single-core processor (e.g., the RPi Zero) to
further reduce power consumption.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mil5010095/s1, Section S1: Additional content on the CDC
setup; Section S2: Additional contents on the graphical user interface; Section S3. Experimental
Evaluation Setup.
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Abstract: A milling force measurement tool system is designed with an elastic beam structure,
which is divided into a two-end ring hoop compression sensor mode and a two-end square hoop
compression sensor mode to improve the strain sensitivity. A simplified mechanical model of the
elastic beam is established, and the relationship between the strain and force of the elastic beam under
the action of three cutting force components is investigated, which can act a guide for subsequent
milling force measurement tool system calibration tests. Thin-film strain sensors occupy a central
position in the milling force measurement tool system, which consists of a substrate, transition layer,
insulating layer and resistance grid layer. The resistance grid layer has a particularly significant effect
on the thin-film strain sensor’s performance. In order to further improve the sensitivity of thin-film
strain sensors, the shapes of the substrate, the transition layer, the insulating layer and the resistance
grid layer are optimized and studied. A new thin-film strain sensor is designed with a resistance
grid beam constructed from an insulating layer and a resistive grid layer double-end-supported
on the transition layer. The flow of the wet-etching process of thin-film strain sensors is studied
and samples are obtained. The surface microforms of the sensor samples are observed by extended
depth-of-field microscopy, confocal microscopy and atomic force microscopy. It can be seen that
the boundary of the resistance grid layer pattern is tidy and has high dimensional accuracy, thus
enabling the basic achievement of the expected effect of the design. The electrical performance of the
samples is tested on an experimental platform that we built, and the results show that the resistive
sensitivity coefficient of the samples is increased by about 20%, to 51.2%, compared with that of the
flat thin-film strain sensor, which fulfils the design’s requirements.

Keywords: thin-film strain sensor; cutting force; wet etching process; performance characterization

1. Introduction

With the gradual development of MEMS, the advantages of intelligence, integration
and miniaturization are gradually becoming clear, and it thus provides a good method
for the measurement of cutting force. So far, developing a means of assessing the milling
force that arises in traditional cutting remains important and difficult. In order to study
the effect of milling force on the milling process, the measurement of milling force is very
important. In order to measure milling force accurately, many scholars have undertaken
much work. Adolfsson and Stahl [1] developed a milling force sensor and proposed a new
way to measure the milling force; with the measurement equipment they developed, it
is possible to directly measure the cutting forces acting on each individual cutting edge.
Andreas Albrecht et al. [2] measured the milling force by measuring the displacement
of a rotating spindle, and this could compensate for the effect of interference during
milling force measurement. G. Byrne and G.E. O ‘Donnell [3] monitored the cutting forces
that arise in the online machining process with two ring piezoelectric sensors. Ihsan
Korkut [4] designed a data acquisition system and connected it to a strain dynamometer
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to accurately measure cutting forces. In order to improve the accuracy of milling force
measurement, the force-measuring element is studied. Siileyman Yaldiz et al. [5] designed
an octagonal ring milling dynamometer to measure cutting forces using strain gauges.
Martin B. Jun et al. [6] used a ring force sensor to measure milling forces. G. Totis et al. [7]
designed and manufactured a new type of rotary dynamometer for the online monitoring
of the dynamic information related to cutting forces. Qiaokang Liang et al. [8] designed
an E-type membrane force sensor and measured forces and moments on three axes. You
Zhao et al. [9] measured cutting forces through two interleaved octagonal ring elastic
elements. Shanshan Hu et al. [10] designed a floating beam-type six-axis elastomer, which
offers guidance in the design of elastomer structure. In order to improve the sensitivity
of the milling force-measuring element, strain sensors have also been studied. Xudong
Cheng and Xiaochun Li [11] designed and fabricated a PdCr thin-film strain sensor, and
embedded it in a metal structure to measure milling forces. Maximilian Mathis et al. [12]
used a NiCr-C thin-film strain gauge to reduce the influence of strain deviation on sensor
accuracy. Much research has been done on the preparation of thin-film strain sensors.
Ruyuan Ma [13] studied the factors affecting the surface microstructure of TiN films, and
explored the optimal process parameters. Vijay Petley et al. [14] studied the interfacial shear
stress and stress distribution of NiCr films. Christine Taylor and Suresh K. Sitaraman [15]
studied NiCr thin-film resistance grids of different sizes. Li Wang et al. [16] proposed a total
suspension structure based on AIN. F. Samaeifar et al. [17] designed a platinum microhot
plate with a suspended membrane structure. Madhu Santosh Ku Mutyala et al. [18] studied
methods to improve the sensitivity of thin-film strain sensors in microcantilever beams.
Muhammad Rizal et al. [19] proposed a four-claw structured force-measuring instrument,
which achieved good strain, but showed room for optimization in terms of structural details
and strain sensor performance.

A cutting tool system for measuring milling force based on thin-film strain sensors is
proposed in this paper. Here, the resistive grid beam is supported on the double end of the
thin-film strain sensor on the transition layer to increase strain and sensitivity.

2. Structural Design and Strain Principle of Milling Force Measurement Tool System

As shown in Figure 1, the milling force measurement tool system with an elastic
beam structure consists of a shank, a link block, four elastic beams, a tool holder, a milling
tool, and a double-end-supported thin-film strain sensor. Each elastic beam consists of
a horizontal beam and vertical beam. The thin-film strain sensors are mounted on both
the horizontal beam and the vertical beam, transferring the strain signal generated by the
milling forces to the resistance grid beam.

toaol huldsr—% S

nilling tool

Diouble end supported
thin-filtn strain Sensor

(a) (b) (c)

Figure 1. Milling force measurement tool system. (a) Tool system structure diagram; (b) elastic beam
structure; (c) double-end-supported thin-film strain sensor.
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2.1. Structural Design

Figure 2 shows a milling force measurement tool system in the two-end ring hoop
compression sensor mode. The system has twenty four double-end-supported thin-film
strain sensors, and a protective round sleeve is installed on the outermost part. The
deformation of the double-end-supported thin-film strain sensor caused by the milling
forces causes a change in the strain value in the resistance grid layer of the sensor. Figure 2d
shows the sensor fixed on a two-end ring hoop.

(d)

Figure 2. Milling force measurement tool system in the two-end ring hoop compression sensor
mode. (a) Overall structure; (b) main structure; (c) two-end ring hoop compression sensor structure;
(d) sensor in fixed mode. 1, shank; 2, protective round sleeve; 3, milling tool; 4, link block; 5, transfer
disc; 6, connecting round beam; 7, tool holder; 8, annular hoop A; 9, double-end-supported thin-film
strain sensor; 10, elastic square sleeve; 11, annular hoop B.

Figure 3 shows the milling force measurement tool system in two-end square hoop
compression sensor mode. The structure of the tool system is similar to that shown in
Figure 2, except that the sensor is fixed in a different way. As shown in Figure 3¢, the sensor
is fixed with square hoops at two ends.

£

\ Fixed

surface

()

Figure 3. Milling force measurement tool system in the two-end square hoop compression sensor
mode. (a) Overall structure; (b) two-end square hoop compression sensor structure; (c) diagram of
sensor in fixed mode. 1, shank; 2, link block; 3, connecting square beam; 4, tool holder; 5, milling
cutter chuck; 6, elastic horizontal beam; 7, double-end-supported thin-film strain sensor; 8, nut;
9, bolt; 10, key; 11, square hoop.

The milling force measurement tool system with a cross-beam structure consists of
a shank, a force-measuring unit, and a milling cutter, as shown in Figure 4. The force-
measuring unit has an internal cross-beam strain structure, similar to that shown in Figure 3.

\f‘? Milling tool

Figure 4. Milling force-measurement tool system for the cross-beam structure.
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2.2. Strain Principle of Milling Force Measurement Tool System

As shown in Figure 5, the elastic beam is identical in shape to the cantilever beam.
When a force is applied to the free end of the cantilever beam, a change results in the strain
value on the sensor. The stress—strain relationship of the cantilever beam can be defined as

o 6FL

= E~ Ear M

where ¢ is the strain, ¢ is the stress, E is the elastic modulus, F is the force on the free end of
the cantilever beam, L is the moment length, d is the width of the cantilever beam, and & is
the thickness of the cantilever beam.

Figure 5. Schematic diagram of cantilever beam.

The link block, four elastic beams and tool holder (Figure 1) constitute the elastomer
model that is subjected to three-directional cutting force, as shown in Figure 6. As the
installation positions of the elastic beam and the sensor are symmetrical, a simplified model
can be established by selecting one of the four elements of the elastic beam.

k

© @ (e

Figure 6. Elastomer model under three-directional cutting force. (a) Elastomer model and sensor

distribution diagram; (b) schematic diagram of an elastic beam subjected to three-directional cutting
force; (c) y-axis view; (d) z-axis view; (e) x-axis view.

The stress—strain relationship of one of the four elements of the elastic beam under the
action of three-directional cutting force is here analyzed.

Moment equilibrium occurs on the neutral axis, so the arm of the moment gives the
distance from the horizontal beam to the vertical beam, expressed as

1
Ly = (kF +k3)2 @)
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when the horizontal beam is subjected to a circumferential force, F;, as shown in Figure 6c.
By substituting Equation (2) into Equation (1), the relationship between the circumferential
force F, and the strain can be illustrated as

3F,

1

When the axial force F, acts on the bottom of the horizontal beam, as shown in
Figure 6d, the arm of moment is k;, and the relationship between F, and the strain is

3F:kq
= 4
°F = SFEdn? @)
The corresponding relationship between the radial force Fy and the strain is
_ 3Fk
BT SEdn? ®)

The strain gauge factor is a fundamental parameter reflecting strain sensitivity, and
can be expressed as [20]
_ AR/R _ AR/R
 AL/L e

where R is the original resistance value of the resistance grid layer, L is the original length,
and ¢ is the strain detected by the double-end-supported thin-film strain sensor.

The arrangement of thin-film strain sensors applied for detecting milling force is
described in Figure 6a. The thin-film strain resistance sensors Al, A2, A3 and A4 are
subjected to compressive stress, while the resistance sensors B1, B2, B3 and B4 are subjected
to tensile stress, and these are all connected together to form a Wheatstone bridge circuit
that can be used in detecting F, as shown in Figure 7a. The circumferential force Fy is
detected by C1, C2, C3 and C4 when tensile stress occurs in these thin-film strain sensors, as
shown in Figure 7b, while D1, D2, D3 and D4 are subjected to compressive stress. The radial
force Fy is applied to the four beams with thin-film strain resistance sensors, as shown in
Figure 7c. Tensile stress occurs on the thin-film strain resistance sensors E1, E2, E3 and
E4, while thin-film strain resistance sensors F1, F2, F3 and F4 are subjected to compressive
stress. The following formula is used to obtain the output voltage

(6)

u,
=0 _GF 7
TR @)

where Uj is the input voltage, U, is the output voltage, GF is the strain gauge factor, and ¢
is the strain.

D3, C3 E 3

B2
B4

A2

C4

(b)

(c)

Uo

Figure 7. Wheatstone bridge connection diagram. (a) Wheatstone bridge for axial force F; (b) Wheat-
stone bridge for circumferential force Fy; (c) Wheatstone bridge for radial force Fy.

When the double-end-supported thin-film strain sensors are set up in a linear system,
the relationship can be described as:

U = [¢]F ®)
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where F is the vector of the input component force value [Fy F; Fy], [¢] is the strain compli-
ance matrix, and U is the vector of the output voltage value. Using the calibration platform,
the output voltage generated by the double-end-supported thin-film strain sensor under
three-directional cutting force loading can be measured, and when this process is combined
with the above theoretical deduction, the milling force measurement tool system can be
subjected to a calibration test.

3. Design and Preparation of Double-End-Supported Thin-Film Strain Sensor
3.1. Design of Double-End-Supported Thin-Film Strain Sensor
3.1.1. Structural Design of Double-End-Supported Thin-Film Strain Sensor

The double-end-supported thin-film strain sensor is composed of a substrate and
thin-film system. The substrate’s material and structure, and the thin-film system, are
the main factors affecting the sensitivity of the thin-film strain sensor. The material of
the elastic beam is 40Cr Steel (Shanghai Jiaoguan Industrial Co., Ltd., Shanghai, China),
and the material of the substrate is stainless steel (Shanghai Baowei Industrial Co., Ltd.,
Shanghai, China).

A stepped-type substrate with good strain sensitivity has been designed, as shown
in Figure 8a. But this structure has many right-angles, and stress concentrations occur
at right-angles. The strain sensitivity values of the H-type substrate (Figure 8b) and the
arc-type substrate (Figure 8c) are second only to that of the stepped-type substrate. The
surface strain distribution of these two substrates was increased, but the degree of reduction
in their stiffness was small. Therefore, combining these two substrates, an H-type substrate
with a transitional arc has been designed, as shown in Figure 8d.

‘ Stress )
o N concentration area TN

e - o —

Improve stress

Stress . :
concentration area V——— — concentration
(a) - (d

(©)

Figure 8. Optimization of the substrate. (a) Stepped-type substrate; (b) H-type substrate; (c) arc-type
substrate; (d) arc transition H-type substrate.

The thin-film system shown in Figure 9 is composed of a transition layer, an insulating
layer and a resistance grid layer. Because the Si3Ny thin-film has a high dielectric constant
and good density, it is suitable for use as an insulating material in microelectronics appli-
cations, so the material of the insulating layer is SizNy. Previous studies have shown that
the capacity for binding between the insulating layer and the substrate was not good, so a
transition layer was added between the substrate and the insulating layer to ensure the
insulating layer could grow well on the substrate’s surface. The film—substrate binding
capacity, using a TiN thin-film and 304 stainless steel substrate, is better; the film-binding
capacity is also good when using a TiN thin-film and a SizNjy thin-film. Therefore, TiN was
selected as the material of the transition layer thin-film. The material and structure of the
resistance grid layer seriously affect the performance of the sensor. When using nichrome
(NigpCrp) as the resistance grid layer, it can work normally at high temperatures below
450 °C.
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e — NigoCry resistance grid layer
\_/ . .;/ Si;N, insulation layer

- < 7; TiN transition layer
— 4 7 304 stainless steel substrate

Figure 9. Double-end-supported thin-film strain sensor.

In order to improve the sensitivity of the thin-film strain sensor, a double-end-
supported thin-film strain sensor is designed with the structure of an ordinary thin-film
strain sensor. As shown in Figure 9, a strain gap was established on the transition layer.
The insulating layer and resistance grid layer have the same shape, while the two layers
overlap to form a composite resistance grid. As shown in Figure 10, the resistance grid is
composed of electrodes, long grids and short grids. As shown in Figure 11, the long grid
of the composite resistance grid is arranged on the strain gap, and is perpendicular to the
strain gap.

Shortgnd

Figure 10. Resistance grid.

Strain gap
Figure 11. Double-end-supported structure.

3.1.2. Dimensional Design of Double-End-Supported Thin-Film Strain Sensor

The total length of the substrate of the double-end-supported thin-film strain sensor is
30 mm, and its total width is 16 mm. The sensing area is a rectangle of 16 mm x 8 mm, and
the radius of the eight transition arcs is about 2 mm.

The long grid’s size is 2.1 mm x 0.05 mm, the short grid’s size is 0.2 mm x 0.1 mm,
the thickness of the resistance grid layer is 1 um, and the resistance grid comprises 10 long
grids and nine short grids. The width of the strain gap is about 0.1 mm. The depth of the
strain gap is about 500 nm.

3.2. Preparation Process of Double-End-Supported Thin-Film Strain Sensor

Figure 12 shows the preparation process of the double-end-supported thin-film strain
sensor. The preparation process includes cleaning, magnetron sputtering deposition,
photolithography, ion beam etching and wet etching. The pretreatment of the substrate,
the removal of the photoresistor after ion beam etching and the removal of residual etching
liquid after wet etching are all cleaning processes. The preparation of the transition layer,
the sacrificial layer, the insulating layer and the sensitive layer comprise the magnetron
sputtering coating process. Finally, the double-end-supported thin-film strain sensor is
completed by cleaning it.
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| Preparation process of double end supported thin-film strain sensor |

Substrate ,| The transition layer| The sacrificial The insulating
pretreatment is prepared "|layer is prepared layer is prepared,|
I_____J____j WithkA Witth |
mas mas! . .
lishi 1 Preparation of SisNy
{EEE g EEE) L R
Preparation of TiN Fill the strain composite thin-films
thin-film with gap with Al
strain gaps
Wet |, Clean |, Photolithography, |, The sensitive layer -
etching sample Ton beam etching is prepared
e Feee
The sample is | odl Il | pply o
soaked in | Lcleaning | | | [photoresist |
I\iaOH solut/l\oln | v | | : Preparation of
0 remove | [ Ethanol | | | NigyCry thin-film
from strain gap| | | cleaning | | | [Develope—{Exposure : on Si;N, thin-films
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N The sample is rinsed ,| Ethanol
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Figure 12. Flowchart of preparation process of double-end-supported thin-film strain sensor.

Figure 13 shows the pretreatment process applied to the substrate. Firstly, the substrate
needs to be polished. See Table 1 for the detailed description of these steps.

[
1500 mesh, @« a ﬁ‘ ‘w
1000 mesh

800 mesh =) ——— b 3 N J

[

-

- </ ‘H 0.51m

N i ‘\\ ‘ ‘\‘
() = () = ()

Deionized Ethyl PR Aceton%

i water o = __ alcohol ~ P
WE 7 N&= (7 &7
Figure 13. Pretreatment of substrate.
Table 1. Polishing procedure.
Equipment Polishing Material Treatment Method Time
bl rindimg 800 mesh
Step One : 5 1000 mesh Hand Grinding
Materials Co., Ltd., 1500 mesh

Suzhou, China) €s

High-Strength Cast Iron 10 um

HT200-300 Grinding Diamond Spray Polish 9 um

Step Two Platform(Botou Bochuang (Shenzhen Libaolixin - Hm Grind 30 min
P Mechanical Equipment Technology Co., Ltd., 5 Hm
Manufacturing Co., Ltd., Shenzhen, China) 3 um
Cangzhou, China) K
P-11ype Metéllograph.lc Diamond Spray Polish
Sample Polishing Machine . .. 2.5 um
. . (Shenzhen Libaolixin s
Step Three (Shanghai Suoyan Testing 1.5 um Polishing 1h
Technology Co., Ltd.,
Instrument Co., Ltd., Shenzhen, China) 0.5 um
Shanghai, China) !
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After finishing polishing, the surface roughness Ra of the substrate will be less than
0.2 um, thus meeting the requirements of the thin-film. Next, the substrate is cleaned to
remove fine particles and any oil film that might remain on the surface of the substrate.
The detailed steps of this procedure are shown in Table 2.

Table 2. Cleaning procedures.

Equipment Cleaning Solution Time
Step One Ultrasonic Cleaning Machine Acetone 15 min
(Wenzhou Dongda Environmental ;
Step Two Protection Equipment Co., Ltd., Anhydrous Ethanol 15 min
Step Three Wenzhou, China) Deionized Water 10 min

Figure 14 shows the magnetron sputtering deposition process. First, the transition
layer was prepared, and the TiN thin-film with a strain gap was prepared by magnetron
sputtering, using as a base the A-mask plate. The thickness of the TiN thin-film was about
500 nm. Due to the presence of the A-mask plate, blocking some of the TiN thin-film from
being generated, a strain gap was formed, and the depth of the strain gap was about 500 nm.
Next, the sacrificial layer is prepared. The A-mask plate of the previous step was removed
and the B-mask plate was installed. The Al sacrificial layer was applied to fill in the strain
gap using magnetron sputtering technology, and the thickness of this sacrificial layer was
about 500 nm. Since the size of the gap of the B-mask plate corresponded to that of the
strain gap, Al was deposited in the strain gap via the gap in the B-mask plate. Next, the
insulating layer was prepared, the B-mask plate of the previous step was removed, and the
Si3Ny thin-film was constructed on top of the TiN-Al composite thin-film by magnetron
sputtering. The thickness of the SizNy thin-film was about 500 nm. Finally, the sensitive
layer was prepared, and the NigyCryg thin-film was generated on top ofthe Si3Ny thin-film
by magnetron sputtering. The thickness of the NigyCryg thin-film was 1000 nm £ 50 nm.
Table 3 shows the parameters of the sputtering process.

« NigoCrag

SN SN

Figure 14. Magnetron sputtering deposition process. 1, substrate; 2, TiN thin-film; 3, Al sacrificial
layer; 4, Si3Ny thin-film; 5, NiggCrpq thin-film; 6, A-mask plate; 7, B-mask plate.

Table 3. Sputtering process parameters.

Deposition Power Pressure Argon Flow Rate Nitrogen Flow Rate Time

TiN 100 W 1Pa 50 sccm 3 sccm 380's
Al 100 W 1Pa 50 sccm 25h
SizNy 140 W 1.2 Pa 70 sccm 10 sccm 2h

NigoCryp 100 W 1Pa 70 sccm 1000 s
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As depicted in Figure 15, the photolithography process was carried out. An AZ4620
photoresistor was applied on the surface of the sample and homogenized using the homog-
enizing machine. After homogenizing, the thickness of the photoresistor on the surface of
the sample was about 1.2 um. The sample was prebaked and then exposed. The sample
was immersed in the developer solution and studied with a microscope after develop-
ment. After development had proceeded normally, the sample was post-baked and the
photolithography process thus ended. Next, the sample was etched with an ion beam. The
NigyCryg thin-film and SizNy thin-film were etched onto the NigyCrp—Si3N4 composite
resistance grid. After etching, the sample was cleaned to remove the residual photoresistor
remaining on the surface. The details of the cleaning process are shown in Table 2. Finally,
the wet etching process was carried out, and the Al in the strain gap was removed with a
NaOH solution. After etching, the sample was put into the ultrasonic cleaning machine,
and then cleaned with deionized water and ethanol. After drying, a double-end-supported
thin-film strain sensor was obtained. Table 4 shows the parameters of the above process
in detail.

Deionize
] water

Deionized
water

Figure 15. Photolithography, ion beam etching and wet etching processes.

Table 4. Detailed process parameters.

Photolithography
Technology Equipment Conditions
Apply Photoresistor ~ Cee200XCB (Beijing Saidekesi Electronics . .
(JSR Corporation) Co., Ltd., Beijing, China) AZ4620 Photoresist 3000 r/min 30
EH-20B Anti-corrosion Electric Heating
Prebake Plate (Shenzhen Sanli Technology Co., 95°C 60s
Ltd., Shenzhen, China)

EVG 610 (Beijing Yake Chenxu . 2

Exposure Technology Co., Ltd., Beijing, China) Film Paper Mask Plate 400 mJ/cm
Develop Organic Hood (Shanxi Yitong Laboratory Developer Solution 45

Equipment Co., Ltd., Taiyuan, China)
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Table 4. Cont.

Photolithography
Technology Equipment Conditions
EH-20B Anti-corrosion Electric Heating
Post-baking Plate (Shenzhen Sanli Technology Co., 105 °C 90 s
Ltd., Shenzhen, China)
Ion Beam Etching
Equipment Time
Ion Beam Etching
Equipment (Beijing 1 h 30 min
Midea Technology Co.,
Ltd., Beijing, China)
Wet etching
Etching Solution Time
3 mol/L NaOH .
. 10 min
Solution

4. Characterization of Microstructure and Electrical Properties of
Double-End-Supported Thin-Film Strain Sensor

4.1. Characterization of Microstructure of Double-End-Supported Thin-Film Strain Sensor

As shown in Figure 16, the resistance grid was observed using extended depth-of-field
microscopy. The boundary of the resistance grid and the etching pattern were determined
with high accuracy. The resistance grid, transition layer and strain gap on the double-end-
supported thin-film strain sensor’s surface could be clearly seen. As shown in Figure 17, a
128.437 um x 128.257 um cavity region consisting of a resistance grid, a transition layer
and a strain gap was observed using the Confocal Microscope. The maximum height of the
thin-film system was 1.962 um, indicating that the distance from the bottom of the strain
gap to the surface of the resistance grid was about 2 um, which is basically consistent with
the thickness of the designed thin-film system.

Figure 16. Microscopic morphology of double-end-supported thin-film strain sensor.

pum
1.962
-

B
B

—0.757

Figure 17. Height diagram of double-end-supported thin-film strain sensor.

In Figure 18, the scanned regions between the transition layer and the strain gap
(Figure 18a), the resistance grid and the transition layer (Figure 18b), and the resistance
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grid and the strain gap (Figure 18c) were all determined, and three sets of height waveform
diagrams were obtained.

Height profile

1.962-
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@) 0.53 Strain gap
E _
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Figure 18. Height waveform diagram. (a) Transition layer to strain gap; (b) resistance grid to
transition layer; (c) resistance grid to strain gap.

Figure 18a shows the height waveform diagram of the transition layer to the bottom
of the strain gap, which was scanned in the direction shown by the green line in Figure 17.
The height of the transition layer changed smoothly, indicating that the surface of the
transition layer was relatively flat and the surface quality of the thin-film was good. When
the scan reached about 82 um, the resulting height waveform diagram began to declined,
with a decline of about 450 nm, indicating that the depth of the strain gap was about
450 nm. At the same time, the height waveform diagram of the strain gap shows a small
range with a sawtooth structure, indicating that a small amount of Al remained in the
strain gap. The duration of wet etching can be extended to further reduce the residual
Al without damaging the double-end-supported structure. Figure 18b shows a height
waveform diagram between the resistance grid and the transition layer (in the direction
shown by the purple line in Figure 17). The height waveform diagram of the resistance
grid reflects a wide range, from 0.46 pm to 1.962 pm, with a roughly 1.5 pm difference
in altitude between the resistance grid and the transition layer, indicating that when the
surface roughness of the resistance grid is larger, the surface quality of the resistance grid
will be affected. Photolithography and ion beam etching also affect the roughness of the
resistance grid. Figure 18c shows that there is about 1.95 pm of altitude difference between
the resistance grid and the bottom of the strain gap (along the direction shown by the red
line in Figure 17).

Figure 19 shows the results of microscopic morphology performed using an Atomic
Force Microscope. The two-dimensional diagrams in Figure 19a,c show that cracks of
different degrees appeared on the resistance grid and transition layer. It is thus inferred
that the thermal stress generated in the process of prebaking and post-baking may cause
cracks to emerge on the surface of the thin-film. A comparison of the three-dimensional
diagrams shown in Figure 19a,c indicates that the flatness of the resistance grid surface is
worse than that of the transition layer. There are very densely positioned height differences
shown in the three-dimensional diagram in Figure 19b, and the microscopic morphologies
of the surfaces with different heights are different. When these findings are combined with
the above analysis of the height waveform diagram, it can be inferred that the residual Al
remaining in the strain gap creates a region with very dense height differences, as shown
in the three-dimensional diagram. In Figure 19b, the relatively smooth ribbon-shaped area
is the stainless-steel substrate.
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Figure 19. Micromorphology observation derived using AFM. (a) Resistance gate; (b) strain gap;

(c) transition layer.

4.2. Electrical Performance Test of Double-End-Supported Thin-Film Strain Sensor

As shown in Figure 20, a test platform was built to determine the electrical perfor-
mances of the ordinary thin-film strain sensor and the double-end-supported thin-film
strain sensor, individually. Figure 20a shows a diagram of the Wheatstone bridge connec-
tion, wherein a resistance grid and three external resistors with the same resistance value
are connected to form a quarter Wheatstone single bridge circuit; the input voltage here
was 10V, and the tension of 0-400 N was applied. As shown in Figure 20c, the two sensors
are clamped horizontally and vertically, respectively. Eight groups of data were measured
and subjected to fitting analysis, and finally, Figures 21 and 22 have been obtained.
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resistor

Ro Ry

Resistance
grid

=

Output

Input voltage voltage

Ry

(@)
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clamp

External i cecee
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Output
voltage

Input Voitage
R

0
Tensiometer g
clamp v F

(b)

Thin-film sensor
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=y '
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()

Figure 20. Electrical performance test. (a) Wheatstone bridge connection diagram; (b) test platform
schematic diagram; (c) clamping mode.
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Figure 21. Relation between load and output voltage of double-end-supported thin-film strain sensor.
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Figure 22. Relation between load and output voltage of ordinary thin-film strain sensor.

The fitting analysis in Figure 21 shows that the fitting value R? is close to 1, indicating
that the linear error of the fitting result is small, and the double-end-supported thin-film
strain sensor has good linearity. Under the same load, the voltage generated using hori-
zontal clamping is larger than that generated using vertical clamping, meaning horizontal
clamping produces greater strain.

As shown in Figure 22, the ordinary thin-film strain sensor achieved good linearity, but
the slope of the linear fitting curve produced when it was subjected to horizontal clamping
is significantly less notable than that of the double-end-supported thin-film strain sensor.
By comparing the slopes of the linear fitting curves of the two kinds of sensors, we can see
that the sensitivity of the double-end-supported thin-film strain sensor was about 51.2%
greater compared to the ordinary thin-film strain sensor.

According to Figure 21 and Equation (7), it can be concluded that the GF value of
the double-end-supported thin-film strain sensor was approximately 2.46. According to
Figure 22 and Equation (7), it can be concluded that the GF value of the ordinary thin-film
strain sensor was approximately 1.73. As regards the gauge factor (GF), the sensitivity of
the double-end-supported thin-film strain sensor was about 42.2% greater than that of the
ordinary thin-film strain sensor.
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4.3. Experimental Results

A comparative experimental study of cutting was conducted between the milling
force measurement tool system with a cross-beam structure (Figure 4) and the Kistler
dynamometer, under the same experimental conditions, as shown in Figure 23.

Figure 23. Cutting experiment applied to the milling force measurement tool system with a cross-
beam structure. (a) Milling force measurement tool system with a cross-beam structure; (b) cutting
test site diagram.

Experiment conditions: XK713 CNC milling machine (Wuhan Fourth Machine Tool
Factory, Wuhan, China). Tools: ¢10 mm carbide end mills. Workpiece material: 1060 alu-
minum alloy. The milling state was dry cutting, with a radial depth of the cut (a,) of 0.2 mm,
an axial depth of the cut (2,) of 20 mm, a spindle speed of 1080 rpm and a feed speed of
80 mm/min.

In Figure 24, plots of the three-directional cutting force signal yielded over time by
the milling force measurement tool system and the Kistler dynamometer are presented.
From these, a table of the average values of the three-dimensional forces has been obtained,
which can be used to compare between the force measuring system and the Kistler force
measuring instrument, as shown in Table 5.

FxIN]

—— Kister 272Fz
|—— Miling-Tool System-Fz

o 2 4 & 8 0 12 1w 16 1 2 o 2 4 6 8 10 12 14 femelsis 20
Tirals] 0o 2 4 6 8 10 12 14 1 1B 2 Timels]
Timels]

(a) (b) (c)

Figure 24. Plots of three-directional cutting force signals over time yielded by the milling force
measurement tool system and the Kistler dynamometer. (a) Radial force Fy; (b) circumferential force
Fy; (c) axial force F.

Table 5. Comparative analysis of the average values of the three-dimensional forces.

FX Fy FZ
Kistler dynamometer 106.85 108.5 20.32
Milling force measurement tool system 121.49 116.22 18.22
Deviation value 13.70% 7.12% 10.33%
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As illustrated in Table 5, the experimental results verify the validity of the milling
force measurement tool system with a cross-beam structure.

5. Conclusions

1. Inthis paper, three kinds of double-end-supported thin-film strain sensors and milling
cutter elastomers with an integrated structure are designed. The two milling force
measurement tool systems used different sensor fixation methods;

2. We designed a double-end-supported thin-film strain sensor and refined its prepa-
ration process. All parameters of the preparation process, including cleaning, mag-
netron sputtering deposition, photolithography, ion beam etching process and wet
etching, have been determined. Finally, a double-end-supported thin-film strain
sensor was prepared;

3. By means of extended depth-of-field microscopy, confocal microscopy and atomic
force microscopy, the double-end-supported thin-film strain sensors were studied.
The results show that the resistance grid’s pattern boundary is regular, indicating
higher etching accuracy. The transition layer and strain gap on the sensor’s surface
have been clearly illustrated. The double-end-supported thin-film strain sensor met
the design requirements;

4. The electrical performance of the double-end-supported thin-film strain sensor was
tested. The test results show that the sensitivity of the double-end-supported thin-film
strain sensor was about 51.2% greater than that of the ordinary thin-film strain sensor.
Regarding the gauge factor (GF), the sensitivity of the double-end-supported thin-film
strain sensor was about 42.2% greater compared to those of the ordinary thin-film
strain sensors;

5. We conducted cutting tests on the milling force measurement tool system with a
cross-beam structure. This system showed deviations of 13.7% in average radial force
Fx, 7.12% in average circumferential force Fy and 10.33% in average axial force Fz
compared to the Kistler dynamometer. The experimental results verify the validity of
this system.
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Abstract: This study develops a photovoltaic microgenerator based on the complementary metal
oxide semiconductor (CMOS) process. The photovoltaic microgenerator converts the absorbed
light energy into electrical energy using the photovoltaic effect. The material for the photovoltaic
microgenerator is silicon, and its structure consists of patterned p—n junctions. The design of the
photovoltaic microgenerator utilizes a grid-like shape, forming a large-area p—n junction with a
patterned p-doping and N-well structure to enhance the photocurrent and improve the device’s
performance. The photovoltaic microgenerator is fabricated employing the CMOS process with
post-processing step. Post-processing is applied to enhance the microgenerator’s light absorption
and energy-conversion efficiency. This involves using wet etching with buffered-oxide etch (BOE)
to remove the silicon dioxide layer above the p—n junctions, allowing direct illumination of the p-n
junctions. The area of the photovoltaic microgenerator is 0.79 mm?. The experimental results show
that under an illumination intensity of 1000 W/ m?, the photovoltaic microgenerator exhibits an
open-circuit voltage of 0.53 V, a short-circuit current of 233 pA, a maximum output power of 99 uW, a
fill factor of 0.8, and an energy-conversion efficiency of 12.5%.

Keywords: photovoltaic microgenerator; energy-conversion efficiency; fill factor; MEMS; CMOS

1. Introduction

With the rapid advancement of technology, the human demand for energy has grown
exponentially. Currently, the primary energy source is derived from the combustion of
fossil fuels, leading to substantial emissions of greenhouse gases and severe environmental
consequences. To alleviate this burden, the promotion of alternative green energy sources
has become paramount. Green energy taps into the Earth’s inexhaustible natural resources
and is renewable, encompassing solar, hydro, wind, and geothermal power. Among these
renewable sources, solar energy stands out for its unique capacity to transform sunlight
into electricity, relying solely on light exposure for power generation [1-6]. Despite the
array of available green energy sources, solar energy remains a prominent contender. How-
ever, most commercially available solar generators are characterized by their large size,
rendering them unwieldy and lacking in mobility. Photovoltaic microgenerators improve
these limitations and have many applications. For instance, in the work of Qiu et al. [7],
nanocarbon tubes and solution processes were utilized to fabricate flexible, fiber-like per-
ovskite microsolar generators. These were seamlessly integrated with textile technology
to produce electronic textile products capable of powering garments autonomously. Simi-
larly, Hyun et al. [8] integrated photovoltaic microgenerators with portable light-emitting
diode (LED) lights, enabling daytime energy absorption and nighttime illumination. This
microphotovoltaic system converts light energy into electricity, powering portable LED
lights for both indoor and outdoor use.
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Photovoltaic generators were created using microelectromechanical system (MEMS)
technology, offering benefits such as size reduction, seamless integration with IC devices,
and suitability for large-scale manufacturing. Several photovoltaic microgenerators have
been developed using MEMS and CMOS technologies. For instance, Sakai et al. [9] fabri-
cated organic solar cells utilizing heterojunction organic materials through screen printing.
The materials used in the organic solar cell included the conjugated polymers as donors
and the derivatives of fullerenes as acceptors. The results indicated that under AM1.5G
solar irradiation, an open-circuit voltage of 0.821 V and an energy-conversion efficiency of
2.35% were achieved. However, this cost-effective screen-printing method often leads to
uneven material distribution, resulting in variable performance among different solar cells
and, ultimately, lower-than-anticipated efficiency. Arima et al. [10] employed the CMOS
process to develop solar cells. They established two distinct p—n junctions by doping p-type
and n-type silicone onto the solar chip, subsequently serially connecting these junctions.
The results showed that an irradiance of 2000 Ix led to an output voltage of 0.83 V and
an energy-conversion efficiency of 2.6%. Marwick et al. [11] employed sapphire CMOS
technology to manufacture photovoltaic generators. Sapphire, serving as an insulating
substrate, was utilized to enhance the transmission of light from the rear. By serially
connecting multiple sets of photodiodes, a high output voltage was attained. The materials
used in the photodiodes were doped p-type and n-type silicon. The device revealed that an
irradiance of 5000 Ix resulted in a power output of 60 mW. Across the range of wavelengths
from infrared to ultraviolet, the photovoltaic generator demonstrated an energy-conversion
efficiency that was greater than 1%. Despite transitioning to transparent sapphire material
from the traditional substrate, the energy-conversion efficiency for the device was not
high. Law et al. [12] manufactured cascaded photodiodes using the CMOS process. The
materials employed in the photodiodes were doped p-type and n-type silicon. The study
employed second- and third-level cascading, yielding open-circuit voltages of 0.84 V and
1.3 V accompanied by short-circuit currents of 1.25 nA and 1.12 nA and conversion efficien-
cies of 0.3% and 0.06%, respectively, under an irradiance of 6.37 mW/ cm?. Although the
study solely compared second and third-level cascading of photodiodes and suggested the
superiority of third-level over second-level cascading, it failed to discuss the design of p—n
junctions. Consequently, improvement in energy-conversion efficiency is still necessary.
Horiguchi et al. [13] produced lightly doped triple-layer solar cells using CMOS technology.
The interconnected triple-layer light doping augmented the output voltage and mitigated
leakage current issues. Experiments demonstrated that under an irradiance of 31,000 1x, a
substantial open-circuit voltage of 1.3 V, coupled with a short-circuit current of 6 A and
an energy-conversion efficiency of 7.5%, was achieved. Despite achieving a remarkable
open-circuit voltage through series connection, the current enhancement was inadequate
and, thus, still had a low energy-conversion efficiency. Hung et al. [14] fabricated interdigi-
tated back-contact (IBC) solar cells using the CMOS process. By significantly reducing the
thickness of the silicon substrate, the energy-conversion efficiency was elevated from 4% to
15%. Under conditions involving a wavelength of 980 nm and an irradiance of 10 mW /m?,
an open-circuit voltage of 0.57 V and an output power of 159 uW were obtained. While
thinning the silicon substrate indeed improved performance substantially, the technical
complexity and cost of this approach have limited its widespread adoption. Hung et al. [15]
manufactured photovoltaic chips by selectively removing portions of the substrate using
CMOS processes. That study managed to enhance the output voltage of back-illuminated
photovoltaic chips by employing a substrate removal approach and stacking photovoltaic
structures. Under an intensity of 40 mW, an open-circuit voltage of 2.05 V, a short-circuit cur-
rent of 2.6 mA, and an energy-conversion efficiency of 11% were achieved. Hung et al. [16]
developed photovoltaic microgenerators, segregating photovoltaic units on the chip to form
photovoltaic modules. The materials used in the photovoltaic microgenerators were doped
p-type and n-type silicon. Experimental results revealed an open-circuit voltage of 0.5V
for a single photovoltaic unit. The series connection of 25 units resulted in an open-circuit
voltage of 12.5 V, a short-circuit current of 11 uA, and an energy-conversion efficiency of
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0.5% under an irradiance of 6 mW/mm?. Despite attaining a substantial 12.5 V output
voltage, the 0.5% energy-conversion efficiency was insufficient to enable effective self-
power generation. Therefore, increasing the output current of the microgenerator became
imperative. Yan et al. [17] used MEMS technology to fabricate thermoelectric-photovoltaic
generators, combining thermoelectric microgenerators with photovoltaic counterparts.
Photovoltaic elements adopted interdigitated electrode structures, incorporated beneath
the thermoelectric structure. The materials of the photovoltaic microgenerators were
doped p-type and n-type silicon. The experimental results demonstrated a fill factor of
0.792 and an energy-conversion efficiency of 4.45% when the photovoltaic component
was illuminated with an irradiance of 100 mW /cm?. While the interdigitated electrode
structure contributed to enhance photovoltaic performance, the stack configuration of the
thermoelectric-photovoltaic generator led to performance interference. Sichao et al. [18]
developed thermoelectric-photovoltaic microgenerators incorporating metal heat sinks
through the MEMS process. This integration combined thermoelectric microgenerators
with photovoltaic counterparts. The photovoltaic microgenerator employed a back-contact
structure, allowing for autonomous selection of the illuminated surface. The materials
utilized in the photovoltaic microgenerators were doped p-type and n-type silicon. Under
illumination with an irradiance of 100 mW /cm?, the photovoltaic microgenerator achieved
an energy-conversion efficiency of 5.446%. While the choice of illuminated surface was
feasible, challenges associated with structural integration gave rise to mutual interference,
subsequently undermining the photovoltaic performance and energy-conversion efficiency.
Collectively, the aforementioned literature underscores the recent trend in photovoltaic
microgenerators. These studies have explored altered silicon substrate structures, em-
braced back-illuminated configurations, and endeavored to fuse photovoltaic structures
with alternative power-generation arrangements to achieve heightened output voltages.
Nevertheless, it is evident that the performance of photovoltaic microgenerators can also be
enhanced by means of patterned designs and alterations in the process materials through
doping. This study focuses on the patterned design of p—n junctions within a photovoltaic
microgenerator to enhance its performance.

Various microsensors [19-23], actuators [24-29], and devices [30-34] have been fabri-
cated using the CMOS-MEMS technique. Photovoltaic microgenerators created through
this technique offer improved efficiency, compactness, versatility, and cost-effectiveness,
making them well-suited for a wide range of applications [35-39], including self-powered
sensors, wearable devices, and internet of things (IoT). In this study, the same technique is
employed to design a photovoltaic microgenerator. Additionally, a post-processing step
is utilized to etch the silicon dioxide layer of the photovoltaic microgenerator, thereby
enhancing its performance. In this paper, the design of the structure, simulation of its char-
acteristics, the fabrication process, and the testing results of the photovoltaic microgenerator
will be detailed.

2. Design of the Photovoltaic Microgenerator

A photovoltaic generator is a semiconductor device that converts sunlight directly into
electrical energy through the photovoltaic effect. The fundamental principle behind the
operation of a photovoltaic generator involves the interaction of light with semiconductor
materials to generate an electric current. In this study, the material of the photovoltaic
generator is silicon. When sunlight, which is composed of photons, strikes the surface of
the silicon, it transfers energy to the atoms within the material. This energy is sufficient
to dislodge electrons from their positions in the atoms, creating electron-hole pairs. The
silicon material is doped with impurities to create a p—n junction. This is a boundary
between a region with excess electrons (n-type) and a region with excess holes (p-type).
The difference in charge concentration creates an electric field across the junction. The p—n
junction absorbs photons, generating electrons and holes. Electrons are directed toward the
n-type region, while holes are directed toward the p-type region. This charge separation
leads to the accumulation of a voltage difference across the p—n junction. When an external
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electrical circuit is connected to the photovoltaic generator, the separated charges flow
through the circuit to recombine on the other side of the p—n junction. This movement of
charges constitutes an electric current, which can be used to power electronic devices or
stored in batteries.

Figure 1 illustrates the three-dimensional structure of the photovoltaic microgenerator.
By incorporating distinct p-type and n-type doping into a silicon substrate, the photovoltaic
microgenerator gives rise to intricate semiconductor configurations that involve p-type
doping, n-type light doping (N-well), and n-type doping. These intricate configurations
are structured to yield the photovoltaic microgenerator’s functional framework. In this
research, the patterned design is characterized by a mesh format, setting it apart from the
conventional interdigitated shape layouts. As depicted in Figure 1, an extensive n-type
lightly doped structure is seamlessly integrated into the silicon substrate. This strategic
employment of light doping serves a dual purpose: it mitigates leakage currents while
concurrently amplifying the performance of the p—n junctions. Moreover, a mesh-patterned
p-type doping is ingeniously embedded within the region featuring n-type light doping.
This innovative amalgamation of attributes—encompassing p-type doping/n-type light
doping as well as p-type silicon substrate/n-type light doping p—n junctions—effectively
enhances the power-generation capabilities of the photovoltaic microgenerator.

£

| P—substrate N-well . P—doping . N—doping

Figure 1. Three-dimensional structure of the photovoltaic microgenerator.

This research utilized the Sentaurus TCAD 2021 semiconductor device-simulation
software developed by Synopsys to analyze the photovoltaic microgenerator. As shown
in Figure 1, the model of the photovoltaic microgenerator is established, and the TCAD
simulation process comprises three main stages: modeling and configuring the material
parameters, meshing the model, and performing the computational analysis. In the initial
phase, a three-dimensional model is constructed employing the Sentaurus structure-editor
(SDE) tool, a component of the TCAD software. SDE delineates the structure of the model
with fixed coordinates, delineating its dimensions, doping parameters across diverse
layers, positioning the electrodes, and defining the Gaussian distribution to replicate the
diffusion phenomena encountered during the actual chip fabrication. The subsequent
phase encompasses mesh generation, entailing the determination of the model’s mesh
dimensions. Following the completion of meshing, the simulation’s boundary conditions
and environmental variables are established through command and parameter files. The
command file governs environmental variables encompassing temperature, irradiance,
light positioning, and wavelength. On the other hand, the parameter file manages the
specification of the materials and physical property parameters. Once these variables are
configured, the third step involves computing and analyzing the outcomes.
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Figure 2 depicts the simulated voltage—current characteristics of the photovoltaic
microgenerator under varying irradiance levels. Maintaining a constant wavelength and
temperature, the simulation explores the voltage—current relationship across irradiance
levels ranging from 100 W/ m? to 1000 W/m?2, at 100 W/m? intervals. The simulations
were carried out at a temperature of 25 °C and a wavelength of 600 nm. As illustrated
in Figure 2, at an irradiance of 100 W/m?, the open-circuit voltage is 0.48 V, while the
short-circuit current registers at 27.5 pA. As the irradiance escalates to 1000 W/ m?, the
open-circuit voltage elevates to 0.55 V, accompanied by a rise in the short-circuit current
to 248 pA. The simulated results show that higher irradiance levels increase the current
values of the photovoltaic generator.
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Figure 2. Simulated voltage—current characteristics of the photovoltaic microgenerator.

Output power stands as a critical performance metric for photovoltaic generators. The
output power (P,) of a photovoltaic microgenerator can be expressed as follows [40]:

P, =1,V, 1)

where I, represents the output current of the photovoltaic microgenerator, and V, is its
output voltage. When the output current and voltage of the photovoltaic microgenerator are
known, Equation (1) becomes instrumental in computing its output power. The simulation
results of current and voltage for the photovoltaic microgenerator are depicted in Figure 2.
By substituting these simulated outcomes into Equation (1), it becomes feasible to calculate
the output power of the photovoltaic microgenerator, as depicted in Figure 3. The simulated
output power of the photovoltaic microgenerator is shown in Figure 3. At an irradiance of
100 W/m?, with an output voltage of 0.43 V, the photovoltaic microgenerator achieves a
peak output power of 8.5 uW. As the irradiance increases to 1000 W/m?, with an output
voltage of 0.47 V, the photovoltaic microgenerator reaches its maximum output power of
109 uW.

The fill factor (FF) of a photovoltaic microgenerator is a measure of its ability to convert
sunlight into electricity efficiently. It quantifies the quality of the current-voltage (I-V) char-
acteristics of the photovoltaic microgenerator. The FF of the photovoltaic microgenerator is
defined as [14]:

Prax
FF = 2
Voclse ( )

where Py is the maximum output power of the photovoltaic microgenerator, V. is the
open-circuit voltage of the photovoltaic microgenerator, and I, is the short-circuit current
of the photovoltaic microgenerator. A higher fill factor indicates better performance and
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efficiency in converting sunlight into usable electrical power. As shown in Figures 2
and 3, at an irradiance of 1000 W /m?, the photovoltaic microgenerator has an open-circuit
voltage of 0.55 V, a short-circuit current of 248 uA, and a maximum output power of
109 uW. By substituting these values into Equation (2), the evaluated FF of the photovoltaic
microgenerator is 0.8.
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Figure 3. Simulated output power of the photovoltaic microgenerator.

The energy-conversion efficiency of a photovoltaic microgenerator refers to the ratio of
the electrical power output generated by the photovoltaic device to the incident solar energy
(light) input from the sun. It represents the effectiveness of the photovoltaic microgenerator
in converting sunlight into usable electrical energy. The energy-conversion efficiency (1) of
the photovoltaic microgenerator is expressed as [14]:

Priax o Prax o

n P x 100% A < 100% 3)
where P,y is the maximum output power of the photovoltaic microgenerator, P;, is the
input power of the incident light, A is the area of the photovoltaic microgenerator, and E is
the irradiance of the incident light. As shown in Figure 3, at an irradiance of 1000 W /m?,
the maximum output power of the photovoltaic microgenerator is 109 uW. The area of the
photovoltaic microgenerator is 0.79 mm?. By substituting these values into Equation (3),
the evaluated energy-conversion efficiency of the photovoltaic microgenerator is 13.8%.

3. Fabrication of the Photovoltaic Microgenerator

The photovoltaic microgenerator is produced utilizing the standardized 0.18 um
CMOS process of Taiwan Semiconductor Manufacturing Company (TSMC). TSMC exe-
cuted the fabrication of the photovoltaic microgenerator in accordance with the layout
design depicted in Figure 1, utilizing the CMOS process. Figure 4 illustrates the process
flow of the photovoltaic microgenerator. The oxide layer is initially present as part of the
standard CMOS process. Its primary purpose is to act as a dielectric layer or a passiva-
tion layer. The passivation layer protects the underlying structures from environmental
factors and potential contaminants. Figure 4a presents the cross-sectional structure of
the photovoltaic microgenerator after the completion of the CMOS process. Notably, a
silicon dioxide layer overlays the p—n junctions. To mitigate potential photon energy losses
due to the reflections, refractions, or absorptions caused by the silicon dioxide layer—
factors that could potentially impede the power generation efficiency of the photovoltaic
microgenerator—this study employs a post-processing technique to remove the silicon
dioxide layer.
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Figure 4. Cross-sectional structure of the photovoltaic microgenerator: (a) completion of the comple-

tion of the CMOS process; (b) etching the silicon dioxide layer.

Figure 4b shows the cross-sectional constitution of the photovoltaic microgenerator
following the removal of the silicon dioxide layer. Post-processing involves the utilization
of a BOE solution to etch the silicon dioxide layer until the p—n junctions are exposed. The
thickness of the oxide layer was monitored using ellipsometry measurements to ensure the
complete removal of the oxide layer during the etching process. The measured thickness
of the oxide layer was about 8 um. This configuration, as illustrated in Figure 4b, enables
direct illumination of the p—n junctions by incident light, enhancing the overall efficiency.
Figure 5a illustrates the optical image of the photovoltaic microgenerator following the
completion of the CMOS process. In Figure 5b, a scanning electron microscope (SEM)
image of the photovoltaic microgenerator after silicon dioxide layer etching is depicted.
The SEM image distinctly reveals substantial depressions on the surface of the photovoltaic
microgenerator’s structure resulting from the etching process. Figure 5c¢ provides a localized
SEM image that accentuates the concave characteristics resulting from the etching process,
thus confirming the elimination of the silicon dioxide layer. The etching process is carefully
optimized to minimize any adverse effects on the photovoltaic microgenerator chip. The
SEM images (Figure 5) and the testing of the photovoltaic microgenerator demonstrate
that the etching process does not compromise the structural integrity or performance of
the photovoltaic microgenerator. The removal of the oxide layer can potentially expose
the underlying material to external influences, which might reduce the device’s reliability.
Figure 5d displays the image of the photovoltaic microgenerator chip subsequent to the
wire-bonding procedure. The chip was affixed to a printed circuit board (PCB), and a
wire bonder was employed to establish connections between the pads on the photovoltaic
microgenerator chip and the PCB, utilizing aluminum wires.
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Figure 5. The photovoltaic microgenerator: (a) optical image of following the completion of the
CMOS process; (b) scanning electron microscope (SEM) image after etching the silicon dioxide layer;
(c) localized SEM image after post-processing; (d) image of the photovoltaic microgenerator chip
during the wire bonding.

4. Results

The performance assessment of the photovoltaic microgenerator involved the uti-
lization of a testing chamber, an optical power meter, and a digital multimeter. Within
the testing chamber, a tungsten filament lamp served as the incident light source, offer-
ing adjustable irradiance through integrated control knobs. The tungsten filament lamp
(TFC 250 W 120 V, Taiwan Fluorescent Lamp Co., Taipei, Taiwan) has a spectral response
of approximately 380-780 nm. The optical power meter was utilized for calibrating the
illumination intensity within the chamber. The digital multimeter was deployed to mea-
sure the output voltage and current generated by the photovoltaic microgenerator. The
photovoltaic microgenerator was set within the testing chamber, and the intensity of the
incident light source was regulated by manipulating the irradiance control knobs. The
optical power meter was employed to monitor the irradiance level of the incident light
source, whereas the digital multimeter recorded the output voltage and current of the
photovoltaic microgenerator.

To comprehend the performance differences between photovoltaic microgenerators
featuring etched and unetched silicon dioxide layers, tests were performed on both the
photovoltaic microgenerator with an unetched silicon dioxide layer and the one with
an etched silicon dioxide layer. Figure 6 illustrates the current-voltage curves of the
photovoltaic microgenerators with etched and unetched silicon dioxide layers. These
measurements were taken at room temperature with an incident light-source irradiance of
1000 W/m?.
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Figure 6. Current—voltage characteristics of photovoltaic microgenerators with etched and unetched
silicon dioxide layers.

As shown in Figure 6, the short-circuit current of the photovoltaic microgenerator with
an unetched silicon dioxide layer is 175 pA. In comparison, the photovoltaic microgenerator
with an etched silicon dioxide layer exhibits a 25% increase in short-circuit current. This
increase can be attributed to the fact that the incident light can directly illuminate the p-n
junctions without being obstructed or interfered with by the silicon dioxide layer in the
case of the photovoltaic microgenerator with an etched silicon dioxide layer. Consequently,
the short-circuit current of the photovoltaic microgenerator with an etched silicon dioxide
layer is enhanced. The influence of the silicon dioxide layer on light absorption in the
photovoltaic microgenerator is primarily related to the optical properties and surface
interactions. While SiO; itself is relatively transparent in the visible and near-infrared
regions due to its high bandgap, its presence can still impact light absorption in a few ways.
Firstly, the silicon dioxide layer can cause reflection and refraction of the incident light,
leading to losses in the overall light absorption. Additionally, any surface imperfections or
roughness induced by the silicon dioxide layer might contribute to scattering or diffraction
of the light, thereby reducing the efficiency of light capture by the photovoltaic material. It
is important to note that while SiO, may not directly absorb light, its presence can indirectly
influence the overall light absorption efficiency of the photovoltaic microgenerator through
these optical phenomena.

The measurement results from Figure 6 indicate that the performance of the photo-
voltaic microgenerator with the etched silicon dioxide layer surpasses that of the one with
an unetched silicon dioxide layer. Consequently, all subsequent tests were conducted using
the photovoltaic microgenerator with the etched silicon dioxide layer. Figure 7 illustrates
the voltage—current curves of the photovoltaic microgenerator measured at various irradi-
ance levels. These measurements were carried out at intervals of 200 W/m?, encompassing
irradiance levels ranging from 200 W/m? to 1000 W/m?2. As depicted in Figure 7, at an
irradiance of 200 W/m?, the open-circuit voltage is 0.49 V, accompanied by a short-circuit
current of 38 pA. With an increase in irradiance to 1000 W/m?, the open-circuit voltage
ascends to 0.53 V, while the short-circuit current reaches 233 pA.

Figure 8 illustrates the comparison between the simulated and measured open-circuit
voltages of the photovoltaic microgenerator. The simulated results are based on the open-
circuit voltage data obtained from the photovoltaic microgenerator under different irradi-
ance levels, as shown in Figure 2. On the other hand, the measured results are gathered
from the open-circuit voltage data recorded under varying irradiance levels, as depicted in
Figure 7. As depicted in Figure 8, at an irradiance of 200 W /m?, the simulated open-circuit
voltage is 0.51 V, while the measured open-circuit voltage is 0.49 V. When the irradiance
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increases to 1000 W/m?, the simulated open-circuit voltage is 0.55 V, and the measured
open-circuit voltage is 0.53 V. The comparison of simulated and measured open-circuit
voltages of the photovoltaic microgenerator reveals an error percentage of approximately
4%. Figure 9 displays the comparison between the simulated and measured short-circuit
currents of the photovoltaic microgenerator. The simulated results are derived from the
short-circuit current data of the photovoltaic microgenerator under different irradiance
levels, as depicted in Figure 2. Similarly, the measured results are acquired from the
short-circuit current data observed under varying irradiance levels, as shown in Figure 7.
As shown in Figure 9, the short-circuit current exhibits a proportional relationship with
light irradiance. With increasing irradiance, the short-circuit current demonstrates linear
growth. At an irradiance of 1000 W/ m?, the simulated short-circuit current is 248 pA,
while the measured short-circuit current is 233 pA. The comparison of simulated and mea-
sured short-circuit currents of the photovoltaic microgenerator reveals an error percentage
of approximately 6%. The difference between the simulated and experimental data in
Figures 8 and 9 may be attributed to factors including the material doping concentration,
manufacturing variations, and environmental influence.
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Figure 7. Measured voltage—current characteristics of the photovoltaic microgenerator.
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Figure 8. Open-circuit voltage of the photovoltaic microgenerator as a function of the irradiance.
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Figure 9. Short-circuit current of the photovoltaic microgenerator as a function of the irradiance.

By substituting in the measured current and voltage results of the photovoltaic mi-
crogenerator from Figure 7 into Equation (1), the calculated measured output power
of the photovoltaic microgenerator can be determined. These results are showcased in
Figure 10. As shown in Figure 10, at an irradiance level of 200 W/m? and an output voltage
of 0.42 V, the photovoltaic microgenerator reaches a peak output power of 11 uW. As the
irradiance level escalates to 1000 W/m?, the output voltage increases to 0.47 V, leading
to a maximum output power of 99 uW for the photovoltaic microgenerator. Figure 11
depicts the comparison between the simulated and measured maximum output power
of the photovoltaic microgenerator under different irradiances. The simulated results are
based on the maximum output power data obtained from the photovoltaic microgenerator
under different irradiance levels, as shown in Figure 3. On the other hand, the measured
results are gathered from the maximum output power data recorded under varying ir-
radiance levels, as depicted in Figure 10. The simulated outcomes depicted in Figure 11
show that at an irradiance level of 1000 W/m?, the simulated maximum output power
of the photovoltaic microgenerator is 109 uW. A comparison between the simulated and
measured maximum output power of the photovoltaic microgenerator reveals an error
percentage of 10%.

As shown in Figures 7 and 10, at an irradiance of 1000 W/m?, the photovoltaic
microgenerator has an open-circuit voltage of 0.53 V, a short-circuit current of 233 A, and
a maximum output power of 99 pW. By substituting these values into Equation (2), the
measured FF of the photovoltaic microgenerator is 0.8. As depicted in Figure 11, at an
irradiance of 1000 W/m?, the maximum output power of the photovoltaic microgenerator
is 99 pW. The area of the photovoltaic microgenerator is 0.79 mm?. By substituting these
values into Equation (3), the measured energy-conversion efficiency of the photovoltaic
microgenerator is 12.5%.

Table 1 summarizes the performance of various photovoltaic microgenerators. The
energy-conversion efficiencies of the photovoltaic microgenerators presented by
Sakai et al. [9], Arima et al. [10], Law et al. [12], Hung et al. [16], and Yan et al. [17]
are lower than 5%. Horiguchi et al. [13] achieved an energy-conversion efficiency of 7.5%,
while Hung et al. [14] achieved 15%. In this study, the energy-conversion efficiency is
12.5%. Compared to those photovoltaic microgenerators [9-18], the energy-conversion
efficiency in this study exceeds that of Sakai et al. [9], Arima et al. [10], Law et al. [12],
Horiguchi et al. [13], Hung et al. [15], Hung et al. [16], and Yan et al. [17].
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Figure 10. Measured output power of the photovoltaic microgenerator at varying voltages.
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Figure 11. Maximum output power of the photovoltaic microgenerator at different irradiance levels.

Table 1. Summary of performance for various photovoltaic microgenerators.

Authors Open-Circuit Short-Circuit Energy-Conversion
Voltage (V) Current Efficiency (%)

Sakai et al. [9] 0.821 5.1 mA 2.35
Arima et al. [10] 0.83 0.4 pA 2.6

Law et al. [12] 0.84 1.25nA 0.3
Horiguchi et al. [13] 1.3 6 LA 75
Hung et al. [14] 0.57 35mA 15
Hung et al. [15] 2.05 2.6 mA 11
Hung et al. [16] 0.5 11 uA 0.5

Yan et al. [17] 0.53 10.6 mA 4.45
Sichao et al. [18] 0.53 15.3 mA 5.45

This work 0.53 233 pA 12.5

5. Conclusions

The photovoltaic microgenerator has been successfully manufactured using the stan-
dard 0.18 um CMOS process, coupled with subsequent post-processing treatment. TCAD
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was employed to simulate the performance of the photovoltaic microgenerator. The simu-
lated outcomes revealed that, at a temperature of 25 °C and a wavelength of 600 nm, under
an incident light irradiance of 1000 W/m?, the photovoltaic microgenerator had an open-
circuit voltage of 0.55 V, a short-circuit current of 248 ©A, and a maximum output power
of 109 uW. Following the completion of the CMOS process, a wet-etching post-processing
step was implemented to eliminate the surface silicon dioxide layer of the photovoltaic
microgenerator. The incident light could directly illuminate the p—n junctions, thereby
enhancing the output current of the photovoltaic microgenerator. The experimental results
indicated that the photovoltaic microgenerator with the etched silicon dioxide layer exhib-
ited a higher short-circuit current—approximately 25% greater than that of the photovoltaic
microgenerator with the unetched silicon dioxide layer. Moreover, measurements demon-
strated that at an irradiance of 1000 W/m?, the photovoltaic microgenerator with the etched
silicon dioxide layer showcased an open-circuit voltage of 0.53 V, a short-circuit current of
233 uA, a maximum output power of 99 uW, a fill factor of 0.8, and an energy-conversion
efficiency of 12.5%.
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