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Abstract: Mobile robots behaving as humans should possess multifunctional flexible sensing systems including vision, hearing,
touch, smell, and taste. A gas sensor array (GSA), also known as electronic nose, is a possible solution for a robotic olfactory
system that can detect and discriminate a wide variety of gas molecules. Artificial intelligence (Al) applied to an electronic
nose involves a diverse set of machine learning algorithms which can generate a smell print by analyzing the signal pattern
from the GSA. A combination of GSA and Al algorithms can empower intelligent robots with great capabilities in many areas
such as environmental monitoring, gas leakage detection, food and beverage production and storage, and especially disease dia-
gnosis through detection of different types and concentrations of target gases with the advantages of portability, low-power-
consumption and ease-of-operation. It is exciting to envisage robots equipped with a "nose" acting as family doctor who will
guard every family member's health and keep their home safe. In this review, we give a summary of the state-of the-art re-
search progress in the fabrication techniques for GSAs and typical algorithms employed in artificial olfactory systems, explor-
ing their potential applications in disease diagnosis, environmental monitoring, and explosive detection. We also discuss the
key limitations of gas sensor units and their possible solutions. Finally, we present the outlook of GSAs over the horizon of
smart homes and cities.
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1. Introduction

The human body is a remarkable integrated system with
many attractive design features. A variety of functional
devices inspired by humans have already been invented and
applied into flexible intelligent robots, such as optoelectron-
ics for computer vision'-3], electronic skin for machine
touch®-7, and versatile algorithms for speech recognition(8l,
Vision and hearing systems for robots are already mature
after development of more than one hundred years. The tact-
ile sense has also been successfully demonstrated to learn sig-
natures of the human grasp by piezoelectric sensorsf6l. With
this background, a flexible and smart electronic nose re-
mains undeveloped but in high demand.

Ever since the first electronic nose based on a gas sensor
array (GSA) was introduced by Persaud and Dodd in 1981 to
mimic the function of the mammalian olfactory system, re-
searchers have put many efforts into fabricating different
kinds of GSA['0-13] with both high sensitivity and selectivity
for a diverse set of applications such as food quality cont-
rol'4, environmental monitoring!’?, disease diagnosis!'6-18l
and explosive detection!’l. GSA technology, also known as
an “electronic nose”, records a smell print by capturing re-
sponses to target chemical compounds. In the last forty years
of development, GSA based on different technologies, includ-
ing metal oxide thin films, nanowires and nanotubes has
shown considerable potential in the detection of a wide vari-
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ety of chemical compounds!'9-22, Flexible GSA with advant-
ages such as outstanding electrical conductivity, excellent
mechanical flexibility and light weight is also an essential
component for both wearable devices and intelligent robo-
tsl23], Fig. 1 gives an overview of GSAs from typical fabrica-
tion methods to main application scenarios.

The two most important components of an electronic
nose system are the GSA as the sensing material to chemical
compounds and automated pattern recognition algorithms
which are one of the most powerful tools in the Al era. Firstly,
gas molecules can activate a signature or pattern on GSA
containing a set of different gas sensing units?4, Al growing
vigorously in recent years is capable of extracting the main cha-
racteristics of the gas samples for further applicationl'2 25 261,
Typical machine learning models, including deep learning?7},
long-term recurrent convolutional networks(28], deep reinforce-
ment learning?, deep convolutional generative adversarial
networks3%, and deep residual learningB'! have high poten-
tial to be implemented into gas sensing systems to enhance
both gas discrimination accuracy and efficiency. GSA in com-
bination with Al, packaged as a chip-scale electronic nose, is
in the early stage of commercialization.

2. Fabrication

Mammals can distinguish an immense range of inhaled
odorants with the olfactory sensory organ made of a special-
ized olfactory neuroepitheliumB2, Important features, such as
shape, size and functional group, from the inhaled odorants
will be encoded by neuronal system in the next step to form
the sense of smell. Each type of olfactory receptor cell will be
activated by one corresponding gas molecule species, fol-
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Fig. 1. (Color online) Smart gas sensor array fabricated by different techniques assisted by artificial intelligence algorithms can find many real-life
applications, exhibiting great potential as a mammalian olfactory system in the areas of air and water quality monitoring, non-invasive disease

detection, and dangerous gases leakage alarming.

Table 1. Summary of different types of gas sensor(33-37],

Sensor type Principle Advantage Disadvantage

Thermal Catalytic combustion or reaction of target gases Low cost, fast response, Detection of flammable gas only,

(catalytic) providing reaction heat which acts as the output simple possibly be poisoned by catalyst.
signal

Mass Monitoring gases using mass-sensitivity transducer High sensitivity, good The piezoelectric substrate being

Electrochemical

Optical

Semiconductor

Surface acoustic
wave

Reacting with target gases at electrodes and
producing electrical signals that are proportional to
the gas concentration

Measuring optical absorption/emission scattering
of target gases

Gas adsorption and desorption at the surface of
materials leading to electrical resistance change of
the materials

Measuring the velocity or amplitude of acoustic
wave propagating through or on the surface of
materials which is sensitive to target gases

reliability, fast response

Low concentration detection,
wide range of detectable
gases, good selectivity

High sensitivity, good
stability, good selectivity
Low cost, long lifetime, ease
of miniaturization, wide
range of detectable gases

Battery-less, ease of
miniaturization, selectivity
depending on receptor

influenced by temperature
Relatively shorter lifetime, difficulty in
revealing failure mode

High cost, influenced by ambient light

Poor selectivity, humidity and
temperature dependent, drift along
time, normally working at high
temperature

Complex fabrication process

lowed by transmission of the activated pattern containing in-
formation about the odour to the brain by olfactory sensory
neurons. Although olfactory systems with such a remarkable
capacity can discriminate a wide variety of odour molecules,
human receptor cells only have a life-time of about two
weeks, corresponding to high cost by its naturef33l,

By imitating the special olfactory system of animals, re-
searchers have developed plenty of approaches to achieve
an electronic nose. An optical sensor system has been ap-
plied to the detection of carbon dioxide by measuring the ab-
sorbance in a special frequency range and a colorimetric
sensor array has been demonstrated for the real-time indicat-
ors of analyte gases34. More recently, Ferry et al3%! reported
sub-second hydrogen detection with a plasmonic metal-poly-
mer hybrid nanomaterial by measuring the optical hydrogen
absorption and desorption isotherms. Gas chromatography-
mass spectrometry (GC-MS) has been regarded as a “golden
standard” to analyse gas samples. Gas chromatography,
widely used in analytical chemistry!3¢), can separate gas mix-
tures by utilizing the difference in the chemical properties
and relative affinity for the stationary phase, while mass spec-
trometry detects and discriminates gas molecules eluted
from GC column by ionizing these molecules and measuring

mass-to-charge ratio. Another technology named ion mobil-
ity spectrometry (IMS) can also detect target gas molecules as
GC-MS. A comparison of different types of gas sensors are
summarized in Table 13639, Despite the thousands of tech-
niques that can be employed in electronic nose systems, the
simplest and most common method nowadays is still a gas
sensor array consisting of a set of transducers as illustrated in
Section 3: smart gas sensor array. Hereby, we mainly discuss
gas sensors that convert chemical signals into electrical sig-
nals that can be recorded and analysed further.

The sensing materials of the electronic nose above are usu-
ally fabricated by nanoengineering which can offer high sur-
face-area-to-volume ratio for enhanced sensitivity2* 25, In or-
der to accomplish scalable manufacture, physical (such as
evaporation®d and sputtering®') and chemical (such as chem-
ical vapor deposition#?l and hydrothermal methods) depos-
ition technologies are utilized. Then the signals from sensing
materials can be greatly amplified by field-effect transistor
(FET) technology!'el. In general, current devices based on met-
al oxide semiconductors require a high working temperature
for reasonable sensitivity and response/recover time. In or-
der to reduce the power consumption, a micro-electro-mech-
anical-system (MEMS) process is adopted by integrating micro-
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heaters into a thermally isolated thin SisN, membrane suspen-
ded within a silicon wafert3. 44, followed by sensing material
deposition on the interdigitated electrodes above the heat-
ing source.

3. Smart gas sensor arrays

The implementation of a chemosensory array to detect
and discriminate chemical compounds including volatile
organic compounds (VOCs) and other air pollutants, from the
surroundings and convert them to electrical signals has att-
racted tremendous interest in recent years. This type of gas
sensor array possesses special advantages of chip-scale mini-
aturization and ease-of-operation['®l, In general, the interac-
tion between the target chemical compounds and gas sens-
ing materials is captured and recorded as a change of resist-
ance, current, or frequency, corresponding to different meas-
urement metrics. Sensitivity is one of the key parameters of
gas sensor units which describes the response of devices to-
wards target gas molecules at certain concentration. It can be
improved by reducing the grain sizel*], synthesis of thin film
structurel®®, doping with additives(*’], operating at high-tem-
perature or light-activated mode. Normally, the sensitivity (5)
of gas sensors can be defined as:

s A
Mo
where M denotes the specific measurement metric used.
Recent efforts have been focused on developing nanost-
ructured sensors with low-power consumption (operating at
room temperature). Here we summarize representative achie-
vements about fabrication methods and applications of GSA.

3.1. MOX gas sensor array

A variety of metal oxides (MOX) can be employed as gas
sensing materials by simply measuring the change of resist-
ance. Normally, ambient oxygen molecules will attract free
electrons in MOX materials, forming oxygen ions. In this pro-
cess free electrons inside the materials are consumed, result-
ing in band bending and an electron depletion region at the
materials surfaces. The target gas molecules are either acting
as reducing gas or oxidizing gas, corresponding to donor or
acceptor of charge carriers. When the materials are placed in
the environment of these gases, the resistance of the semicon-
ductor metal oxide will increase or decrease depending upon
the type of majority carriers in the sensing materials and
types of target gases!*8l, Taking an example of N-type sens-
ing materials, the reducing gas will react with the pre-ab-
sorbed oxygen ions on the surface and release free electrons
back to materials, leading to decreased thickness of the deple-
tion region. As the conductance of MOX materials is propor-
tional to the amount of free electrons, the more reductive
the gas is, the more free electrons there will be available and
thus the more conductive the materials will become.

Gao! divides MOX into two categories according to
their electronic structure: transition-metal oxide such as Fe,
05 and NiO, and non-transition-metal oxides such as ZnO and
Sn0,. SN0, is the most popular and stable material for ther
mal energy activated gas sensorsi®®, while ZnO and TiO,
have attracted great interest for light-activated gas sens-
orsl51: 521 due to their narrow bandgap. However, in practice,
MOX materials themselves are not active enough to capture

Journal of Semiconductors  doi: 10.1088/1674-4926/40/11/111601 3

gas molecules within a short timel>3], and MOX gas sensing
materials are well-known for their cross-sensitivity problem,
thus easily producing false signals when there are interfering
gasesP4. These problems can be solved by introducing
dopants into the MOX materials and gas sensing perform-
ance will be improved at the same time. The most common ad-
ditives can be noble metals, such as Aul>, Pdi6l, Col>7], ptl8]
and AgPk9. The mechanism of noble metals here can be under-
stood as “spill-over effect” around the noble metal particles
and their high effective dissociation catalytic ability to specif-
ic gas moleculesl®?. Combinations of different metal oxide
films also exhibited better performancel®'. 62, De Lacy Cos-
tello and co-workersl®!l demonstrated largely improved re-
sponses of ZnO-Sn0, to 1-butanol and DMDS than individu-
al component alone because of the synergistic effects
between the two materials for the accelerated breakdown of
butanol. Therefore, enhancement of selectivity MOX gas
sensor devices can be achieved by functionalizing the sur-
face with certain molecules.

The bottleneck factors impeding further development of
MOX-based electronic nose attribute to: 1) normally in order
to achieve decent sensitivity, fast response and recover time,
and provide enough energy for the desorption of gases, gas
sensors usually operate at high temperature (around 500 °C).
Therefore, a power source is needed to provide enough pow-
er for the large scale of GSAs which consumes a great amo-
unt of electric power for real-life application. This leads to
the research interests of developing devices working at room
temperature. 2) Cross sensitivity problems produce interfer-
ing signals, because MOX films are sensitive to a wide variety
of molecules and background interference in real-life applica-
tion is always complex. To solve this problem, carefully pick-
ing up the sensor units will provide data without redund-
ancy and pre-treatment of samples or a standard testing pro-
cess may also be required. 3) The humidity level and temperat-
ure level affect sensors’ signals significantly and furthermore
the humidity and temperature of environmental air fluctuate
unpredictably. Reaction between surface oxygen and water
molecules will cause a shift in the baseline resistance and de-
teriorate the sensitivity of MOX sensors©3l, The humidity and
temperature need to be controlled carefully when perform-
ing gas sensor tests. Nanostructure can also be employed to
mitigate the humidity effect!®, Temperature, on the other
hand, can also be utilized for VOC detection[¢5!,

In recent years, the MOX gas sensor array has been extens-
ively studied in selective detection of volatile organic com-
pounds (VOCs) as biomarkers of human diseases. In earlier
years, Wang et al.ld! reported the fabrication of Cr-doped WO,
by means of flame spray pyrolysis (FSP) for low concentra-
tion (0.2-1 ppm) acetone (a candidate for diabetes diagnosis)
detection. Zhang and co-workers also proved that multiple
VOCs can be detected by a single type of gas-sensing materi-
al simultaneouslyl®”). Up to now, a lot of scalable integrable
fabrication methods of gas sensor array have been success-
fully demonstrated. For instance, Guntner et al!l'3l demon-
strated a compact SnO, based sensor array doped with differ-
ent materials (Pt, Si, Pd, Ti) by FSP to test simulated breath.
The formaldehyde (FA) in simulated breath as one of lung
cancer biomarkers can be detected with an average error
lower than 9 ppb without selectivity issues by multivariate lin-
ear regression model. Fig. 2(a) illustrates the set-up of FSP
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Fig. 2. (Color online) MOX sensor array fabrication method and morphology!'% '1I: (a) FSP set-up, (b) SEM image of porous doped SnO, film, (d)

USP setup, (e) Cross-section of SnO, nanotube decorated with Pt nanoparticles, gas sensor array of (c) doped SnO, microsensors and (f) 3-D SnO,

nanotube.

where produced nanoparticles are directly deposited on a
water-cooled substrate above the FSP nozzle by thermo-
phoresis. The morphology of the doped porous SnO, film is
compact and uniform as shown in Fig. 2(b). The substrate is
then diced into packages of 5 by 4 sensor arrays after sensor
film deposition as shown in Fig. 2(c). A single sensor is able
to detect FA level down to 3 ppb at breath-realistic 90% RH
at 400 °C with 140 s response time, while a sensor array com-
bined by four differently doped sensors can detect FA with av-
eraged error less than 9 ppb among up to four-analyte interfer-
ing gases!3,

In addition to FSP methods discussed above, Fan’s group
proposed another method called ultrasonic spray pyrolysis
(USP) as shown in Fig. 2(d) for fabricating ultra-low-power-con-
sumption 3-dimensional SnO, nanotube arrays!'4, The as-fab-
ricated devices can work at room temperature and a single
heater-free sensor device only consumes power of 12.5 uWw.
The greatly increased surface-to-volume ratio is the key for
such good performance at room temperature and Fig. 2(e)
depicts the 3-dimensional device’s 40 um-thickness cross-sec-
tional profile which consists of 70 nm thick polycrystalline
SnO, decorated with 5 nm diameter Pt nanoparticles. Then dif-
ferent electrode materials including gold, platinum, nickel
and indium tin oxide are deposited at different locations as
top electrode array to form a gas sensor array for gas detec-
tion as illustrated by Fig. 2(f). They also demonstrate a real-
life application case by integrating a read-out circuit, a wire-
less data transmission unit and mobile phone receiver, thus en-
abling real-time target gas monitoring in the phone App['4.
The packaged devices show a good discrimination to nitro-
gen dioxide, benzene and hydrogen by learning vector quant-
ization algorithms.

For the above GSA devices, the largely increased sensitiv-
ity and decent room-temperature performance are attrib-
uted to high surface-to-volume ratio provided by porous film
or nanostructure. Therefore, further research efforts can help
to uncover the physicochemical process behind the phe-
nomenon and create more versatile nanostructures with
large surface areal®8l,

3.2. Nanoparticles and nanowires gas sensor array
It is worth mentioning that other materials such as metal

or metal nanoparticles can also be employed as a unit of gas
sensor array for many applications®. In 2009, Peng et all'5]
reported a gas sensor array based on functionalized 5-nm
gold nanoparticles combined with pattern recognition meth-
ods to differentiate lung cancer patients. In their works, gold
nanoparticles functionalized by nine organic groups were dis-
persed in chloroform and then drop-cast onto two adjacent
electrodes as shown in Fig. 3(a). The sensor array in Fig. 3(c)
showed larger than 86% accuracy towards breath samples of
people without lung cancer. Following this work, various
types of gas sensor were demonstrated to distinguish bet-
ween the breath of healthy people and lung cancer patients,
which attracted tremendous interest to explore a variety of
materials. Toshio Itoh et all’% employed different types of
sensors including doped MOX gas sensors to accomplish se-
lective detection of target VOCs for lung cancer and diabetes
detection.

GSA urgently needs versatile and robust fabrication meth-
ods for chemical and biological sensing. Field-effect transist-
or (FET) technology is a candidate with great potential in the
sensor array manufacturing areal’’. 72, Chip-scale gas sensors
with their remarkable scalability and compatibility to exist-
ing technology showed significant advantages with the in-
creasing market scale of internet of things (loT). In 2004, Fan
et all731 demonstrated single-crystal ZnO nanowire FETs syn-
thesized using the chemical vapor deposition (CVD) method
for nanoscale electronics and chemical sensing devices. Re-
cently, Javey and co-workers used industry-compatible pro-
cessing techniques to integrate gas sensing materials into
FETs overcoming miniaturization and low-power operation
problems faced by other gas sensor arrays!'el. In this work,
the ultra-thin silicon-on-insulator transistors were fabricated
as substrate, then different kinds of metal alloy including
Ni-Pd and Pd-Au were deposited sequentially by electron
beam evaporation. The sensor array functionalized with sub-
5-nm metallic sensing layers showed good selectivity to three
target gases, H,S, H, and NO,. A possible reason for the se-
lectivity is that Ni covering Pd surface will block any H,S inter-
action and Pd-Au alloys interact weakly with H, compared to
pure Pd.

Combinations of different technologies can act favour-
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Fig. 3. (Color online) (a) Sensor array fabrication methods and morphology!'2 '3 (a) an SEM image of organic functionalized gold nanoparticle

film deposited between adjacent electrodes, (b) a TEM image of monolayer capped gold nanoparticles, (d) a TEM image of ultrathin silicon chan-

nel, (e) EDS indicating the elemental composition of a single Pd-Au CS-FET, gas sensor array of (c) gold nanoparticles, (f) CS-FET.

ably on gas sensing performance. The selectivity of a gas
sensor can be accomplished by specificity of organic materi-
als while the robustness can be achieved by inorganic mate-
rials. The signals are captured and amplified by FET for fur-
ther processing. In summary, gas sensor arrays show great po-
tential for real-world application with versatile fabrication
methods, low-power consumption, and high sensitivity and se-
lectivity.

4, Al algorithms

Algorithms applied to GSAs resemble the human neural
system connected to the human nose, being the indispens-
able part of the whole electronic nose system. Algorithms for
mature electronic nose systems typically consist of three
parts: 1) drift calibration algorithms, 2) signal pre-processing
and feature extraction part, 3) pattern recognition system
that can recognize the odours of chemical compounds.

Most gas sensors including MOX suffered a lot from drift
issues consisting of small and non-deterministic temporal vari-
ations of the sensor response when they are exposed to the
same analytes under identical conditions. Drift is caused by dif-
ferent reasons for different kinds of gas sensing materials, for
example, the drift of MOX gas sensors is attributed to chemic-
al diffusion of oxygen vacancies (as the simultaneous trans-
port of oxygen vacancies and conduction electrons, the con-
ductivity changes in the bulky or space charge layer of MOX
grains). To deal with the drift issues of a sensor and ensure sig-
nal repeatability over time, after a period of time (several
weeks) the artificial electronic nose system must be com-
pletely re-calibrated to ensure valid results. Cho et all74! de-
veloped a software platform based on multiplicative drift cor-
rection method to solve drift issues.

Following drift calibration, the next step of data analysis
is pre-processing of the data collected from GSA which can
form patterns of target gases, similar to the mammalian olfact-
ory system. In this step, important features, such as sensitiv-
ity, response and recovery time, the slope at t;q, tso, tyy Of re-
sponse and recovery curve can be extracted from the raw
data. Next, redundancy of the data is removed by data analys-
is methods in which principal component analysis (PCA)75! is
the most frequently adopted technique. This technique con-

verts the whole set of recorded n-dimensional data into smal-
ler dimensions and reduces the complexity and computation
power of the whole dataset.

The following step after the pre-processing of data is ap-
plying pattern recognition and classification algorithms, thus
providing more insights into the pattern generated by GSA.
The simplest method to process the data is to compare the
testing data to those of known sources in the knowledge
base through graphical evaluation including bar charts, pro-
files polar and offset polar plots!'>l.

Pattern recognition algorithms can be divided into sever-
al categories according to certain standards as summarized in
Fig. 4. Basically, classification algorithms of gas sensors can
be classified into linear/non-linear algorithms or supervised/
unsupervised algorithms. PCA can reduce high dimensional-
ity of multivariate data into smaller dimensions and then k-
nearest neighbours (KNN) will sort out different data. KNN
takes into account the Euclidean distance from the test sam-
ple to each of its k nearest neighbours among all stored train-
ing samples, and then form a clustering of similar samples(76],
This peculiarity makes it particularly suitable for applications
of distinguishing breath of healthy people and early lung can-
cer patients with eventual clustering of the data visualized®l,

Artificial neural networks (ANNs) inspired by animal
brains is a type of algorithm quite popular in recent years
due to the benefits of greatly improved computation power
and big data. It is a data driven self-adaptive method in that
they can adjust themselves to the data without any explicit
definition of the mathematical form for the underlying mod-
el and have potential to work as universal functional approxim-
ations with arbitrary accuracy. Up to now, ANN has found par-
ticular success in information processing areas such as com-
puter vision, speech recognition, and natural language pro-
cessing. Artificial olfactory system, equivalent to the human or-
gan for smelling, will certainly prevail when powered by
ANN. Pai Peng et all?7l proposed a six-convolution-blocks
DCNN coupled with seven MOX gas sensors to classify a
single gas with an accuracy of 95.2%. Likewise a gas identifica-
tion CNN based on LeNet-5 reached a 98.7% final accuracyt’.,
All the works showed the great potential of ANN in the gases
classification area. Training an ANN model normally requires
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Fig. 4. (Color online) Artificial intelligence algorithms adopted in a gas sensor array.

a large dataset which exerts great pressure on collecting val-
id and large amount of data from a gas sensor array, push-
ing the need for a carefully design of gas sensor network.

5. Applications

In the past four decades since Persaud and Dodd’s work
in 1981012, applications of gas sensor arrays as electronic
noses have been involved in a variety of areas. In real-life, the
ideal case is to treat the gas sensor array as a black box,
which means input testing gases are analysed for species and
concentrations automatically without considering what is go-
ing on inside the box. To test the feasibility of the proposed
gas sensor array model, GC-MS with expert operation is em-
ployed to work as a benchmark to validate the accuracy and
to what level the gas sensor array can achieve. Apparently,
the prepared testing samples play a key role in the whole pro-
cess, thus different parties need to set their own standards
for gas sample collection. Nonetheless, there are not enough
available products in the market, mainly due to high price
and complex operation procedures. Here, we introduce the
current application situation and prospect of GSAs in disease
diagnosis and environmental monitoring as well as their
great opportunity in the era of loT.

5.1. Disease diagnosis

In ancient China, smell, one of the four disease diagnost-
ic methods (observation, olfaction, inquiry, palpation), has
already been applied into disease diagnosis. With the fast
development of modern measuring-instrument engineering
and medical science, smell is fading from the stage of dis-
ease diagnosis because of the insufficient knowledge of the re-
lationship between diseases and exhaled gases, and measure-
ment inaccuracy of equipment. However, modern medical dia-
gnosis methods such as chest X-ray, computerized tomo-
graphy and biopsy may cause damage to the human body. Be-
sides, the first two are expensive and emit radiation. Biopsy is
usually painful with frequent complications. Benefiting from
advanced technology, clinical trials demonstrated the pos-
sible relationship between diseases and corresponding gas
speciesl’® 791 As many illnesses have their own “smell print”,

this made early detection and diagnosis possible. Thus, a
non-invasive and portable electronic nose possesses great po-
tential in disease diagnosis. Here the GSA distinguishes itself
by its simplicity of operation and household usage features
which can open up new fields of markets. Fig. 5(a) illustrates
the complex multistep processes involved in breath testing.
Researchers can undertake a comprehensive breath testing sys-
tem according to these processes.

An ideal GSA for disease diagnosis of breath testing
should be sensitive to low concentrations (tens of ppb) of
VOC as thousands of VOCs in breath are mostly in ppb
levels!'?, and special care has to be taken when there are inter-
fering gases in the background. Meanwhile, GSA units have
to be carefully chosen for special needs and certain diseases.
Diabetics have a sweet smell similar to fruity decomposing
apples. Uremic patients have a fishy breath. People with kid-
ney failure will have ammonia increase on breath. Examples
of using breath VOCs for disease are described below:

(1) Exhaled acetone level is a sign of diabetes, especially
type | diabetes. Reverse correlations between blood glucose
and breath acetone concentration has been established®0l.
This is a possible way to detect diabetes.

(2) Gang Peng et all2l employed GC-MS to identify 42
VOCs that can represent lung cancer biomarkers. Another
work by Ji-Eun Chang et all8" in 2017 also demonstrated
VOCs in exhaled breath from both early stage lung cancer pa-
tients and healthy volunteers can be discriminated with
75.0% total accuracy by MOX gas sensor array.

(3) Parkinson’s has been identified to have a distinct volat-
ile-associated signature, including altered levels of perillic
aldehyde and eicosane, through a comprehensive analysis of
sebum from Parkinson’s disease patients82,

More disease related breath VOCs can be looked up in
Fig. 5(c), which is a concentration map for different diseases.

While important milestones have been established in the
field of breath testing up to now, there is still much to accom-
plish in this field. Practical use of sensor arrays is impeded by
individual difference which causes difficulties in obtaining a
generalizable result. More systematic study or algorithms
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need to be considered to deal with it. Further check-up of cor-
relations between exhaled breath and diseases should be
performed in the medical fields. The false negative rate of dia-
gnosis results by electronic nose should be minimized. Critic-
al parameters such as low-concentration-VOC sensitivity, se-
lectivity, power-consumption should also be optimized. A com-
bination of different technologies will increase the accuracy
of VOC detection to a large scale and have the potential to
solve the cross-sensitivity problems of compounding factors,
enabling miniaturization and integration of medical devices.
In the near future, the GSA will even be able to fit into smart
phone for daily applications. In conclusion, disease diagnosis
by GSA will require and in return boost the development of
several areas including medicine, material science, and elec-
tronics.

5.2. Environmental monitoring

GSA nowadays is of great interest in environmental monit-
oring as a result of people’s increasing concerns of health im-
pact of air pollution. Meanwhile, a sensor array is capable of
detecting and discriminating a wide variety of gases such as
CO (resulting in smog formation), CO, (the leading green-
house gases), NO, (a toxic gas), SO, (acid rain), and ammonia
(caustic and hazardous). Traditional methods for air quality
monitoring by analytical instruments such as GC-MS are not
suitable due to not being on-site, real-time, and cost-effect-
ive. To tackle these issues, GSAs can work as an alternative to
GS-MS in evaluating the existence of pollutants in air and wa-
ter. The number and types of sensor units are selected gener-
ally based on different application cases.

By means of GSA, Abdullah et al’83! performed continu-
ous monitoring of air quality for malodour mapping in a chi-
cken farm, which is based on an array of commercial MOX
sensors. Likewise, Licinia et al®4 reported both laboratory
and field tests of two electronic nose systems equipped with
six MOX gas sensors to discriminate environmental odours.
Applications of gas sensor array can be used in but not restri-
cted to the following aspects: (1) real-time environmental air
quality monitoring, (2) water quality control, (3) locating the
source of pollutant, (4) in-door air quality monitoring such as
formaldehyde concentration detection after decoration, (5)
supervising the emission of factory production(®5l,

As there are various sources of environmental problems in-
cluding both anthropogenic sources and natural sources,
GSAs can be employed to build a sensor network in smart
city design. Recently, specific chemical molecules have been
used as a sign of air quality. By analysing the response pat-
tern of the whole sensor array, the pollutants emission
sources can be located. However, despite sensor array re-
sponses showing appreciable correlation to chemical com-
pound species and concentration, it is also heavily influ-
enced by the humidity level of the ambient environment>!,
Thus, the humidity level must be taken into account when
analysing air samples. Another critical factor should be taken
into consideration is the cross-sensitivity of co-existence of
other chemical compounds®®, Besides, sensor drift over time
caused much trouble when GSA meets reality. From a prac-
tical point of view, applications of the GSA in environmental
monitoring are limited by the drift behaviour of sensors and
humidity and temperature variation!®3l, Thus the sensor units
need to be calibrated from time to time and kept at con-
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stant-temperature and constant-humidity working mode.

GSA can be used not only in air quality monitoring, but
also for the measurement of “biological oxygen demand”
(BOD) concentration in water, a gauge of waste water treat-
ment effectiveness, by analysing the headspace (air space
over the water surface) of waterl'8l, BOD correlates with con-
tents of organic biodegradable matter in waste water which
builds the relationship between the quantity of consumed
oxygen and aerobic biodegradation by microorganismsi4l,
Several works have demonstrated the feasibility of water qual-
ity monitoring by BOD[87-89],

As discussed above, the application of GSA in real-life
cases is still considerably problematic as the environmental
condition including temperature and humidity are changing
all the time accompanied with complex chemical com-
pounds in ambient air. All in all, due to the unique superior-
ity of GSA including on-site real-time continuous monitoring
capability and low-cost, easy to operate features, it is certain
to be preferable as a solution for environmental monitoring.

5.3. Smart home and smart city

The IoT industry is growing vigorously nowadays and fore-
sees even greater opportunities in the future with 5G net-
work enabling more equipment to connect into network. A
typical application of GSA in this field is to cooperate with
smart phone applications for building a smart home, and to
form sensor networks for smart buildings and smart cities.

Typical scenarios of such field are gas leakage detection,
indoor air quality control, explosive detection, and environ-
mental safety monitoring®-92. Devices capable of spoilage
detection of foodstuffs are suitable to be integrated into refri-
gerator or warehouse for food preservation and trigger appro-
priate operations such as pasteurization, refrigeration, and va-
cuum packages upon detecting abnormal signals. The whole
process of food and beverage from production to storage
can be fully monitored by GSA and ensure the best quality of
food. Another usage for GSA in loT is to enhance gas safety
and security. The presence of unpleasant flavour and gas leak-
age inside a house can be notified to the owner at the earli-
est time. lllegal items such as drugs and explosives can be in-
vestigated timely at the customs instead of dogs which may
suffer from behaviour variations!..

Portable and scalable GSA devices are of special import-
ance for the purposes outlined above. Fig. 5(c) shows a GPRS-
based gas sensor network in smart city plan and Fig. 5(d)
depicts real-time indoor gas monitoring by smart phone in
smart building which consists of SnO, nanotube array as sens-
ing materials, data transmission unit and data processing ap-
plication in smart phone with user interface. This platform
makes it possible to detect the chemical environments at
home in a real-time and interactive manner.

6. Conclusion

GSA coupled with Al greatly promotes the development
of the electronic nose. Low-power-consumption and chip-
scale devices can be manufactured by various scalable tech-
niques including FSP, USP, and FET fabrication techniques. As
a result, such a device has the potential to be placed at our
home and operated by ourselves without the need of skilled
specialists. In addition to the original purpose of imitating hu-
man odor sensing, GSA can also be utilized to detect odor-
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Fig. 5. (Color online) Application of gas sensor array ['1.17.98], (a) Processes involved in breath testing, (b) gases associated with different kinds of
diseases including cancer, (c) GPRS based air pollution monitoring system, (d) real-time indoor gas monitoring by smart phone in smart build-

ings.

less gas including explosives and toxics. GSAs are application-
oriented devices, thus, to arrange a GSA system with minim-
um redundancy, one needs to select each type of sensor unit
based on the target gas molecules, requiring prior know-
ledge about the chemical compounds to be detected in the
corresponding scenarios.

Research efforts around GSA in the future may fall into
several parts. Devices working at room temperature are
highly expected for package simplification and continuous
working mode with ultra-low-power consumptionl®3 %4, The
influence of temperature and humidity on GSA need to be
mitigated, and long recover time of MOX sensors are desired
to be optimized®s]. The design and optimization of Al al-
gorithms suitable for gas classification and gas mixture
differentiation requires large datasets of sensor response as
well as good repeatability. From the application perspec-
tives, GSA finds large potential in disease diagnosis but
at the same time faces the challenge of meeting strict me-
dical regulations. Gas sensors in wearable and flexible smart
electronics as newborn can meet with explosive growth of
smart watch and sport bracelets in the market® 971, Typical
devices as a part of Internet of things integrated into smart
home/city can greatly enhance life quality of people and
promote performance and interactivity of infrastructure in
modern life. Joint efforts from material science, chemistry,
electronics, and computer science will surely bring a bright
future for GSA.
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