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Abstract 

Human odor, its component volatile organic compounds (VOCs), and its emission from 

the body are briefly reviewed along with the current status of odor detection technologies and 

their potential for identifying humans by their odor in air matrices.  The instruments discussed 

include chemical sensors, biosensors, electronic noses (E-noses), mass spectrometers (MS), 

differential optical absorption spectrometers (DOAS), and other field deployable analytical 

instruments.  These instruments are examined with regard to their capabilities for odor detection 

and field deployment, as well as their potential application for human odor detection and 

identification.  For direct detection of human odor VOCs from air matrices, E-nose technology 

could be a more promising candidate.  However, sensitivity is still an issue for trace VOC 

detection and specificity is also a huge challenge.  Recognizing there is still a long journey ahead 

until a truly artificial nose is developed, a recommendation is provided to refine and enhance 

current detection capabilities by integrating an interferent filter and a gas chromatograph to 

eliminate interference effects. 
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1.0  Introduction 

The purpose of this report is to review sensor systems and other field deployable 

detection systems with respect to their potential application for human odor detection and 

identification.  Over the past few years there has been a growing interest, especially in the areas 

of defense and national security, in the possibility of using human odor signatures as biometric 

identifiers.  For many decades, dogs have been used by law enforcement personnel to identify or 

track individuals by their odor signatures.  The significant successes of these highly trained 

animals provide some proof-of-principal evidence that humans can be associated with a 

distinctive odor signature.  As yet, however, there is no instrument that can substitute for the 

nose of a well-trained dog.  This report presents an overview on the current status of odor 

detection technologies and their potential for identifying humans by their odor in air matrices.  

First, human odor production and emission is briefly reviewed.  Then, a variety of sensor and 

detection systems are examined based on their odor detection capability, field deployable and 

operational capabilities.  Finally, their potential application for human odor detection and 

identification is discussed.  The sensor and detection systems examined in this report include 

chemical sensors, biosensors, electronic noses, mass spectrometer (MS), differential optical 

absorption spectrometer (DOAS), and other field deployable analytical instrument.  Hybrid 

systems, such as gas chromatograph – mass spectrometer and gas chromatograph – chemical 

sensor will also be discussed.   

 

2.0  Odor 

Odor, which refers to smells, can be utilized as a marker to identify certain problems or 

sources of interest.  These include air pollution, environmental contamination, disease 

diagnostics, and as noted above, human identification in crime investigations.  Odor consists of 

volatile organic compounds (VOCs) that typically have relative molecular masses between 30 and 

300 g/mole.  Heavier molecules do not occur as VOCs because they generally have a vapor pressure 

at room temperature that is too low to be active odorants.  The volatility of molecules is determined 

by both their molecular weight and their intermolecular interaction, with non-polar molecules in 

general being more volatile than polar ones.  As a consequence the most odorous molecules tend to 

have one or two polar functional groups.  More functional groups in general result in molecules that 

are much less volatile [1, 2]. 
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2.1 Human Odor Emission 

There are hundreds of VOCs in human odor.  It was reported that most human odor 

VOCs are C6-C10 straight-chain or branched unsaturated acids [3].  Terminally unsaturated acids, 

such as 2-methyl C6-C10 acids, and 4-ethyl C5-C11 acids, are other important odor contributors.  It 

was also discovered that short-chain fatty acids are odorants from feet [3].  These VOCs are 

emitted from the human body to the surrounding environment through a mechanism described 

below. 

Human skin, typically at 33°C under normal activity levels, is about 9°C warmer than the 

surrounding air at room temperature [4].  This causes a steady thermal convection process that 

transfers heat from the body to the surrounding atmosphere to form a current of warm air that 

surrounds the human body [5].  The current of warm air is approximately one-third to one-half 

inch thick.  It travels up and over the body at a rate of 125 feet each minute, according to 

Archimedes‘ Principle, generating a free-convection boundary layer about the body and a 

thermal plume above it.  This process is illustrated by the Schlieren image shown in Figure 1 [6, 

7].   This natural boundary layer grows to approximately 15 - 20 cm thick around the head.  The 

air in contact with the human body can never be stagnant, but rather, is in a constant state of 

upward motion [8].  This motion is such that every location on the body contributes chemical 

traces to the human thermal boundary layer.  These chemical traces include hundreds of 

bioeffluents and millions of skin flakes [8].  The skin flakes contain rafts, each of which is 

composed of one or more dead cells carrying approximately four microbial bacteria.  Each raft is 

also said to be surrounded by a minute vapor cloud that results from the bacteria acting upon the 

cells [9].  All components of the raft are characteristic to a person [3].  When skin flakes are shed 

from the human body, large ones fall down to the ground, but smaller ones are drawn up into the 

warm current.  These warm air currents can also be visualized through clothing, and they carry 

the rafts from the body into the surrounding area.  Since it is commonly thought that human odor 

is produced through bacterial action on dead skin cells and secretions [3], the movement of the 

warm air currents allows for the emission of human odor to the environment [8]. 
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Figure 1: Schlieren image of the thermal boundary layer and plume of an 11year-old girl.  
 

The circular field-of-view is 1 m in diameter [6,7]. 
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2.2 Human Odor VOC Detection 

It is well known that there are hundreds of VOCs in human odor.  However, there are no 

reports regarding human odor VOC concentrations in the warm current around the human body.  

However, if close enough, the human olfactory system is able to smell out the human body odor 

with a sensitivity of 1 ppm to sub ppb level [10].  Therefore we use the sensitivity of a human 

olfactory system as a reference for human odor detection in air matrices.  It needs to be pointed 

out that this sensitivity level could be considered as a minimum requirement for human odor 

detection in air matrices.  This is because, in many cases of human identification, it is still 

necessary to use the more sensitive dog nose to smell out the odors.  It is believed that the limit 

of detection (LOD) of the dog nose in detecting VOCs in air matrices can be as low as ppt level. 

Natural noses have both high sensitivity and specificity for ―smell‖ out odors, and they 

are used as a model for E-nose design and development.  Figure 2 shows the different 

components in a human olfactory system and their functionalities in smelling out odors [11].  It 

indicates that the natural biological olfactory system is a very complex sensory system.  

Although the primary receptor mechanism, biological transduction, and information storage are 

still not well understood, the performance demonstrated by the biological nose indicates that it is 

just these processes that provide the natural biological nose its exceptional capability for 

sensitive and specific detection.  Regarding specificity, biological noses are able not only to 

distinguish different objectives (group to group), but also to identify different subjects 

(individual to individual).  Such capability in detection specificity is necessary and required for 

human odor VOC identification. 

In addition, biological noses also have many operational capabilities that ensure detection 

sensitivity and specificity.  Temperature and humidity are well controlled to ensure reliable 

performance of the mucus layer for sample collection, molecule selective binding, analyte 

preconcentrating, and sorting.  Air sampling is steady and reliable.  All biological components 

are self-refreshed and self-calibrated to ensure consistency in performance.   
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Figure 2: A schematic representation of different components of human nose and their 
functionalities for odor smelling [11]. 
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3.0  Current Status of Instrumentation for Odor Detection 

The current state-of-the-art method for detecting odor emissions is via classical 

olfactometry.  By this method, odor assessment is based on a sensory panel consisting of a group 

of selected people (panelists) with a 95% probability of average odor sensitivity.  However, 

physiological differences in the smelling abilities of the panel members can lead to subjective 

results.  In addition, the olfactometry method is very costly and requires an exact undertaking in 

an experienced odor laboratory in order to achieve reliable results.  Moreover, a system based on 

the human sensory system is not feasible for continuous monitoring [1]. 

This motivates the need to develop odor detection instruments that can provide 

unambiguous and reproducible detection of odorous substances, and correctly identify the odor 

source (e.g.  a human body, an animal body, or a contamination source).  Conventional analytical 

instruments such as the gas chromatograph (GC) and mass spectrometer (MS) have been utilized 

for VOC detection and identification, especially at the trace level, but the analysis is typically not 

performed in real time.  The challenge is to develop technology for real-time VOC detection and 

identification.   

 The need for rapid detection has driven the tendency to develop real-time or near real-

time systems for VOC detection.  Application of such systems in detecting malodor in the 

environment and for monitoring gas leaks requires that the detection system be a simple and 

quick on-line monitoring system rather than employing time-consuming processing and analysis 

methods.  Progress has been made in the past decade in developing sensor systems which show 

promise for creating simple and rapid on-line monitoring systems.  However, robust instruments 

that can provide reliable real-time detection still remain a technical challenge.   

Although there have been publications on environmental pollution detection and 

abatement methods [12-17], there has been a noticeable absence of work in odor detection for 

human identification using instrumentation, especially real-time detection in air matrices.  Since 

human odor detection is very useful for crime investigation we attempt to remedy this deficiency 

by reviewing the current state of the relevant sensor and detection technologies.  Furthermore, 

we will assess their potential for human odor VOC detection and identification in air matrices.  

This overview of the sensor and other detection technologies will focus on the operating 

principal, system detection capabilities, and operational reliabilities of the instrument systems.  

Most of the systems covered in the paper are either prototype or commercialized systems.  
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Systems that are still in laboratory development are mentioned but are not a focus of attention in 

this paper.  Regarding detection of human odor VOCs, our discussion will focus on detection 

directly from air.  

A number of odor detection systems have already been developed, and on-going efforts 

are being devoted to further improving their performance [7-16, 19-24, 36-47, 53-55, 71, 84].  

Based on their detection mechanisms, these systems can be classified into several categories, 

including chemical sensors, biosensors, GC-detector systems, MS-based detectors, and hybrid 

GC/chemical sensors.  In this report, each category of systems will be discussed with a 

concentration on the operating principle, system capability and performance.   

 

3.1 Chemical Sensors 

Chemical sensors detect odor molecules based on the reaction between the odor 

molecules and the target sensing materials on the sensor surface.  This reaction triggers a certain 

change in mass, volume, or other physical properties.  The change is then converted to an 

electronic signal by a transducer.  There are different types of transducers for chemical sensors: 

optical, electrochemical, heat-sensitive, and mass-sensitive.  In this report, several of the most 

common chemical sensors will be reviewed: surface acoustic wave sensor, quartz crystal 

microbalance sensor, metal oxide semiconductor sensor, and polymer composite-based sensor.  

E-noses, which are a sensor array, have drawn much attention since it is the most promising 

approach so far for mimicking the biological nose for sensing.  Therefore, it will be discussed as 

well. 

 

3.1.1 Surface Acoustic Wave (SAW) Sensors 

The SAW sensor transducer is mass sensitive.  The sensor is composed of a substrate of 

quartz that is cut at a crystalline angle to support a surface wave, as well as a chemically 

sensitive thin film that is coated on the quartz surface.  Since the quartz is a piezoelectric 

material, it converts surface acoustic waves to electric signals.  When the chemically sensitive 

thin film adsorbs specific molecules, the mass of the film increases, thus causing the acoustic 

waves to travel more slowly.  This change can be detected by the sensor microelectronics once 

the acoustic wave is converted to an electric signal  [18]. 



 12 

Since the oscillation frequency of a quartz substrate typically falls within a certain range, 

it is expected that the sensor will only be able to detect very limited numbers of target molecules.  

As shown in Figure 3 [18], the SAW mini-CAD from MSA is a portable sensor system that can 

be designed for chemical warfare agent detection.  The system was developed and calibrated to 

detect a few target chemicals, and thus appears limited in its use for detecting other VOCs.   

 

 

 

 

 

 

 

 

 

 

 

To enhance the capability of identifying VOCs, the Department of Energy‘s (DOE) 

Sandia National Laboratories developed a SAW sensor array that can identify 18 different VOCs 

over a wide range of concentrations with a 95-percent success rate [19].  However, the system 

needs to be operated in a temperature-controlled environment to ensure identification accuracy. 

 

3.1.2 Quartz Crystal Microbalance (QCM) Sensors 

Quartz crystal microbalance (QCM) is another type of microbalance mass sensor.  

Similar to the SAW sensor, the transducer for the QCM sensor is also mass-sensitive.  The major 

difference between SAW and QCM is that the former employs a surface acoustic wave sensor 

while the latter uses a bulk acoustic wave sensor.  Its sensing mechanism is based on the shift in 

the quartz crystal (QC) resonant frequency due to the adsorption of gas molecules onto the 

sensing films.  Film-coated QCM sensors have enabled the detection of a variety of individual 

pollutants [20-22] and the sensing of VOCs [23-26].  The sensors used for the latter are typically 

coated with PVC blended lipids [23], syndiotactic polystyrene (s-PS) semicrystalline [24], 

carbon nanotubes [25], and molecular imprinted polymers [26].  These films can collect target 

Figure 3: The SAW mini-CAD system from MSA [18]. 

Gas inlet Venting 

Alarm and 
reporting 



 13 

VOC molecules and trigger a shift in the QC resonance frequency.  Recently, modifications in 

film composition have been reported to improve the sensitivity and specificity in gas 

identification [27, 28].   

Figure 4 shows a diagram of gas detection using a QCM system [27].  The operation of 

the sensor requires temperature and humidity control because the QC resonant frequency is 

affected by variation in temperature and humidity, and thus affects how the frequency shifts 

during gas molecule collection.  Therefore the robustness of QCM sensor systems could be an 

issue for real-time detection of VOCs. 

 

 

 

 

 

 

 

 

 

 

 

 

There have been commercial QCM sensor systems out on the market.  Most of them are 

for moisture and inorganic gas detection; for example, the Model 3050 Moisture Analyzer from 

Ametek is for moisture trace detection.  There are some reports demonstrating the detection of 

VOCs using QCM sensor systems [28, 29].  The detection sensitivity for VOCs typically falls in 

the range of 10 to 103 ppm, which is not high enough for trace level detection. 

 

3.1.3 Metal Oxide Sensors 

Metal oxide sensors are devices that translate a change in the concentration of chemical 

vapors into electrical signals.  As shown in Figure 5, the device has a metal oxide semiconductor 

sensing surface with an insulating layer underneath, a heater, and a circuit for measuring the 

resistance of the metal oxide sensor.  When VOC molecules are collected on the metal oxide 

           Figure 4: Schematic diagram of the gas testing system for VOCs [27]. 
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surface, they are oxidized by the metal oxide at an elevated temperature, typically 250 to 450ºC.  

The reaction results in electron transfer from the VOC molecules to the metal oxide structure.  A 

change in the conductivity is registered as a consequence.   

 

 

 

 

 

 

 

 

 

 Since detection occurs at high temperature the environmental humidity and temperature 

are not interfering factors.  However, the power consumption caused by the high operating 

temperatures is a challenge, especially for hand-held and portable systems.  To address this issue, 

work has been undertaken within the last decade to develop systems with lower power 

consumption.  Several types of micro-machined hotplates have been adopted to reduce the power 

consumption down to a range of a few hundred to tens of mW, for a typical operating 

temperature of 400ºC [30-32].  Recently, the development of ultra-low-power consumption metal 

oxide sensors with micro-machined hotplates have been reported [33].  These sensors are also 

able to detect VOCs at the ppb-level, and thus has the capability for VOC trace detection [33].   

During the last few decades, one major effort in metal oxide sensor development has 

been in developing suitable sensor fabrication technologies to increase VOC detection sensitivity 

[34-39].  Another major focus during the past decade has been in improving VOC detection 

specificity using an array of metal oxide sensors [40-45].  Such a microarray system is also 

referred to as an E-nose, as described below.  

 

3.1.4 E-nose 

An electronic nose (E-nose) is an instrument that is designed to mimic the function of the 

natural nose.  By definition, it uses a sensor array to not only detect but also discriminate among 

complex odors [10, 11, 46-48].  The sensor array typically consists of a group of non-specific 

e
- 

e
- 

e
- 

Metal oxide 
semiconductor surface 

Insulating layer 

Heater 

VOC molecule 

Figure 5: A schematic diagram of metal oxide sensor for VOC detection. 
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chemical sensors that respond to odors.  The detection and identification of a particular odorant 

is based on a unique combined response pattern from all sensors rather than a response pattern 

from a particular sensor.  In addition to the sensor array, the response pattern recognition 

algorithm is another key component in an E-nose system that determines how well the E-nose 

identifies VOCs.   

Metal oxide sensors and polymer composite-based sensors are two major types of 

chemical sensors used in different E-nose systems [36-41, 49-53].  Two representative 

commercial systems based on these two types of sensor will be reviewed below. 

 

3.1.4.1 E-nose Based on Metal Oxide Sensor Array 

An E-nose system named KAMINA was developed by Goschnick [36-40] and has been 

commercialized by Systems and Services for Chemical Analysis (SYSCA).  The system operates 

on a unique, fingernail-sized gas sensor chip with a microarray consisting of 38 tin oxide (SnO2) 

or tungsten oxide (WO3) gradient gas sensors.  The architecture of the gradient microarray 

shown in Figure 6 depicts how the thickness of sensing film and operating temperature changes 

across the array [41].  Figure 7 shows the chip in its housing [36].  At higher temperatures 

(approx. 300°C), the electrical conductivity of the metal oxide depends on the composition of the 

ambient gas, and thus can be utilized to detect gases.  Furthermore, each sensor is heated to a 

slightly different temperature and its membrane thickness differs from those of its neighboring 

sensors.  As a consequence, the individual sensors have a different sensitivity spectrum to gases, 

and all sensors have a different response to a single gas.  Discrimination capability can be 

obtained by using pattern recognition techniques [38].   

The KAMINA system has been used for VOC detection related to consumer products 

such as cloth smell, exhaust gas control and air conditioning in automobiles, household food 

processing, and private care diagnostics [36, 37, 39, 40].  The operating temperature varies from 

200 to 400ºC.  The microarray and the operating electronics can be housed within a space as 

small as a mobile phone.  The sensitivity for detecting individual gases could be as low as sub-

ppm level, and it is claimed that the sensor can recognize certain smells without identifying 

individual gases [41].  However, the manufacturer calibrates the microarray using a group of 

target analytes, and the users are not allowed to train or calibrate the sensor array to detect new 

analytes of interest. 
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Figure 7: KAMINA gas sensing chip with gradient microarray mounted in its housing. 
 
Electrical contacts are provided by gold wire bonds. The rear side of the chip (upper right) 
carries 4 meander-shaped heating elements made of platinum to allow controlled 
inhomogeneous heating of the chip [36]. 
 

Figure 6: Karlsruhe gradient metal oxide semiconductor array. 
 

Left: front side with 38 sensor segments by 39 electrode strips and two temperature sensors, one 
above and one below the array. Right: rear side with four heating meanders. The gradient 
technique is depicted at the center: A temperature gradient and a thickness gradient are applied 
across the array, allowing each sensor segment to receive a gradually different gas sensitivity 
spectrum compared to adjacent segments [41]. 
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3.1.4.2 E-nose Based on Polymer Composite Sensor Array 

Another commercialized E-nose system is the Cyranose 320 E-nose system from Smiths 

Detection [53].  It detects and identifies VOCs based on the change in electrical resistance due to 

absorption of VOCs.  We have evaluated the Cyranose E-nose to understand its capabilities for 

detecting and discriminating between complex VOCs. 

Figure 8 (a) shows a Cyranose 320 E-nose system [53].  It is a handheld system 

consisting of an array of 32 chemical sensors, a VOC sampler, and an on-board data processor.  

The sensing surface is a polymer network with a 3-dimensional continuous porous structure 

filled with conducting carbon black.  When VOC molecules land on the sensing surface, the 

reaction between the VOC molecules and the functional group(s) at the polymers cause a volume 

expansion in the polymer network.  As a consequence, the connection between carbon black 

blocks filling in the polymer network structure becomes loose, and the conductivity decreases.  

The type and the density of the functional group(s) at the macromolecules are tailored for each 

sensor type, with the aim that each sensor will respond to a particular VOC in a different way.  

To identify a particular VOC, the sensor system must be trained using target VOCs with 

concentrations within the expected range.  The training data are used as known ―smellprints‖ to 

which the blind test data will be compared for prediction.  Figure 8 (b) shows a conceptual 

smellprint comparison.    

 In order to understand the identification capability of the Cyranose for VOCs, we first 

tested the system using individual VOCs: isopropanol, 1-pentanol, cyclohexane, 1-hexene, p-

xylene, and mesitylene.  As shown in Table 1, the identification of individual VOCs is quite 

successful when the concentration of blind samples is lower than the training concentration.  We 

further tested the system using mixtures of these VOCs containing one, three, four, and five 

components.  As indicated in Figure 9, the prediction success rate decreases dramatically when 

the number of components in the mixture is larger than 3.  This reveals that the Cyranose E-nose 

does not have sufficient capability to identify either a VOC complex or a VOC from a VOC 

complex.   
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Figure 8: A Cyranose 320 E-nose system from Smiths Detection. 
 

(a) A picture of the system. (b) A comparison of a new smellprint (in red) with stored 
smellprints (in black) previously obtained from a control experiment. The vertical axis 
represents sensor response or ΔR/R, where ΔR is the change in resistance [53]. 

(b) 

(a) 
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Training Blind Test Concentration   
Concentration High Medium Low 

High 97% 100% 83% 
Medium 61% 83% 83% 
Low 22% 83% 100% 

Table 1: Success Rate for Individual VOC Identification Using the Cyranose 320 
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Figure 9:  Dependence of success rate of VOC complex identification 
on the number of VOCs in the complex, using a Cyranose 320 E-nose. 



 20 

 

E-nose systems have been much more widely exploited for VOC detection and 

identification than other chemical sensor systems.  Applications include food quality control [49, 

51, 54, 55], classification of aromatic species [56], and prediction of human percepts of odor 

quality [50].  E-noses have also been integrated into an intelligent system where it is utilized for 

odor recognition [52].  However, E-nose systems must be trained prior to a blind test, and this 

may pose some limitations.  For instance, the training dataset and blind data need to be collected 

under the same operational conditions.  Although most E-nose systems can build a training 

model with a small number of standard samples, they can only discriminate a VOC from among 

a small group of VOCs.  Therefore the capability for VOC complex detection and identification 

is limited. 

 

3.1.5 Current R&D Efforts 

In recent years, new sensing mechanisms have been explored to increase the detection 

sensitivity or specificity.   J. Pons showed for the first time that a pulsed digital oscillator-based 

structure can detect a fairly small frequency shift and thus possibly be used for sensitive VOC 

detection [57].  A thin film consisting of metal oxide nanoparticles has been explored to enhance 

the sensitivity as well as the range of the dynamic response of the chemical sensors [58].   Thin 

films with novel compositions, such as organic-inorganic hybrid structures [59-61], chemical 

modified copolymers [62], and metal doped semiconductors [63], have been studied and proven 

to increase the sensitivity.  The best detection sensitivity reported is at the level of several tens of 

ppb [59].  For specificity, molecularly imprinted polymers have been used for selective sensing 

of small molecules [64].  Newly developed detection technologies such as a surface plasmon 

resonance spectrum has also been explored for VOC sensing [65]. 

 

In summary, chemical sensors for VOC detection and identification have been in 

existence for decades.  The most common chemical sensor types include SAW, QCM, metal 

oxide semiconductor sensors, and polymer composite-based semiconductor sensors.  

Commercial product systems have been developed based on these sensing mechanisms, and they 

have demonstrated certain capabilities for VOC detection.  However, each type of sensor system 

has some limitations.  While the majority of efforts have been devoted to increasing the detection 
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sensitivity, the system operational robustness and identification specificity are still major 

challenges for the developers. 

 

3.2 Biosensors 

The gold standard for odor detection is the mammalian nose that displays detection with 

both high sensitivity and specificity.  The olfactory receptors make these properties possible, as 

they support combinatorial detection of odors [66] at trace levels, e.g.  10−7 to 10−11 M in humans 

[67, 68].  Efforts have been devoted to exploiting these receptors in association with some 

electronic devices to develop biosensors that truly mimic biological noses [69-75].   

The rat (or mouse) nose has widely been used as a model for VOC sensor development.  

Rats are capable of identifying food smell and location very quickly, being three orders of 

magnitude quicker than the human nose [76, 77].  This makes them the prime alternative to 

―sniffer‖ dogs [78].  Developing biosensors for VOC detection using rat olfactory receptors has 

been reported [70-75].  The detection mechanism of these biosensors is based on the specific 

interaction between olfactory receptors and odorant molecules.  The sensors demonstrate better 

detection selectivity than chemical sensors.  However, the majority of the work done so far has 

focused on development using a single olfactory receptor.  Future development must focus on an 

olfactory receptor array for multiple target detection.  Stability of such biosensors will also be a 

challenge.  Hopefully advances in bio-nanotechnology will make this a reality, and lead to 

robust, label free, sensitive, and specific odor detection [69].   

Another type of biosensor developed for VOC detection is based on biochemical 

reactions between a VOC and a biomolecule, or a chemical reaction catalyzed by biomolecules.  

An example of this is the ―bio-sniffer‖; it uses an enzyme catalytic reaction for conventional and 

quick measurement of VOCs from building materials for environmental monitoring [79-82].  

Figure 10 shows a stick type bio-sniffer, and Figure 11 shows how the sensor sniffs the malodor 

(formaldehyde) of a piece of building material [82].  Compared to commercially available 

semiconductor gas sensors, the bio-sniffer has better overall performance in sensitivity, 

calibration behavior, and selectivity [82]. 
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Figure 10: A schematic diagram of the ―bio-sniffer‖ stick built based on the 
enzyme catalytic reaction [82]. 

Figure 11: An experimental set-up 
using a ―bio-sniffer‖ to detect the 
malodor from a piece of building 
material [82]. 
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3.3 Gas Chromatography (GC) system 

Traditional analytical methods have been utilized for VOC detection using a combination 

of gas chromatography (GC) with a certain detection approach such as flame ionization detection 

(GC/FID), photoionization (GC/PID) or mass spectrometry (GC/MS) [83, 84].  The gas 

chromatograph is used for separating analytes, while the detectors are for measuring the 

individual analytes.   

A multidimensional GC/MS olfactometry system has been developed for highly sensitive 

VOC identification among a mixture with a large group of VOC components [85].  Tobacco, 

chocolate, coffee, etc., contain over 1,000 components in the headspace (air above or 

surrounding the material).  Analyzing such materials is often a difficult challenge, due to both 

the large number of components contained within the sample, as well as the huge variation in the 

concentrations of all components.  Also, in most cases, only a small subset of components are of 

interest and used as markers for identification.  A solution for removing the interference effect 

from the non-target components can be achieved using the multidimensional GC/MS 

olfactometry system.  The system enables the users to separate the components of interest, 

identify the ―character defining‖ compounds, and identify those components using conventional 

mass spectral techniques [85].  In parallel, an ergonomically designed olfactory port, in 

conjunction with a conventional quadrupole mass spectrometer, allows the user to quickly assign 

aroma/odor significance to regions of the chromatogram and subsequently identify those peaks 

of interest [85].  This multidimensional GC olfactometry (GCO) system has been widely utilized 

in the food industry for sensitive food flavor or odor identification [86, 87].  Figure 12 shows a 

schematic diagram of the configuration of a multidimensional GC-olfactory instrument 

developed by Microanalytics [85].  The GC system houses two columns of which one is more 

efficient for polar VOC separation, while the other is for non-polar VOCs.  The sample, after 

being eluted through the GC columns, is split to both a MS detector and an olfactory detector.  

The latter is typically a panel of human noses.  The technology has been in use by a number of 

companies to fully resolve and identify the critical, ―character defining‖ aroma and odor 

compounds in a variety of matrices [85]. 
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These GC-related methods typically employ batch detection that involves separate 

analytical steps, including VOC sampling, sample transportation, analyte pre-concentration, 

separation via chromatography, detection, data transmission, and post-data analysis.  Although 

these methods are very useful for VOC trace detection [88], they are quite time-consuming.  The 

users are required to be well trained before they can utilize the instrument for VOC analysis.  

Also, the concentration detected from such analysis is the average or accumulated level rather 

than spatial variations over the sampling time period.  In addition, VOC sample loss could occur 

during sample transportation and thus may affect the concentration measurement.  Since the 

sample loss rate is different for different VOCs, any results that are related to a differential 

concentration among different VOC components in a mixture could be affected by sample 

transportation.   

 

3.4  Real-time Detection Systems 

In order to handle emergent situations such as a chemical leak or spill, some real-time 

detection approaches have been developed to perform continuous on-site monitoring of VOCs in 

the environment.   

 

 

Figure 12: A schematic diagram of the Model 2100 GCO from Microanalytics [85]. 
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3.4.1 Mass Spectrometer-based Systems 

 

3.4.1.1 Detection Method 

The most powerful real-time VOC detection systems utilize a mass spectrometer as the 

detector with a continuously operated air sampler.  To insure the sensitivity required to identify 

VOCs at trace levels, a coupling of two stages of mass analysis (MS/MS or MS2) is typically 

used.  As shown in Figure 13 [89], ions of a particular mass to charge ratio (m/z value) are 

selected at the first stage, and sent to the second stage where they are further fragmented.  The 

resultant fragments at the second stage are then analyzed without interference from a large 

amount of unrelated fragments.  MS2 can be very useful in identifying compounds in complex 

mixtures and in determining the structures of unknown substances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Systems based on mass spectrometers with various ionization methods have been utilized 

for real-time VOC monitoring.  They include atmospheric pressure chemical ionization/MS2 

(APCI-MS2) [90, 91], low pressure chemical ionization/MS2 (LPCI-MS2) [88, 92, 93], and 

Figure 13: A schematic demonstration of the MS2 operational mechanism 
 

In MS2, the first mass spectrometer selects ions of one m/z value for fragmentation, 
and the second one produces the mass spectrum of the fragments from the selected 
ions [89]. 
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proton-transfer reaction MS (PTR-MS) [94, 95].  Beside the difference in ionization method, 

APCI-MS2 is based on the principles of MS2 using a triple quadrupole mass spectrometer [90] or 

an ion trap (IT) mass spectrometer,  while LPCI-MS2 is based on the principles of MS2 using a 

triple quadrupole mass spectrometer.  LPCI-MS2 gives low background levels and lower method 

limits of detection (LOD) than APCI-MS2 [93].  However, LPCI-MS2 instruments are expensive 

and are not yet able to achieve very low LOD.  Therefore, they do not conclusively measure 

VOCs, particularly benzene, toluene, ethylbenzene, and xylenes (BTEX), in ambient air at the 

concentration levels (low-µg/m3) widely set by regulatory authorities in environmental and 

occupational health areas.  The PTR-MS technique provides rapid, sensitive measurement of 

VOCs in ambient air with a very low limit of detection.  However, isomeric and isobaric 

compounds are not separated and measured individually by PTR-MS instruments, so only the 

sum of isomeric or isobaric compounds is determined by PTR-MS. 

 

3.4.1.2 Commercial Systems 

One commercialized real-time VOC monitoring system is TAGA (trace atmospheric gas 

analyzer) manufactured by Sciex [96].  This is a very powerful, field deployable, analytical 

instrument.  The TAGA operation is based on coupling two stages of mass analysis.  It is a 

mobile unit designed for monitoring of airborne pollutants in real time.  It can also track down 

emission sources and identify odors, and thus is capable of supporting environmental 

emergencies (e.g., chemical spills and fires) [15].  Different models of mobile TAGA have been 

developed since 1980 and have been used for monitoring ambient-air VOCs in several situations 

[97].   

Because of their high sensitivity, selectivity, speed and broad applicability, MS systems, 

particularly those that rely on MS2, would be excellent candidates for portable instruments aimed 

at real-time airborne VOC analysis.  Nevertheless, such an MS2 system would still need to be 

reduced in dimension and energy consumption.  Development of portable mass spectrometers 

started in the 1960s [98].  Much effort has gone into miniaturization of mass analyzers, 

especially the ITs [99-101].  Several commercial portable instruments have been developed for 

on-site chemical hazard identification.  Griffin Analytical Technologies Inc.  has released a field-

ready portable GC-MS instrument using a miniature cylindrical IT (CIT) mass analyzer.  A 

portable GC-MS instrument based on a miniature linear quadrupole array has also been 
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developed by Infico.  Few miniature direct-sampling mass spectrometers have been developed in 

recent years which are capable of performing real-time continuous monitoring of VOCs in 

ambient air [91, 101].  MKS Instruments has developed a portable CIT mass spectrometer based 

on a helium leak detector.  Portable instruments based on a miniature IT yield low limits of 

detection (LODs) (e.g., 38.3 µg/m3 for benzene), short analysis time (<5 seconds), a mass range 

of about 450 m/z, and thus are very suitable for monitoring airborne VOCs [91].  The main 

limitation of miniature portable IT spectrometers, when compared to full-sized IT analyzers, is 

the loss in performance as a trade-off for the reduced size.  In general, as the trap depth is 

reduced, mass resolution degrades [101, 102], sensitivity for the lower masses decreases, and the 

dynamic range is shown to be reduced [103]. 

 

3.4.2  Optical Spectroscopy 

One of the most commonly used on-site methods for continuous monitoring of airborne 

VOCs is differential optical absorption spectroscopy (DOAS) [12-14, 104-107].  DOAS has been 

applied widely in a number of field studies of VOCs in ambient air all over the world.  DOAS 

instruments have been used for near real-time continuous monitoring of monoaromatic 

hydrocarbons (BTEX) in urban air in Germany by Volkamer et al. [108], Korea by Lee et al.  

[109], Italy by Brocco et al. [110], Greece by Kourtidis et al. [111], USA by Trost et al. [112], 

and Sweden by Axelsson et al. [113].   

The principle of the DOAS technique is based on the differential absorption of light by 

chemical compounds at specific wavelengths, following Lambert-Beer‘s Law.  The DOAS 

equipment has three major parts: an emitter, a receiver, and an analyzer.  The emitter (a xenon 

lamp) sends to the receiver a light beam containing a range of wavelengths from ultraviolet to 

visible.  Different VOC molecules absorb light at specific wavelengths along the path between 

the emitter and the receiver.  The analyzer (spectrophotometer) continuously measures the light 

absorbance within the wavelength interval of interest (250–290 nm for the aromatic 

hydrocarbons), with a scan time of around 10 ms.  Differential absorption spectra are produced 

in the wavelength range and are stored in memory with up to 1000 channels.  Each compound is 

identified by comparing its specific fingerprint in the measured spectrum with the reference 

spectra that have been prerecorded from pure standard gases.  A computer converts the 

differential absorbance into concentrations for each of the VOCs monitored. 
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DOAS combines the advantages of fast response time (60 sec) and low method LODs 

(LOD = 2.6 µg/m3 for benzene).  Disadvantages include optical interference from oxygen, ozone, 

and several hydrocarbons [84, 113].   

 

3.4.3 Comparison of Detection Capability among Different Methods 

Table 2 summarizes the VOC detection time and sensitivity of each method described in 

Section 3.4 [97].  The comparison is based on data collected from real-time measurement of 

VOCs (e.g. BETX) in ambient air.  The TAGA LPCI-MS2 is quite sensitive, and the system is 

simple, reliable, and relatively maintenance-free.  However, it is expensive.  The portable APCI-

MS2 has good selectivity, higher sensitivity for only several VOCs, and allows direct air 

sampling, but is also expensive.  Obviously, the PTR-MS has the highest sensitivity and shortest 

detection time.  However, it can not separate isomeric and isobaric compounds and measure 

them individually.  The DOAS can measure mixing ratio variations for a short-term period, and 

requires no processing for data acquisition.  However, the accuracy of the measurement depends 

on the correctness of absorption cross-sections, and the sensitivity decreases under low-visibility 

conditions.  Oxygen, ozone, and hydrocarbons in the air are interferents for this system. 

 

 

 

 

 

 

 

 

 

 

 

3.5 Hybrid GC/Chemical Sensor System 

Powerful VOC detection using analytical instruments, including a GC-detector, has been 

discussed above.  Although these systems indicate better sensitivity and selectivity than sensor 

systems, their relatively larger dimensions and much higher manufacturing costs are still 

Methods   Detection Time (Sec.) Limit of Detection (µg/m
3
) 

 
TAGA LPCI-MS2  5    2.0 
 
Portable APCI- MS2  < 5    38.3  
 
PTR-MS   1    0.3  
 
DOAS    60    2.6 
  

Table 2: Summary of VOC Detection Time and Sensitivity for Different Methods [90]. 
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obstacles for some applications that require miniature, low cost, and easily deployed devices.  As 

discussed above, sensitivity and specificity requirements for VOC trace detection still remain a 

great challenge if sensors are used as detectors, especially for detection of VOCs in a complex 

background.  If the individual VOCs can be separated prior to detection, the sensitivity would be 

enhanced since there is much less interference from other VOCs in the complex background.  

This leads to the idea of integrating a GC column and a sensor for VOC detection.  The former 

allows the separation of VOC components in a mixture while the latter provides detection for 

different VOC components when they are eluted out of the GC column.  The separation of VOC 

components in a GC column is typically carried out at an elevated temperature and thus it 

requires that the sensor can be operated at elevated temperatures.  The metal oxide 

semiconductor gas sensor has good stability, is sensitive to a broad range of VOCs, and can be 

made reproducible among common batches.  It also operates at a temperature between 200 to 

400 ºC, and thus is a great candidate for a detector in such a system.    

Development of a miniature device with a GC micro-column and a gas sensor has been 

reported [16, 114-118].  One of the development challenges is how to manufacture the GC 

micro-column.  Development remained in a laboratory stage until 2006, when Sanchez et al. [16] 

reported their successful development of a GC micro-column on a silicon chip using micro-

fabrication technology.  Figure 14 shows a picture of such a GC micro-column made by etching 

micro-channels on a chip, and then coating the internal walls with a stationary phase for VOC 

separation.  A prototype of the architecture shown in Figure 15 was fabricated by Sanchez [16], 

by integrating a GC micro-column and a SnO2 gas sensor.  The system was tested with a gas 

mixture of benzene, toluene and two isomers of xylene eluted in synthetic air.  The test results 

indicate that all four VOCs were identified including the isomers at low ppm level.  It is expected 

the sensitivity could be lowered to sub ppm level after the system is calibrated.  This prototype 

system, beyond its small size and its great chemical discrimination, provides fast response and 

offers the best results with very low temperatures (303 to 343 K) of the GC micro-column [16]. 

A commercialized portable GC-SAW system was developed by Amerasia (Electronic 

Sensor Technology) in 1999 [17].  The system contains a down-sized conventional GC column 

and a SAW sensor tuned to detect a couple dozen common VOCs in air.  The detection time is 

less  than  2  minutes  and  the  sensitivity  is at ppb level.  The column setting is fast (5 seconds).   
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Figure 14: SEM photomicrographs of the spiral GC micro-column on a 3-inch wide silicon wafer. 
 

(a) General view of the completely etched micro-column; (b) zoom on the internal wall  
of the spiral GC micro-column [16]. 

(a) (b) 

Figure 15: General architecture of the gas chromatographic hybrid system [16]. 
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The dimensions are 14 by 20 by 10 inches and the weight is 35 lb.  The system can also be 

configured for stand alone use or integrated with other systems.  It is a field deployable system.   

 

4.0  Instrumentation for Human Odor Detection in Air Matrices 

Detection of trace VOCs for human odor is important for investigative law enforcement, 

forensic analyses, health monitoring, and disease diagnosis.  Canines have been trained 

specifically to remember odor on human subjects and have demonstrated a strong capability in 

matching criminal suspects to proffered odor evidence.  However, because there are no 

regulatory  qualification standards for human odor-discriminating canines, odor detection is not 

currently accepted as evidence in U.S. court systems [8], although positive responses are 

generally accepted as corroborative evidence.  For human odor detection in support of canine 

determinations, it would therefore be beneficial for law enforcement to mimic the canine to 

detect trace-level VOCs from air in near real time, using certain sensor and/or detection 

technologies to determine target VOCs and their respective concentrations [119].  Therefore, 

there is a pressing need to develop such technology.  Below, we first provide our opinions on the 

current instrumentation limitations for human odor detection and identification, then propose 

some recommendations for future development. 

 

4.1  Instrumentation Limitation 

Currently, the most powerful detection system for VOCs, the GC/MS, has a LOD at the 

ppm level to detect a VOC in a complex background.  This LOD is obtained based on the 

amount of concentrated sample injected into the GC column for each analysis.  However, some 

VOCs in human odor occur in such low concentrations that direct sampling and detection in air 

matrices is not possible.  For these VOCs, specific sample collection and concentrating 

processes, such as trapping and concentrating the VOC sample using solid phase microextraction 

(SPME) technique, need to be implemented to enable detection.  However, the tradeoff is that the 

analysis is not available in real time due to the time delay caused by the concentrating process.  

Also, the VOC complex sample collected through such a process is not necessarily chemically 

identical to its source, because the dispersion rates of different VOCs in air are different 

depending on the molecular mass and structure of each VOC [10]. 
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For direct detection of human odor VOCs from air matrices, E-nose technology could be 

a more promising candidate.  As discussed earlier, sensitivity is still an issue for trace VOC 

detection and specificity is also a huge challenge.  This is because today‘s E-nose technology 

only mimics part of the functionality of the human olfactory system, mainly sensing and signal 

processing as described in steps 5 to 10 shown in Figure 2.  There are no components in the E-

nose that play a role that mimics the action of the mucus in the natural nose.  Some E-nose 

designs seem to mimic the molecular recognition mechanism performed by the odor protein 

binding process in the olfactory system.  However, they still lack good molecule sorting 

mechanisms.  Control of reliable operating conditions (temperature and humidity) is critical for 

the molecular recognition process, but is still left out of the current E-nose system.  The sampling 

techniques used affect odor delivery and collection, but very limited efforts have been devoted to 

development and optimization of this area.   

Recently, researchers at the University of Warwick have coated the sensors in an E-nose 

with a mix of polymers that mimics the action of the mucus in the natural nose.  It was reported 

that this greatly improves the performance of the electronic devices allowing them to pick out a 

more diverse range of smells [120].  The artificial mucus offers not only improved odor 

discrimination for electronic noses, but also much shorter analysis times than conventional 

techniques.   As shown in Figure 16, the final device with both sensors and artificial mucus can 

be housed within a piece of plastic just a few centimeters wide, at a cost of less than five British 

pounds (£) to produce [120].    

Figure 16: An electronic nose that mimics the action of the mucus in the natural 
nose for odor sensing, developed by Professor Julian Gardner at University of 
Warwick [120]. 
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4.2  Recommendations 

            Recognizing that there is still a long journey until a truly artificial nose is developed, the 

best strategy for current development would be to integrate a system that is composed of a 

variety of different components with the following functionalities: VOC sampling in air 

matrices, a filter to exclude non-target chemicals, VOC separation, and detection.  Figure 17 is a 

schematic illustration of a conceptual design for such a system.  An air sampler at the front end 

intakes air from the environment and delivers it to a filter, where target VOCs will pass through 

and some interferents will be blocked.  The filtered sample is then released to a gas 

chromatograph (GC) where the mixture of VOCs will be separated into individual VOCs that are 

eluted out of the GC column at different times.  The incorporation of the filter and the GC unit 

will eliminate interference for individual VOC detection, and thus enhance the detection 

sensitivity and specificity.  An E-nose can be utilized to detect the individual VOC.  If necessary, 

both an E-nose and a MS detector can be integrated into the system at the same time, in which 

case the former serves as a trigger to report the presence of VOCs and to initiate the latter to 

perform confirming identification of the individual VOC.  As mentioned above, miniature GC 

and down-sized MS systems are now prototyped.  Therefore, developing a portable field 

deployable system based on this conceptual design could be possible.   

 
 

 
 
 
 
 
 

Figure 17: Conceptual design of an integrated system for odor detection 
 
The system has the following components: an air sampler, an interferent filter to 
exclude non-target chemicals, a gas chromatograph for VOC separation, and an 
E-nose or MS for VOC detection 
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5.0 Summary 

The use of human odor as a biometric identifier would be a significant step forward for 

the nation‘s defense and security.  In this report, we have examined human odor, its component 

VOCs, and its emission from the body.  Instruments that are potentially applicable for detecting 

and identifying human odor were discussed.  Finally, a recommendation was presented for an 

integrated system to refine and enhance current detection capabilities. 

Both sensor systems and analytical instruments have been developed and exploited for 

VOC trace detection and identification.  A variety of sensors, including chemical sensors, 

biosensors, and E-noses that are basically chemical sensor arrays, have demonstrated the 

feasibility of VOC detection in air matrices, as well as a certain capability for VOC detection and 

identification.  While a considerable amount of work has been done to improve the sensitivity 

from high to low ppm levels, the specificity of identification still remains a huge challenge.  

Future efforts devoted to developing a truly artificial nose must focus on implementing those 

functionalities in the natural nose that currently have not been adopted.  This includes enhancing 

the VOC molecule recognition capability, developing and incorporating a molecule sorting 

mechanism that mimics the mucus action in the natural nose, stabilizing the operating conditions 

(temperature and humidity) to ensure the molecule recognition capability, as well as developing 

an appropriate air sampling mechanism to enhance VOC collection efficiency.   

Analytical instruments based on GC/MS have excellent detection sensitivity and 

specificity, and are thus the best candidates for VOC trace detection and identification.  

However, real-time direct detection from air matrices could pose a challenge for this type of 

detection system.  Furthermore, the requirement of concentrating samples may be a constraint for 

real-time detection.  Finally, the instrument operators require extensive training for detection 

method development and data interpretation.   

Application of current VOC detection technologies for human odor VOC detection and 

identification in air matrices is still a challenge.  An integrated system could now be considered 

to efficiently assemble and optimally exploit the advantages of various methods and approaches 

for odor VOC sampling, interferent filtering, VOC separation and detection, and thus to mimic 

the functionalities of the human nose for odor VOC detection.  Although it will be many years 

before we can come close to truly simulating the dog‘s nose, judicious research in certain areas 

will help make significant advances in E-noses for human odor detection and identification. 
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7.0 Glossary 

 

APCI-MS2   Atmospheric Pressure Chemical Ionization/MS2 

BTEX,   Benzene, Toluene, Ethylbenzene, and Xylenes 

CIT   Cylindrical Ion Trap 

DOAS    Differential Optical Absorption Spectroscopy 

FID   Flame Ionization Detection  

GC   Gas Chromatographer  

GCO   GC olfactometry  

IT  Ion Trap 

LOD   Limit of Detection 

LPCI-MS2   Low Pressure Chemical Ionization/MS2 

MOX   Metal Oxide 

MS   Mass Spectrometer 

MS/MS (MS2)  a coupling of two stages of mass analysis 

m/z    mass-to-charge ratio 

PID   Photoionization Detection 

Polar molecule molecule with a electric polar moment 

ppb    Parts-Per-Billion 

ppm   Parts-Per-Million 

ppt   Parts Per Trillion 

PTRMS   Proton-Transfer Reaction MS 

QCM   Quartz Crystal Microbalance 

SAW   Surface Acoustic Wave  

SEM   Scanning Electronic Microscope 

SYSCA  Systems and Services for Chemical Analysis 

TAGA   Trace Atmospheric Gas Analyzer 

VOC  Volatile Organic Compound 
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