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Abstract— The exponentially rise in technologies have
broadened the horizon of human life to exploit enhanced
systems and solutions to make precise, timely and optimal
decision. Undeniably, majority of the scientific contributions
intends to make human society and allied industrial activities
productive and efficient. The up-surging industrial development
and complex operating environments, especially chemical
industries, strategic warehouses or infrastructures where there
can be the presence of different gases in direct or indirect form,
demands a robust and efficient sensing solution to avoid any
unexpected hazardous. Considering the significance of a robust
and efficient gas sensing technology, in this manuscript the
predominant emphasis has been made on exploring different
technologies and allied mechanisms to perform gas sensing.
Being a survey paper, in this paper key gas sensing technologies,
including cantilever based Micro-Electro-Mechanical System
(MEMS) have been studied. Observing majority of the
researches, it can be found that cantilever MEMS can be the
potential solution for gas sensing and analytes identification in a
complex operating environment. However, the design, shape and
materials of the cantilever MEMS often decides efficacy to
perform sensing. This survey revealed that to achieve optimal
gas sensing solution, enhanced semiconductor cantilever design
with optimized shape, and materials can yield sensitive and
power efficient gas sensing solution. Considering the fact that
the shape and materials have the combined impact on overall
efficiency, certain machine learning approaches such as
Avrtificial Neural Network or even enhanced algorithms can be
considered. Obtaining an optimal solution with suitable
materials, shape and size of cantilever which can be stated to be
a NP-hard problem, machine learning or stochastic prediction
models can also be considered. Structurally, the optimal setup
with Piezo-resistive cantilever MEMS with optimal shape, size
and coating material can enable optimal gas sensing
performance of the micro-cantilever structure. Moreover, the
selection of coating materials can help achieving deflection
sensing or surface strain to perform flow rate assessment.

Keywords— Micro-Electro-Mechanical Sensor, Cantilever-
MEMS, Machine Learning, Gas sensor, Flow Rate Analyzer

I INTRODUCTION

The exponential rise of the toxic gases and chemicals
released by the wvarious field such as manufacturing
industries, transportation, production of numerous daily
commodities as medicine, cosmetics, hygiene and care
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products, and pharmaceuticals has a more impact on the
environment. Furthermore, such industrial progress had to
pay a high price on the quality of the environment in terms of
atmosphere, soil and water pollution, climate changes
induced by human activities, deforestation and contribution to
global warming. In addition, such operating environment
where even there can be the presence of human being,
detecting gas and its concentration is inevitable [1]. The
identification of gas (es), chemicals as well as volatile
organic components is inevitable in numerous applications.
Over the last decades, gas detection instrument have been
designed to monitor the working atmosphere of the various
toxic gases to assist different application areas such as safety,
medical diagnosis, pollutants detection and transportation
industries [1]. The qualitative and quantitative detection of
the gas mixture play a vital role in the field of environmental
protection, industrial control and poison gas alarm. To
overcome the above problem there is a necessity of
development of easy-to-use, portable, miniaturized, and
robust chemical micro-sensor arrays with distributed partial
specificity and the designed sensor should be capable of real
time, on line and continuous monitoring in a specific process.
Various physical and chemical principles are involved in the
qualitative and quantitative analysis of various toxic gases
detection [2]. In addition there are different types of gas
sensors used to identify the gases such as photo ionization
sensors [2-4], infra red sensors [5], fluorescent sensors [6-8],
metal oxide semiconductor [9], catalytic gas sensors [10] and
electrochemical gas sensors [11]. Among all these
electrochemical gas sensors is widely used approach [11].

The identification of different gas species with polluting
effects like carbon monoxide, hydrogen sulfide, nitrogen and
sulfur oxide and ozone is challenging task worldwide because
of their complex and destructive effects on the environment.
In addition, the low concentration values of these species are
involved with risk towards human health and damage to
ecosystem. The detection of such kind various gas species
and concentration can be achieved by using electrochemical
sensor because it needs significantly less power to operate. In
fact, the power consumption is also low for this sensor as
compared to all other available sensor for gas monitoring.
Therefore, the electrochemical sensors are widely employed
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in portable devices that contain multiple sensors. Also this is
the most popular sensor in space application [12]. There are
“Four S” requirements can be created and related with
chemical sensing namely, Sensitivity, Selectivity, Stability
and Speed of response. Recently, sensor technologies has
evolved significantly towards achieving high reproducibility,
robustness, simple structure and low electricity consumption
in detection of various gaseous species and concentration
over wide range of application [13]. Electrochemical gas
sensors are highly sensitive, low power consumption and
have good specificity towards target gases. Miniaturization
and direct linear output of current to gas concentrations are
the other advantages of the electrochemical gas sensors. The
sensitivity, accuracy and linearity of the electrochemical
sensors are independent of size. Moreover, the sensitivity
depends on the number of reactive sites of the electrode as
well as size of the gas inlet [12]. Electrical signals are
generated in response to the chemical reaction in
electrochemical sensors. In electrochemical sensors, the
reactions typically depend on the surface area of the
electrodes. Increasing surface area of the electrode provides
higher reaction sites often leads to the increasing size of the
sensor. To obtain a small size sensor with high electrode
surface area for electrochemical reaction it is necessary to
increase the surface area to volume ratio; however varying
the surface can have decisive impact on the overall detection
efficiency. To meet these criteria there is a need of nano-
porous structures that are becoming a popular in realizing a
high surface area with respect to the small size of the sensor.
MEMS technology has been identified to achieve most of the
ideal requirements to realize nano-porous structures because
the MEMS technology provides the accommodation of
scaling laws, for example advanced process technique like
Atomic Layer Deposition (ALD) is used to fabricate the
nano-porous structure [14].

In the last few years numerous research groups have
introduced the use of micro-sensor arrays in various
applications namely, metal oxide semiconductors,
electrochemical sensors, conducting polymers, quartz crystal
microbalance devices, field effect transistor devices and
hybrid sensor arrays characterized by different sensing
application [15]. Moreover the concept of multi-sensor array
has been developed with micro-cantilever transducers [16].
Micro-cantilevers are the most simplified device based on
MEMS technology. Recently, improved micro fabrication
technology and nanotechnology have been introduced to
develop the tiny structure sensors. Three decades ago
established an ultra precise position sensing with novel
imaging technique called atomic force microscopy to achieve
topography resolution on atomic scale. This can be obtained
by raster-scanning the surface using micro-fabricated
cantilever beam. Other than imaging the high force sensitivity
is used for the measurement of surface forces which occur
during the mechanism of molecule adsorption on surface of
the cantilever, thus enabling the cantilever to act as chemical
sensors. Cantilevers offer fast and reliable detection of gases
and small concentration of molecules in mixture of gas or
solution [17]. Moreover the researchers have been explored
the various different application of the micro-cantilevers in
the field of sensors. These sensors offer high sensitivity, low

cost, simple procedure, less analytes requirement, non
hazardous procedure and quick response with conventional
analytical techniques. In detection and identification of
complex chemical, micro-cantilevers are the best choice for
use in the large multi-sensor arrays because of its low cost,
smaller size and mass sensitivity. Different semi selective
detectors have been designed in chemical multi-sensor array
for the detection of large variety of chemical vapors. To
address this, researchers have coupled these multi-sensor
arrays with distributed selectivity’s towards different analytes
or classes of compounds with chemometrices and pattern
recognition techniques to interpret the complex sensor signals
and provide automated decision-making capabilities. The
array essentially recognizes the chemical fingerprint, which is
the chemical information of the sample or classes of samples
to be recognized. Sensitivity and selectivity are the important
characteristics in enhancing the overall performance of the
sensors. The distributed selectivity is achieved with respect to
material coating variation of cantilevers and similarly the
distributed sensitivity is obtained with respect to dimensions
variation of the cantilever structure like length, breadth and
thickness.

Nowadays, substance analytes are assuming extremely
fundamental part in all applications, particularly biomedical,
as in breath-gas monitoring where highly sensitive volatile
organic compounds (VOC) detection by chemical or gas
sensors enables new applications of human monitoring
system, industrial chemical hazard prevention etc,. Hence it is
important to distinguish the analyte species and
concentration. Many researchers utilized different material
coatings for the cantilevers for the individual identification of
analyte species and concentration in gas mixture [19-23]. The
different sensors developed so far for identification of
analytes species and concentrations are unstable in numerous
applications [23]. Therefore identification of different analyte
species and concentration in gas mixture is vital. It can be
achieved by integrating number of sensors in arrays and
combining the data from the sensor array, which can further
be processed with machine learning model to get optimal
design and allied performance. Pattern recognition is the
technique used to solve the problems like classification
encountered in the physical and engineering sciences.
Recently, gas sensors are developed for the identification or
classification of gases and gas mixtures or odors employing
gas sensor arrays through pattern recognition technology [18]
to achieve high selectivity in identification of target gases.
(Introduction)Moreover, pattern recognition algorithms have
become wvery critical component towards successful
establishment of chemical sensor arrays because no single
pattern recognition algorithm can meet each of the
requirements. To design chemical sensor array, many
researchers applied pattern recognition techniques basis on
either linear discriminant analysis [19-21], principal
component analysis [22, 23] or Artificial Neural Networks
(ANN) [24]. Poorly chosen or designed pattern recognition
algorithm leads to the lower reliability and an increase
number of false alarms therefore the choice of the pattern
recognition algorithm is very critical in the application of
chemical sensor array. Moreover, the identification of
chemically similar species is difficult with poor choice of
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pattern recognition algorithm. The establishment of these
coupling sensors structure is straightforward in the controlled
environment of the laboratory because here major
interference are controlled or known, but additional
challenges are required in the field measurements in order to
detect and identify the target analytes with high
concentrations of interfering species. The application of
chemical sensor system with pattern recognition technique
has unique set of requirements and consists of fast
classification accuracy, simple training method and low
memory requirements, also robust to outliers and
measurement of the classification of uncertainty [25]. Among
all the pattern recognition techniques, ANN based approach
is best choice for the detection and identification of the
complex data because it produce the more accurate
classification [26]. ANN is obtained from numerous
simulated neurons which are connected same way as the
human brain’s neurons therefore it has a capable of learning
in a similar manner as humans [27]. ANN’s consist of highly
interconnected group of neurons that process information in
parallel. Considering the significance of a robust gas sensor
design using MEMS technologies, in these survey paper
different approaches developed so far with their efficacy and
limitations are discussed. Realizing the robustness of
cantilever MEMS model for gas sensing solution, different
design artifacts and allied constructs are discussed in this
paper. This discussion can help achieving an optimal
cantilever MEMS design for gas sensing and analytes
assessment.

The remaining sections of the presented manuscript are as
follows. Section Il discusses the related works pertaining to
MEMS based gas sensor, cantilever MEMS designs for
sensing purposes, etc. The overall conclusion and inferences
are presented in Section Ill. References used in this
manuscript are given at the end of the manuscript.

Il.  RELATED WORK

This section primarily discusses some of the key
literatures pertaining to fabrication of MEMS based
electrochemical gas sensor for the identification of analytes
species and concentration.

authors [28] designed a MEMS infrared spectrometer to
classify gases with infrared absorption spectroscopy. Authors
found that their approach is simple and even offers
identification of nonreactive molecules like CO2. Authors
[15] applied thermoelectric MEMS sensors to detect and
identify gas mixtures like CH4, C2H6, N2 and CO2 with T-
Multivariate data analysis technique. This approach was
found low cost solution to detect natural gases at different
temperature. A similar effort was made in [29], where to
identify mixed gases along with natural gas, ethanol and
butane, machine leaning model named Artificial Neural
Network (ANN) was applied. Noticeably, ANN pattern
recognition technique was applied to perform classification in
conjunction with the micro-cantilever array gas sensor, where
each micro-cantilever surface was fabricated with different
material sensing layers. Author [30] developed a MEMS
based cantilever type micro-heater array using four distinct

isolated micro-heaters on single die for volatile and toxic gas
detection. Similar to [29], to identify the individual gas and
concentration in gas mixture author [21] uses ANN pattern
recognition technique to develop an integrated micro-
machined gas sensor array which uses various organic
sensitive films namely SnO2, TiO2, ZnO.

Authors in [31] focused on the performing qualitative and
quantitative method based target analyte detection in the gas
mixture. To achieve it, authors applied two key parameters
such as localization degree Xk and norm of normalized eigen
mode shifts |Au| and derived a new method for identification
of two different analytes with coupled three-cantilever array.
In [32] a cantilever-based bio-chemical sensor was developed
for simultaneous detection and analysis of two samples. Here,
sensor implemented in conjunction with the micro liquid
handling system. In addition, surface stress sensor was
designed in such manner that it employs piezo-resistive
cantilever and sensor fabrication which was obtained by
means of conventional fabrication and cantilever offer piezo-
resistive readout method. Authors [33] designed a
spectrometric sensor based on MEMS to be used for
measuring dissolved CO2 concentration by means of an
analyzer using CO2 (aq) calibration samples obtained from
various NaHCO3 concentrations in solution. Unfortunately,
authors failed to address the concentration of different
components. Considering this fact, authors [34] proposed
chemical sensors based on cantilever array, which was
armored with ANN algorithm for analysis of multiplexed
response of the cantilever array with synthetic responsive
phases. This approach offered identification of individual
analytes and binary mixture. In addition, it enabled
identification of the concentration of individual components
in a mixture. To achieve detection of gas vapor and linear
response to concentration levels authors [20] applied
micromachining technology by means of conductive
polymer-carbon black composite films. Authors applied the
film structure to be used for a miniature polymer-based
chemical gas sensor array developed on silicon substrate. To
identify various gasses including H2, NH3 and C2H50H at
low concentration author [35] proposed a MEMS gas sensor
with gas detection circuit which was especially designed
using CMOS technology to offer wide measurement range
and high resolution. Author [1] designed and fabricated
MEMS Resettable Circuit Breaker, where cantilever material
was selected as SOl wafer device silicon layer, while heater
material employed platinum. For bonding trace and
electrostatic electrodes chrome gold was taken into
consideration. However, authors failed to address the
electrostatic actuation and steady performance.

Observing the above stated discussions, it can be found
that cantilever MEMS solutions can be of utmost significance
towards gas sensor development. However, the design,
material, and shape of the cantilever has direct impact on it
efficacy. Considering this fact, the following section
discusses some of the key literatures pertaining to Cantilever
MEMS design for gas sensing purposes.

To enable ultrathin, low stress and ultra high sensitivity
authors [23] applied Merged Epitaxial Lateral Overgrowth
(MELO) of Silicon and Chemical-Mechanical Polishing
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(CMP) to design a new method for surface micro-machined
thin single-crystal silicon cantilever beam. In [36], authors
developed a MEMS cantilever on SOS with fabrication tools.
Optical attenuation demonstration was achieved with the
physical micromachining and UV laser direct writing by
actuating the cantilevers, where optical waveguide presented
in each cantilever. To achieve device self-actuation with low
driving voltage, device self-sensing with low power
consumption and to harvest energy in the field of wireless
sensor network (WSNSs), authors [9] proposed a piezoelectric
MEMS device with incorporation of Piezoelectric Lead
Zircontetitanate (PZT) thin films. To obtain low power SPM
(Scanning Probe Microscopy) data storage system, authors
[24] used integrated heater and piezoelectric sensors with
silicon cantilever to design a Micro cantilever to achieve read
back signal with grating of 30 nm depth. Unlike classical
machine learning or pattern analysis based detection, authors
[5] applied evolutionary computing algorithm named Genetic
Algorithm (GA) to augment performance of MEMS
unimorph piezoelectric harvesters. Moreover, to achieve high
voltage efficiency authors [5] applied an automated design
and optimization concept that enabled higher conversion
efficiency T-shaped unimorph MEMS harvester. For the low
power consumption application such as bistable switching
relay author [37] proposed a bistable MEMS from
torsion/cantilever beam system. The detail study of array
design considerations of the MEMS vibration energy
harvester basis on cantilever structure is developed by the
authors [38] to achieve high energy and to reduce the size of
the cantilever with three different design of wideband
cantilever based structure MVEH

To enhance sensitivity, authors [22] proposed a high
sensitivity rectangular piezo-resistive cantilever model with
monolithic integration applying CMOS circuits that
eventually augmented the response signal of piezo-resistive
cantilever. Eventually, authors achieved the enhancement in
the displacement sensitivity of the piezo-resistive cantilever
by measuring the cantilever sensitivity. In [19] a trace gas
detection sensor was developed by applying thermal driving
and piezo-resistive sensing MEMS cantilever resonator,
which was analyzed using Finite Element Analysis (FEA) to
get optimal configuration of the resonator to be more
effective towards sensitivity and efficiency. This model was
found efficient in achieving temperature uniformity. To
enhance sensitivity, authors [39] used integrated electro-
thermal nano-lip and piezo-resistive sensor to propose the
micro cantilever-lip silicon probe-array for MEMS high-
density data storage. Similarly, to enhance the sensitivity of
fluid speed authors [40] proposed MEMS based cantilever
flow sensor which was used to identify the surface strain on
cantilever that often occurs due to mass flow. In their
proposed model [40], authors used INTELLISUITE software
as FEA tool to analyze the operating mechanism of strain
beam in flow sensor. Unlike conventional sensor design, to
detect humidity and temperature authors [41] applied Cu and
polysilicon as sensing material to design MEMS cantilever.
Similarly ~ considering the application areas like
environmental monitoring, electronics, agriculture and
biomedical field authors [42] developed a humidity sensor
based on MEMS cantilever applying T shaped micro

cantilever having various sensing materials namely Al203,
Porous Silicon and Poly Silicon. Authors applied
INTELLISUITE Ver. 8.7 for FEA. To enhance the sensitivity
of the picogram order mass sensing authors [43] developed a
mode-localized cantilever array model by assessing
sensitivities of various cantilever structures. To achieve high
sensitivity authors [44] developed a diversified micro-
cantilever structure using micro-bending measurements
techniques. Authors made use of a simple optical IR
emitter/receiver array and point of contact approach to design
sensor. Similarly by applying the process of in-house surface
micromachining with structure of amorphous silicon
sacrificial layer authors [6] fabricated a new Radio Frequency
(RF) MEMS structure on quartz wafer to facilitate minimum
temperature dependent permanent deformation.

Authors [45] used loading/force effect to implement Half
Cut Stress Concentration (HCSC) region on MEMS piezo-
resistive cantilever surface with increase in stress on the
cantilever surface. To achieve better resonance frequency for
multiple mass sensing authors [46] developed a cantilever
based MEMS by applying different cantilevers in an array
setup with monolithic integration using CMOS technique.
Applying the surface profiler and laser vibrometer authors
[47] developed an optical workstation with static and
dynamic tests to characterize fabricated devices with the
piezo and electrostatic actuation. Considering the need to
address response time authors [48] proposed a U-shaped and
rectangular piezo-resistive cantilever array by using silicon
micromachining technology. Authors applied piezo-resistive
material using single crystalline silicon. Similar effort was
made in [49] where authors proposed an array based
autonomous instrument comprising 8 MEMS micro
cantilevers.

As discussed in above literatures, a significant effort has
been made towards employing semiconductor materials for
cantilever MEMS design, however in practice during the
phenomena of measuring the gas mixture the semiconductor
gas sensors suffer from the cross sensitivity. To alleviate such
issue authors [50] focused proposed a detection system using
LabVIEW. They designed MEMS sensor array comprising
four array MEMS gas sensor to enhance response of gas
detection along with better sensitivity. Author [11] proposed
a method to detect the single nucleotide polymorphisms
(SNPs) with MEMS. They targeted on mitigating the fluidic
control operation with single-chamber micro-fluidic device
comprising polymerase chain reaction (PCR) and single base
extension (SBE) on micro-beads. In [51] a new wafer-scale
micromachining technology with 3-D cantilever array was
developed by applying micromachining technology of metal
film. This method employed vertically Si metal laminated
structure that operates at in-plane mode and thus facilitates
easy-to-package, non-stiction and compact. Considering the
method  of  thermo-anemometric  and  calorimetric
measurement, authors [52] presented an experimental
analysis of thermal MEMS sensor with the help of gas flow
velocity sensor. The designed sensors performed signal
processing in conjunction with an analog circuit model.
Authors [53] applied card’s second law of energy as well as
Hook’s law to obtain the elasticity coefficient of the
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cantilever to obtain a closed X-type MEMS cantilever model.
In [54] focus was made on detailed study of two types of
cantilever beam with different characteristics by varying
Silicon, Silicon dioxide and polysilicon materials. Varying
above stated materials, authors analyzed the natural resonant
frequencies or eigen frequencies of the beams with different
beam thickness.

In [55] four different structures of flow sensors namely
the rectangular membrane cantilever beam array structure, the
trapezoidal membrane cantilever beam array structure, the
inverted trapezoidal membrane cantilever beam array
structure and the triangular membrane cantilever beam array
structure were developed. Authors [55] found that the
inverted trapezoidal membrane cantilever beam array
structure is the best that in conjunction with a MEMS-based
flow sensor can be vital for gas identification. However this
approach is highly expensive. In [56], authors applied single
magnetic actuator and a single photo detector for concurrent
detection to develop Parallel readout of a micro-cantilever
array to estimate thermal resonance peaks of inherently
frequency-multiplexed MEMS cantilevers. Applying Grated
Waveguide (GWG) authors [57] designed an optical read-out
model to assess micro-cantilever sensor arrays and their
performance. Authors performed optical system analysis with
Fabry-Perot interferometer; where they found a lossy cavity
in between cantilever and GWG. The formation of resonant
cavity was done by placing a diffraction grating in Si
waveguide below a cantilever arm which as a result enabled
noise reduction on an optical signal. Authors [58] used
optical read-out technology to propose a micro-machined
cantilever sensor array. To reduce stress gradient in cantilever
beam, authors [1] designed Ni-Fe freestanding micro-
cantilever structure that enabled implementation of perm
alloy cantilever structure in magnetically actuated MEMS
switches. ANN based structural optimization effort was made
in [59], where authors used ANN for MEMS diagnosis and
BLACK-box modeling of non electronic part without using
concurrent algorithm and parallel computation. In addition,
ANN was applied to design a lumped model of capacitive
transducer to be used for sensing. In [60], authors developed
an Efficient Reliability-Based Design Optimization for
MEMS using Sigma-Point concept which offer the output
variance calculation in accurate.

Authors [61] developed a large silicon cantilever structure
of 30mmx30mmx8mm dimension to detect resonances.
Additionally, they exploited the benefits of the localized
thermal expansion in piezo-resistors placed near the
cantilever to obtain temperature gradient to be used for
actuating the cantilever at its resonance frequency. Authors
recommended the deflection sensing of the cantilever by
applying piezo-resistors. Authors [62] designed cantilever
MEMS with gold which is capacitively coupled to microstrip
lines for mechanical trimming of high-frequency oscillator
circuits to get higher sensitivity. Similarly a micromechanical
membrane switches was developed in [63], where authors
applied cantilever model with silicon. Authors stated that the
cantilever model should have filled gap between silicon
transistor and mechanical electromagnetic relays. In [64],
authors introduced the nerve agent detectors with cantilever

model. They [64] applied a hygroscopic material like
phosphoric acid or gelatin to coat the cantilever surfaces that
enabled sensing of the water vapor with pictogram mass
resolution. Noticeably, authors applied beam deflection
technique with modified AFM electrons to estimate the
deflection of the individual cantilevers.

In practice, the response of single cantilever sensor suffers
from thermal drifts or unspecific adsorption. To overcome
this problem cantilever array including reference cantilevers
can be taken into consideration. Considering it as motive,
authors [65] reported the first use of cantilever array. The use
of micro-fabricated cantilever as a sensor for AFM has
become more frequent [66]. In [67], authors designed piezo-
resistive deflection readout approach by developing the
cantilever with thin film of Zinc oxide. Authors found their
model effective for the optical beam deflection readout.
Realizing the fact that the nanogram changes in mass loading
often takes place when small particles are deposited onto
AFM probe tips, authors [68] developed a model to track
cantilever resonance frequency to retain better performance.
In [69] authors reported that the static bending and resonance
frequency of micro-cantilevers can be significantly
influenced by ambient condition of moisture adsorption. In
addition, the deflection of cantilever can also be influenced
by thermal effect. Considering these facts, to identify the
chemical reaction with high sensitivity authors [70]
developed a static cantilever bending method. A significant
research by [71] reported that the resonance frequency can
change due to adsorption of analyte vapor on exposed
surfaces. In addition, the frequency can also vary due to the
mass loading and adsorption-induced changes in cantilever
spring constant.

Author [72] made use of the cantilever structure to
analyze the adsorbate-induced surface stress. In [73] gold
cantilever was designed where it was found that the induced
surface stress occurs due to adsorption of alkanethiols. The
high affinity leads to fast bending response within minutes.
The dynamic mode analogy to the technique of non contact of
AFM was described in [68] where authors recommended
cantilever to be oscillated at its resonance frequency. Tiny
tungsten particle spheres were mounted at the cantilever apex
to estimate mass changes from shifts at the cantilever
resonance frequency. Typically, in addition to the adsorption
effect, thermal effect too produces the cantilever bending.
The heat generated on the surface of the metal coated
cantilever often causes bending. This bending phenomenon is
called bimetallic effect. In this relation, authors [70] took
advantage of this effect to introduce the heat mode to develop
miniaturized calorimeter offer pico-joule sensitivity. The
operating modes relies on the physical effects like heat
generation from the absorption of light by materials deposited
on the surface of the cantilever [63] or bending of cantilever
with respect to electric or magnetic forces. The sensitivity of
the cantilever heat mode is higher than that of traditional
calorimetric approaches performed on milligram samples.
The cantilever heat mode uses nano-gram amounts of sample
to offer nano-joule [74], pico-joule [75], and femto-joule [76]
sensitivity.
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Recent researches [77] found that diamond can be a
potential alternative for the development of resonant micro-
cantilever  because of its  robustness,  hardness,
biocompatibility and exceptional mechanical and thermal
properties. Authors in [77] proposed resonant sensor with
polycrystalline diamond where the high elasticity modulus (in
the order of 103 GPa) enabled it to be used for flow analyzer.
In later researches, [78] it was found that diamond is suitable
for stable grafting of a wide range of bio-receptor with
covalent C-C bonding because of its carbon nature; however
the calibrated design and coating is must to be used as sensor.
There are different types of coating material used to augment
the chemical sensitivity of the cantilever. Silicon micro-
cantilevers can be used as a chemical sensor because their
surface acquires high affinity towards target analyte [79]. It is
necessary to apply metal coating layers to enable surfaces as
biological or synthetic receptors [79][80]. Such cantilevers
can be used to identify the gases like hydrogen and mercury
with palladium and gold coatings, correspondingly [81][82].
To enhance the sensitivity of the cantilever, authors [83]
designed a micro cantilever with silicon and diamond based
on MEMS technology. To enhance the sensitivity, response
time and velocity measurement time, recently authors [84]
recommended using the MEMS technology to deposit
platinum layer onto silicon nitride layer which can achieve
better piezo-resistor to be used as micro-scale air flow sensor.
Authors [84] applied free-standing cantilever structure to be
used for air-flow sensor.

In [88][89] authors applied four methods including film
deposition, photolithography, etching and doping for the
micro-fabrication of silicon based cantilevers. In addition,
authors designed a combined model using these approaches
together to achieve multiple cantilever chips with desired
shape and mechanical properties. Authors [90][91] fabricated
a polished mono-crystalline wafer of Silicon on Insulator
(SOI) to be used for cantilever design. In [92], authors
proposed SOI wafer comprising thick bottom layer with
single crystal silicon, middle layer with silicon oxide and top
layer with single crystal silicon or silicon nitride. Authors
[90-92] found that the SOI wafer can be significant in the
fabrication process. They proposed oxide layer acting as an
etch stop while the thin top layer of single crystal silicon (or
silicon nitride) was applied as material for the actual
cantilever design. It reveals that it is must to reduce defects in
thin-top layers to get higher sensitivity. The shape of the
cantilever too has impact or relation with the overall
performance, especially towards gas and chemical detection
[85]. With this motive, to enhance the sensitivity authors [85]
applied the square pads at the end of the cantilever beams that
enabled the measured capacitance proportional to the surface
area of the parallel plates. Rectangular, paddle and T-shaped
cantilevers are common in the field of optical detection. The
surface-stress induced curvature is not uniform in all cases.
This is because the cantilever beam is clamped on one end
that forces beam to twist [86]. Realizing this issue, authors
[87] developed “T” shaped cantilever design that enables the
major part of the beam to be mechanically decoupled from
the twist-inducing stress at the clamped end. The fabrication
of micro-cantilever can also be achieved by applying polymer
possessing readily tailorable mechanical and chemical

properties. Modified stiffness of silicon can also be achieved
to design cantilever by changing the geometry or applied
rigid coating at the surface. Since, stiffness of the polymeric
cantilevers employs merely a change in material and
therefore different properties can be obtained with same
geometry of cantilever. The polymer based cantilever can
significantly reduce the manufacturing cost as well as the
apparatus dimensions used for the detection [93]. The
materials applied for the polymer based cantilevers span a
wide range of thermisters, thermoplastics and polymeric
composites. In [91], authors recommended using polymer
composites comprising silver nanoparticles and SU-8 while
in [95] the carbon nanotubes, poly (m-phenylenevinylene-
CO-2, 5-dioctoxy-p-phenylenevinylene) and many other
combinations were reported to be used for cantilever design.
Authors [96-98] suggested using a SU-8 cantilevers with
arrays for optical layer and piezo-resistive [99][100]
detection. Authors [96] compared the deflection of silicon
nitride cantilevers to SU-8 cantilevers with similar
dimensions.

Thin-film coating has always been found potential to
increase sensitivity. The deposition of thin film on to the
wafer was achieved by the spin coating for the formation of
polymer thin film where authors recommended using either
Chemical vapor deposition (CVD) or physical vapor
deposition (PVD) and electroplating [93]. Authors [88][89]
used the CVD to deposit silicon oxide and silicon nitride
layers as insulation, masks and etch stop in cantilever design.
Authors applied gaseous reactants in CVD into the vacuum
chamber with heated wafer substrate and thus the CVD films
formed varies in thickness from 20-1500 nm depending upon
deposited material [88]. Additionally, authors [88] introduced
the PVD methods such as sputtering and evaporation for
metals deposition on cantilever electrodes. In this PVD
process a thin film accumulated the substrate from a heated
reservoir of material in a linear alignment. Also metal
deposition was performed by means of electroplating. Metals
were used as reflective surfaces, electrode material, electronic
interconnects, thermistors, and chemically reactive binding
sites (because alkanethiols covalently bind to gold).

Researchers [101] found that the Pd-coated cantilever
sensor can be efficient to detect hydrogen. Authors [101]
proposed cantilever design to report bulk adsorption of
hydrogen into palladium with differential stress formation
which leads film expansion. Cantilever bending relies on the
thickness of Pd film and is reversible. In addition, its
magnitude is proportional to hydrogen partial pressure.
Authors [102] designed a MEMS based hydrogen sensor with
an array of 10 micro-machined cantilever beams. Authors
[102] performed deflection estimation with capacitive
approach, where the sensitive coating comprises 90% Pd and
10% Ni. Their proposed model was found effective to detect
concentrations of 0.4 % hydrogen. Similar to [101], authors
in [103] proposed a micro-cantilevers sensor coated with Pd
for hydrogen detection and found that the shape and surface
roughness of the cantilever has vital impact on overall
sensitivity. Additionally, they found that the surface stress
response depends strongly on the hydrogen dissociation into
the bulk of the Pd layer. Similarly, authors [104] developed
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resonating cantilever sensors to determine the hydrogen
storage Capacity of Carbon Nano-tubes (CNT). Authors
found that the storage capacity of 6% and the mass resolution
of the order attogram. Similarly, to detect Freon with
concentration of 10 ppm authors [105] developed a self
excited piezoelectric micro-cantilevers using MFI zeolites
layer. Authors [106] proposed a SiO2 coated Si3N4 micro-
cantilever to detect HF, a decomposition product of nerve
agents. Detection of HF on the basis of etching of SiO2 was
obtained in the range from 0.26 to 13 PPM.

To detect carbon monoxide authors in [107] developed a
piezo-resistive cantilever with nickel-containing polyethylene
oxide (PEO) layer. Authors [108] developed a piezo-resistive
micro-cantilever sensor to detect Hydrogen Cyanide (HCN)
with the concentration of 150 PPM. HCN was obtained by
reacting KCN with sulfuric acid. Similarly, authors [109]
developed a NEMS piezo-resistive cantilever to assess the
behavior and response on the basis of the different types of
material coatings and analytes. Authors used combination of
materials coating like poly-vinyalpyridine and 6-
mercaptonicotinic acid in conjunction with the different
analytes like ethanol and Acetaldehyde. Authors concluded
that ethanol with permeable 6-mercaptonicotinic acid (6-
MNA) nano-cantilever gives better resistance. In [110]
authors proposed U-shaped and rectangular MEMS based
triple coupled cantilevers. Applying COMSOL Multi-physics
and U-shaped MEMS cantilever of 100um x 20um x 2um
produces high displacement and better thermal response in

comparison to the rectangular MEMS cantilever. In [111]
authors designed different kinds of MEMS based micro-
cantilevers shapes and assessed their impact on sensing
sensitivity using ANSYS software. Authors found that the
trapezoidal design micro-cantilever can have significant
sensing advantages in comparison to the other remaining
micro-cantilever shape. A snippet of the different researches
made and their methodological paradigm and goals are
depicted in Table I.

TABLE- | DIFFERENT RESEARCHES AND ASSOCIATED METHODOLOGICAL PARADIGMS

Author Proposed system Technology Materials used Target gases purpose
Ying et al [19] Thermal driving and | Finite Element enhancement in sensitivity and efficiency
piezoresistive sensing | Analysis (FEA) and provide temperature uniformity
MEMS cantilever
Zee et al [20] Miniature  polymer- | micromachining polymer-carbon unique detection of gas vapor
based chemical gas | technology black composite
Sensor array films
El-Din et al [21] Integrated micro- | ANN pattern | SnO,, TiO,, ZnO or Identification of individual gas and
machined gas sensor | recognition organic  sensitive concentration in gas mixture
array technique films
Yu et al [22] Rectangular High sensitivity
piezoresistive
cantilever
Gupta etal [23] micro-machined thin | chemical- silicon ultrathin, low stress and ultra high
single-crystal silicon | mechanical sensitivity
cantilever beams polishing (CMP)
Pan et al [29] micro-cantilever array | ANN pattern natural  gas,
gas sensor recognition ethanol  and
technique butane
Ghosh et al [30] MEMS based | MEMS technology volatile  and | Ghosh et al [30]
cantilever type micro- | and uses 4 toxic gas
heater array individual isolated
microheater.
Thaysen et al [32] cantilever-based bio- | Surface stress Simultaneous detection and analysis of two
chemical sensor sensor uses samples
piezoresistive
cantilever and Cantilever offer piezoeresistive readout
conventional rather than optical readout
fabrication is used
Smith et al [36] MEMS cantilever on | physical silicon
SOS micromachining
and UV laser direct
writing
Kalaiyazhagan et al MEMS cantilever INTELLISUITE Cu and polysilicon high sensitivity
[41] tool
measurement of humidity and temperature
Nallathambietal [42] | T  shaped  micro | INTELLISUITE Al,O5, Porous Hymidity measurement
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cantilever

version 8.7 with

Silicon and Poly
Silicon

Xiaomei et al [48] U-shaped and
rectangular
piezoresistive

cantilever array

silicon
micromachining
technology

single
silicon

crystalline

Enhancement in Response time

Ting et al [50] non line detection
system

LabVIEW and
MEMS technology

enhancement in response of gas detection
with cross sensitivity

Tian et al [55] Designed four types
of cantilevr namely,
rectangular,

trapezoidal, inverted
trapezoidal and
triangular membrane

cantilever

MEMS technology

Inverted trapezoidal is the best choice for
detection

Wilfinger et al [61] Piezoresistors
cantilever of 30mm x

30mm x 8mm

Focus on resonance frequency

Heng et al [62] cantilever

gold

for mechanical trimming of high-frequency
oscillator circuits

Kolesar et al [64] nerve agent detectors
with cantilever

structure

Beam  deflection
technique and
AFM electrons are
used

phosphoric acid or
gelatin

Itoh et al [67] Piezoresistive zinc oxide Also applied for the optical beam deflection
cantilever with readout
deflection readout
approach
Berger et al [73] cantilever gold alkanethiols reported the induced surface stress due to
high affinity
Cleveland et al [68] cantilever AFM technology tungsten to determine mass changes from shifts in the
cantilever resonance frequency
Possas et al [77] resonant sensor polycrystalline robustness, hardness, biocompatibility and
diamond exceptional  mechanical and  thermal
properties
[79, 80] Micro cantilevers MEMS Silicon Gas identification
Technology
Thundat et al [81] Micro cantilevers MEMS palladium Hydrogen Gas identification
Technology
Baselt et al [82] Micro cantilevers MEMS gold Mercury Gas identification
Technology
Maira et al [83] micro cantilever MEMS silicon and diamond To enhance sensitivity
Technology
Wang et al [84] Piezoresistor MEMS technology | platinum layer onto To enhance sensitivity, response time and
cantilever structure silicon nitride layer velocity measurement time
[90][ 91] multiple  cantilever | Micro fabrication silicon or silicon on
chips insulator (SOI)
Jenkins et al [92] SOI wafer MEMS technology | thick bottom layer
with single crystal
silicon, middle layer
with silicon oxide
and top layer with
single crystal
silicon or silicon
nitride
Hierlemann et al [88] | cantilever CVvD silicon oxide and
silicon nitride
Hierlemann et al [88] | cantilever PVD gold alkanethiols
Hu Z et al [101] cantilever palladium hydrogen reported bulk adsorption with differential
stress formation which leads to film
expansion
Balselt et al [102] array of 10 | MEMS technology | 90% Pd and 10% Ni | Hydrogen detect concentrations of 0.4 % hydrogen
micromachined
cantilever beams.
Fabre et al [103] microcantilevers MEMS technology Pd hydrogen Reported that surface stress response
sensor depends strongly on the hydrogen
dissociation into the bulk of the Pd layer
Zhou et al [105] self excited MFI zeolites layer Freon concentration of 10 ppm
piezoelectric
microcantilevers
Mertens et al [106] SisN4 micro-cantilever SiO; HF Identification range varies from 0.26 to 13
ppm
Kooser et al [107] piezoresistive nickel-containing carbon
cantilever polyethylene oxide monoxide
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(PEOQ) layer
Porter et al [108] piezoresistive Hydrogen concentration of 150 ppm
microcantilever cyanide
(HCN)
Udara et al [109] NEMS piezoresistive Poly-vinyalpyridine ethanol and conclude that ethanol with permeable 6-
cantilever and 6- Acetaldehyde mercaptonicotinic acid (6-MNA) nano
mercaptonicotinic cantilever gives better resistance
acid
Siddaiah et al [110] U-shaped and COMSOL U-shaped MEMS cantilever of 100pm x
rectangular MEMS Multiphysics 20pm x 2um produces high displacement

based triple coupled

and better thermal response

cantilevers
Hawari et al [111] Proposed Various ANSYS simulation Reported that
MEMS based software trapezoidal design microcantilever would
microcantilevers have significant sensing advantages
shapes compared to other remaining
microcantilever shape
I1l. CONCLUSION 17th International Conference on Solid-State Sensors, Actuators and

In this paper the prime intend was made on exploring and
studying different gas sensing solution, especially designed as
Cantilever MEMS models. Considering efficiency and
sensitivity of cantilever sensor, the predominant focus was
made on assessing different factors impacting overall
performance or scope for further optimization. This
manuscript revealed that though cantilever MEMS can be a
suitable solution for gas sensor purpose, its optimal design,
especially in conjunction with shape, size, surface coating
material is must. Though, different researches have been
made towards cantilever sensor design, majority of the
models either employ cantilever sensor as standalone
solution, which seems limited under multiple gas
environment. This study revealed that the optimal balance
between semiconducting materials and structural design can
enable optimal gas sensing. It has been found that the design,
shape and materials of the cantilever MEMS can have the
impact on overall performance however selecting the optimal
set of variables (i.e., shape, size, coating material etc) is
complex problem, which can also be called as NP-hard
problem. Undeniably, solving such problem can enable
designing a robust cantilever-MEMS sensor for gas detection.
To solve it, machine learning methods, or reinforcement
learning concepts can be applied. Structurally, the optimal
setup with Piezo-resistive cantilever MEMS with optimal
shape, size and coating material can enable optimal gas
sensing performance of the micro-cantilever structure.
Moreover, the selection of coating materials can help
achieving deflection sensing or surface strain to perform flow
rate assessment.
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