Journal of Electronics and Informatics (ISSN: 2582-3825) Gotrony
www.irojournals.com/iroei/ @

Comparative Study of Piezoelectric MEMS

for Enhanced Biosensors

Dr. Dinesh Rajassekharan

Associate Professor, Faculty of Computer Science and Multimedia, Lincoln University college
Malaysia.

E-mail: diraja@lincoln.edu.my
Abstract

Piezoelectric MEMS (Micro-Electro-Mechanical Systems) refers to devices that
combine the principles of piezoelectricity with microfabrication techniques to create small-
scale mechanical systems with integrated electronic components. Piezoelectric
Microelectromechanical Systems (MEMS) for enhanced biosensors represent a sophisticated
integration of two key technologies: piezoelectric materials and MEMS fabrication techniques.
This combination results in highly sensitive, miniaturized devices that can detect and analyze
biological molecules with precision. Piezoelectric MEMS devices offer unique advantages
including high sensitivity, low power consumption, and miniaturization, making them ideal
candidates for cutting-edge biosensor development. This article provides a comparative study

of various Piezoelectric MEMS-based biosensors, highlighting their strengths and limitations.
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1. Introduction

In recent years, the field of biosensors has seen a significant advancement, with
researchers exploring innovative technologies to enhance detection capabilities. Biosensors, at
the intersection of biology and sensor technology, stand as transformative tools in modern
science and technology. These ingenious devices represent a fusion of biological recognition
elements with transducing technologies, enabling the real-time detection and quantification of

specific analytes. Over the years, biosensors have emerged as indispensable instruments in
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various domains, ranging from medical diagnostics and environmental monitoring to food

safety and biotechnology.

Biosensors use specific biological molecules like enzymes, antibodies, or nucleic acids
to detect and interact with target substances. They then convert this interaction into a
measurable signal using transducers. This process allows biosensors to quickly, sensitively,

and selectively analyze various applications.

Piezoelectric Microelectromechanical Systems (MEMS) combine microscale
engineering with the unique properties of piezoelectric materials. This combination has created
a transformative class of devices used in sensing, actuation, energy harvesting, and
communication. The core of Piezoelectric MEMS is the ability of certain materials to convert
mechanical stress into electrical charge and vice versa, enabling precise and efficient control

at the microscale.

The integration of piezoelectricity with MEMS technology has advanced sensor and
actuator design, resulting in innovations that go beyond the limits of traditional microsystems.
Piezoelectric MEMS leverage the intrinsic properties of materials such as quartz, zinc oxide,
and lead zirconate titanate (PZT) to enable precise mechanical actuation or sensing with
unparalleled sensitivity. This symbiotic relationship between piezoelectricity and microscale
engineering has given birth to a diverse array of applications, ranging from biomedical sensors
and resonators to energy-efficient microactuators. Piezoelectric MEMS devices offer unique
advantages, including high sensitivity, low power consumption, and miniaturization, making

them ideal candidates for cutting-edge biosensor development.

2. Related Work

The development of piezoelectric biosensors for pathogen detection has been explored,
though specific findings are not detailed in the search results [5]. A simulation-based study on
micro-cantilever-based piezoelectric MEMS biosensors for Chikungunya Virus (CHIKV)
detection highlights their potential for rapid and cost-effective viral detection [2]. Additionally,
typical reasons for failure in areas where acoustic devices are used are discussed, along with
numerous reliability tests carried out by businesses to evaluate equipment quality [6]. Research
presents a novel piezoelectric MEMS biosensor using a PZT-5A piezoelectric-based poly-
silicon cantilever for hepatitis virus detection [3]. Simulation-based piezoelectric MEMS
detection methods for the SARS virus are described as fast, portable, cost-effective, and
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requiring a small sample amount [4]. Finally, the use of PMUTSs in biosensing applications

demonstrates their potential for highly sensitive detection of biomolecules [7].

3. Evolution of Biosensors

A biosensor is a specialized analytical device that combines a biological component with

a physicochemical detector to convert a biological response into a measurable signal.
Essentially, biosensors are designed to detect and quantify specific biological or chemical

substances (analytes) by harnessing the unique interactions between biological molecules and

their target compounds. The biological component, often referred to as the bioreceptor, can be

enzymes, antibodies, nucleic acids, cells, or whole organisms.

Table 1. Key Developments in Biosensor

Time Period Developments in biosensor

1950s-1960s Introduction of enzyme-based electrodes, e.g., glucose

1970s Commercialization of glucose biosensor

1980s Advent of immunosensors, utilizing antibodies as
recognition elements, broadening the range of detectable
analytes.

1990s Microfabrication techniques enable miniaturization of
biosensors, introduction of MEMS technology.

2000s Integration of nanotechnology to enhance sensitivity and
immobilization of biological recognition elements.

2010s Rise of surface plasmon resonance (SPR) technology for
label-free and real-time monitoring.

2020s Emergence of wearable biosensors for continuous
monitoring increased focus on point-of-care testing

Ongoing Continued advancements in microfluidics, paper-based
sensors, and rapid detection technologies for broader
accessibility.

Table 1. provides a brief overview of key developments in biosensors across different

time periods. The evolution reflects advancements in technology, miniaturization, sensitivity,

and the expanding applications of biosensors in various fields.
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Figure 1. Functional Improvements in Biosensors [9]
Here, Figure 1 shows the functional areas of biosesnors of different years
4. Elements of Biosensors
Biosensors typically consist of several key elements that work together to detect and
quantify specific biological or chemical substances. The basic components of a biosensor
include:

Bioreceptor: The bioreceptor is a biological molecule or element that selectively
interacts with the target analyte. It recognizes and binds to the specific substance the biosensor
is designed to detect.

Examples: Enzymes, antibodies, aptamers, nucleic acids, cells, or whole organisms can
serve as bioreceptors.

Transducer: The transducer is a component that converts the biological response
resulting from the interaction between the bioreceptor and the target analyte into a measurable
signal.

Examples: Common types of transducers include electrodes (for electrochemical
biosensors), optical systems (for optical biosensors), piezoelectric devices (for piezoelectric
biosensors), and thermal sensors

Detector: The detector interprets the signal generated by the transducer and provides a
quantifiable output, such as an electrical current, optical signal, or change in resonance
frequency.

Examples: Detectors can be electronic devices, optical detectors, or any mechanism
capable of translating the transducer's signal into readable data.

Signal Processing System: In some biosensors, a signal processing system may be
incorporated to enhance the accuracy and reliability of the detected signal. It helps filter and

interpret the data to provide meaningful information.
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Examples: Signal amplification circuits, data processing algorithms, and
computational models can be part of the signal processing system.

Output Display: The output display presents the final result of the biosensor's analysis
in a user-friendly format. It could be a numerical value, a color change, or any visible indication
of the presence or concentration of the target analyte.

Examples: Digital displays, colorimetric changes, or other visual indicators are
common output displays.

Power Source: Biosensors may require a power source to operate. Depending on the
application and design, power can be supplied externally or generated internally (e.g., through
energy harvesting mechanisms).

Examples: Batteries, external power supplies, or energy harvesters such as solar cells

or piezoelectric materials.
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Figure 2. (a) Samples, (b) Biological Elements, (c) Transducers and (d) Electronic System
Figure 2 shows the Samples, Biological Elements, Transducers, and Electronic System
5. Role of Piezoelectricity in Sensing
Piezoelectricity plays a crucial role in sensing applications, particularly in the field of
sensor technology. Piezoelectric materials are substances that generate an electric charge in
response to mechanical stress or deformation. This unique property makes them valuable in
various sensing applications. Here are some key aspects of the role of piezoelectricity in

sensing.
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Table 2. Role of Piezoelectricity in Sensing

Sensing Description
Application
Pressure Utilizes piezoelectric materials to measure pressure by
Sensors converting mechanical pressure into electrical signals.

Accelerometers

Measures acceleration by converting mechanical force into
electrical signals, commonly used in inertial navigation
systems, automotive airbag deployment, and motion sensing

applications.

Strain Gauges

Measures deformation or strain in structures by converting

mechanical strain into electrical signals.

Vibration Detects vibrations in various systems by converting

Sensors mechanical vibrations into electrical signals, used in
machinery monitoring, structural health monitoring, and
earthquake detection.

Ultrasonic Utilizes piezoelectric transducers to generate and detect

Sensors ultrasonic waves for distance measurement, object detection,
and flow measurement applications.

Biomedical Used for monitoring biological signals such as heartbeat,

Sensors respiratory rate, and blood pressure by converting

mechanical signals from the body into electrical signals for

analysis and diagnosis.

Table 2. provides a concise overview of how piezoelectricity contributes to various
sensing applications across different industries and fields.
6. Contribution of Piezoelectric MEMS to Biosensing

Piezoelectric Microelectromechanical Systems (MEMS) have made significant
contributions to biosensing due to their unique ability to convert mechanical energy (such as
pressure or strain) into electrical signals. These devices are incredibly sensitive and can detect
even minute changes in the environment, making them ideal for various biosensing

applications.

283
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e High Sensitivity: Piezoelectric MEMS devices have high sensitivity, enabling the
detection of very small changes in mass, force, or pressure. This sensitivity is crucial in
biosensing applications where the target analytes might be present in low
concentrations.

e Label-Free Detection: Piezoelectric biosensors can detect biomolecules without the
need for labels or tags. This simplifies the sensing process and reduces the complexity
and cost of the assay.

e Real-Time Monitoring: Piezoelectric MEMS devices offer real-time monitoring
capabilities, allowing continuous tracking of biological processes and reactions. This is
particularly valuable in applications such as drug discovery, where researchers need to
observe the kinetics of biomolecular interactions.

e Miniaturization and Integration: MEMS technology enables the miniaturization of
biosensors, leading to the development of portable and wearable devices. These
compact sensors can be integrated into lab-on-a-chip systems, enabling point-of-care
diagnostics and remote health monitoring.

e Multiplexed Detection: Piezoelectric MEMS arrays can be used for multiplexed
detection, where multiple analytes can be detected simultaneously on a single chip. This
capability enhances the efficiency and throughput of bioanalytical assays.

e Biocompatibility: Piezoelectric materials commonly used in MEMS, such as lead
zirconate titanate (PZT) and zinc oxide (ZnO), are biocompatible and compatible with
biological samples. This ensures minimal interference with the biological molecules
being detected.

e Versatility: Piezoelectric MEMS devices can be tailored for a wide range of biosensing
applications, including DNA detection, protein analysis, cell-based assays, and
environmental monitoring. They can also be functionalized with specific recognition
elements (e.g., antibodies, aptamers) to target different analytes.

e Low Power Consumption: Many piezoelectric MEMS devices operate at low power,
making them suitable for portable and battery-powered applications, such as wearable

biosensors and point-of-care diagnostic devices.

ISSN: 2582-3825 284



Dinesh Rajassekharan

7. Applications of Piezoelectric MEMS in medical filed

Piezoelectric Micro-Electro-Mechanical Systems (MEMS) offer several medical
applications (Figure 3) due to their ability to convert mechanical energy into electrical signals

and vice versa, making them useful for sensing, actuation, and energy harvesting.

a. Ultrasound Imaging: Piezoelectric MEMS transducers are extensively used in
medical ultrasound imaging systems. They generate and receive ultrasonic waves,
enabling imaging of internal organs, tissues, and blood flow. MEMS-based ultrasound
probes can be miniaturized, enabling portable and handheld ultrasound devices for
point-of-care diagnostics and remote healthcare settings.

b. Drug Delivery Systems: Piezoelectric MEMS actuators can be employed in
microfluidic drug delivery systems. These systems allow for precise control over the
release of medications, enabling targeted drug delivery with high spatial and temporal
resolution. MEMS-based drug delivery systems can be implanted or wearable,
providing personalized and on-demand therapy for various medical conditions.

c. Implantable Medical Devices: Piezoelectric MEMS sensors and actuators can be
integrated into implantable medical devices for monitoring physiological parameters
and delivering therapeutic stimulation. Examples include cardiac pacemakers,
implantable glucose monitors, neurostimulators for treating Parkinson's disease and
chronic pain, and cochlear implants for hearing restoration.

d. Biomechanical Sensing and Monitoring: Piezoelectric MEMS sensors can be used
for monitoring biomechanical parameters such as pressure, force, and motion. They
find applications in wearable devices for health monitoring, sports performance
analysis, and rehabilitation. MEMS-based sensors can detect subtle changes in gait,
posture, and muscle activity, aiding in the diagnosis and management of

musculoskeletal disorders and neurological conditions.
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Figure 3. Various uses of Piezoelectric MEMS in Medical Field [10]
Intraocular Pressure Monitoring: Piezoelectric MEMS sensors are used for
intraocular pressure monitoring in patients with glaucoma. These sensors can be
implanted in the eye to continuously monitor intraocular pressure, helping to manage
the progression of the disease and prevent vision loss.

Diagnostic Tools: Piezoelectric MEMS-based biosensors are used for rapid and
sensitive detection of biomolecules such as proteins, nucleic acids, and pathogens. They
find applications in point-of-care diagnostics, disease screening, and monitoring of
infectious diseases. MEMS-based biosensors offer advantages such as high sensitivity,
low sample volume requirements, and rapid analysis times.

Surgical Tools and Navigation: Piezoelectric MEMS actuators can be integrated into
surgical tools for precise manipulation control during minimally invasive procedures.
They enable enhanced dexterity, precision, and feedback for surgeons, improving
surgical outcomes and reducing patient trauma. MEMS-based navigation systems aid
in intraoperative imaging, guidance, and localization of surgical instruments and
implants. Table 3 details various assay that could be performed employing piezoelectric
biosensors.

Table 3. Outlining Various Assays that can be Conducted using Piezoelectric

Biosensors

Assay Type Description

DNA Detection | Detection of specific DNA sequences through hybridization reactions,

useful in genetic testing and diagnostics.

Protein Identification and quantification of proteins, enabling applications in

Detection medical diagnostics and food safety.
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Enzyme Measurement of enzyme activity for drug discovery, environmental

Activity monitoring, and understanding biological processes.

Virus Detection | Identification and quantification of viruses in samples, crucial for disease

diagnosis and monitoring.

Bacterial Detection and quantification of bacterial species, important for food

Detection safety, clinical diagnostics, and environmental monitoring.

Cell Analysis Analysis of cell behavior, such as cell adhesion, proliferation, and

apoptosis, for drug screening and biomedical research.

Drug Screening | High-throughput screening of drugs and small molecules for

pharmaceutical research and development.

Pathogen Identification of pathogens such as fungi, parasites, and other

Detection microorganisms, relevant for disease diagnosis and public health.

8. Discussion
8.1 Advantages

Piezoelectric MEMS biosensors can detect minute changes in mass, viscosity, or
elasticity, resulting from biological interactions. This high sensitivity allows for the detection
of low concentrations of analytes, making them valuable for medical diagnostics and
environmental monitoring. These sensors offer real-time monitoring capabilities, enabling
continuous analysis of biological samples without the need for sample processing or labeling.
Real-time monitoring is critical for applications such as drug screening, where immediate
feedback is necessary. Piezoelectric MEMS biosensors can detect analytes without the need
for labeling molecules, reducing assay complexity and cost. Label-free detection also
minimizes the risk of interference from labeling molecules, improving the accuracy of
measurements. MEMS technology allows for the miniaturization of biosensors, enabling their
integration into portable devices and lab-on-a-chip systems. Miniaturization increases the
accessibility of biosensing technology and facilitates point-of-care testing in resource-limited
settings. Piezoelectric MEMS biosensors typically consume low power, making them suitable
for battery-operated or portable devices. Low power consumption extends the battery life of
devices and reduces operational costs, making them ideal for long-term monitoring

applications.
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These biosensors can detect a wide range of analyte concentrations, from picomolar to
micromolar levels, without compromising sensitivity or accuracy. This wide dynamic range
enhances their versatility and applicability across various fields, including medical diagnostics
and environmental monitoring. Piezoelectric MEMS biosensors can be designed with high
selectivity towards specific analytes, minimizing cross-reactivity with other molecules present
in complex samples. High selectivity ensures accurate detection and reduces the likelihood of
false-positive results. MEMS fabrication techniques allow for the mass production of
piezoelectric biosensors with high reproducibility and uniformity. This scalability and ease of
fabrication make these sensors cost-effective and suitable for large-scale deployment in

commercial applications.
8.2 Disadvantages

Piezoelectric MEMS biosensors may have limitations in detecting certain types of
analytes or molecules, particularly those with low molecular weight or complex structures. This
can restrict their applicability in some areas of research or diagnostics. Piezoelectric materials
are often sensitive to temperature variations, which can affect the accuracy and reliability of
measurements. Temperature fluctuations may lead to drift in sensor responses, requiring
additional calibration or compensation techniques. MEMS-based biosensors are susceptible to
mechanical noise from external sources such as vibrations or acoustic waves. This noise can
interfere with the sensor's operation and degrade its performance, particularly in environments
with high levels of mechanical activity. The signals generated by piezoelectric MEMS
biosensors can be complex and require sophisticated signal processing algorithms for
interpretation. This complexity adds to the overall system design and may require specialized

expertise for data analysis and interpretation.

Piezoelectric MEMS biosensors may exhibit reduced sensitivity at low frequencies,
limiting their ability to detect certain biological interactions or analytes that produce signals in
this frequency range. Some piezoelectric materials used in MEMS biosensors may exhibit
cross-sensitivity to environmental factors such as humidity or pH. This cross-sensitivity can
lead to false-positive or false-negative results if not properly accounted for during sensor
calibration and operation. Fabricating piezoelectric MEMS biosensors with high precision and
reproducibility can be challenging and may require advanced manufacturing techniques and
facilities. This can increase production costs and limit scalability for large-scale deployment.
Piezoelectric materials may degrade over time due to factors such as mechanical stress,
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temperature variations, or exposure to harsh chemicals. This degradation can reduce the
sensor's performance and operational lifespan, requiring periodic recalibration or replacement.
Like other biosensors, piezoelectric MEMS devices are susceptible to biofouling, where
biological molecules accumulate on the sensor surface and interfere with its performance.
Biofouling can lead to decreased sensitivity, increased noise, and drift in sensor responses,

necessitating regular cleaning or surface treatments.
8.3 Challenges

Biological samples are often complex matrices containing various molecules, ions, and
particulates. Ensuring accurate detection and analysis within such complex samples can be
challenging, as it requires robust sensor designs and signal processing techniques that can
differentiate between target analytes and interfering substances. To be effective in biological
applications, piezoelectric MEMS biosensors must be biocompatible to minimize adverse
effects on biological samples and ensure accurate detection without perturbing biological
processes. Achieving biocompatibility while maintaining sensor sensitivity and reliability

poses a significant challenge.

9, Conclusion

The comparative analysis of piezoelectric Microelectromechanical Systems (MEMS)
for enhanced biosensors reveals a promising landscape with remarkable potential for advancing
sensing technologies across various fields. Through their ability to convert mechanical energy
into electrical signals, piezoelectric MEMS biosensors offer unique advantages such as high
sensitivity, label-free detection, real-time monitoring, and miniaturization, making them
valuable tools for diverse applications ranging from medical diagnostics to environmental
monitoring. However, this analysis also underscores several challenges that must be addressed
to fully leverage the capabilities of piezoelectric MEMS biosensors. These challenges include
integrating complex biological samples, ensuring biocompatibility, optimizing signal-to-noise
ratio, balancing miniaturization with scalability, enhancing selectivity and specificity,
expanding dynamic range and sensitivity, ensuring stability and reliability, and addressing cost
and accessibility concerns. Overcoming these challenges will require concerted efforts from
interdisciplinary research teams to develop innovative sensor designs, fabrication techniques,
surface functionalization strategies, signal processing algorithms, and quality control measures.

Additionally, collaboration between academia, industry, and regulatory bodies will be essential
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to accelerate the translation of piezoelectric MEMS biosensors from the laboratory to
commercial applications. Despite the challenges, the continued advancements in piezoelectric
MEMS technology hold great promise for revolutionizing biosensing capabilities, enabling
early disease detection, personalized medicine, environmental monitoring, and beyond. By
addressing the identified challenges and harnessing the full potential of piezoelectric MEMS
biosensors, researchers can pave the way for a future where accurate, reliable, and affordable
biosensing solutions contribute to improved healthcare outcomes and environmental

sustainability.

10. Future scope

Future piezoelectric MEMS biosensors can be designed to detect multiple analytes
simultaneously, allowing for comprehensive analysis of complex biological samples.
Integration of multiplexing techniques with high-throughput screening capabilities will enable
rapid and cost-effective diagnosis of diseases and monitoring of biomarkers. Integration of
nanomaterials such as nanowires, nanoparticles, and graphene into piezoelectric MEMS
biosensors can enhance their sensitivity, selectivity, and stability. Nanotechnology offers
unique properties that can be exploited to improve sensor performance and enable detection of
biomolecules at ultra-low concentrations, paving the way for early disease detection and

personalized medicine.
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