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EmiteAlkn ovvoym

Ye autn tn S18akToplkn SlatpLpr MapoUoLAlETAL N EMUTUXNUEVN SOKLUN EVOG GUGTAUATOC NAEKTPOVIKAG HUTNG,
KaBwg Kol OAn n €peuva TOU XPELAOTNKE yla va TiPpokUPEL auTr, KAl n omola £Xel w¢ oKomd TNV avixveuon
nayldeupévwy avBpwnwy KoBwe Kol EMIKIVOUVWY aTUOODALPLKWY KATOOTACEWY OTO EPELMIO KTNplwv OF
TIEPUTTWOELG ETLXELPNOEWV EPEUVAG KAl SLACWONG O AOTIKA TeplBaAAovta. Elcaywylkd mapouotdletal To
nedio epappoyng oto onoio mpoomnabel va dwoel AVOELG AUTA N Epyacia, oL UTtdpxouoeg AVOELS Kal puéBodol
HE N Xwplg awodntnpeg aepiwv, kabwg emiong avaAvetal to nepBAAAov amo Tn oKomd Tng avixveuong.
Mapouaoldlovtal oL TeXVOAOYLEG avixveuong Kat oL duvatotnTéG Touc. Emiong mapouotalovtal oL TUTILKEG KoL
avopevOUEVEG ouaieg/agpla mou sival eikteg TG avBpwvng mapouciag Kot TTapAayeTal Lo EKTINON YL TV
Suvatdtnta aviyveuong Toug Ue KATIOLOUG SE60UEVOUG TIEPLOPLOUOUC OTOUG OTOLOUG TIPETEL val akoAoUBEL n
Aoon wote auth va pmopel va xpnolpomolnBel MPOKTIKA Of MPAYUATIKEG ouvOnkes. H €peuva éywve pe
otadlakr eupabuvon oto mpdPAnUa, apxtka emiBefalwvovtag, TPpwTo BEWPNTLKA KoL LETA EPYACTNPLOKA, TNV
BlwodTNTA TNG MPOTELWVOREVNG TIPOCGEYYLONG - TN XPHON aloONTRpwY yla TN HETPNON CUYKEVIPWONG agPiwy,
Beppokpaoiag, vypaoiag kat atpoodpalplkng mieons. MeTd tnv emtuxnpévn Sokur Tng akoAouBolpevng
TPOCEYYLONG, OXESLAOTNKE KAl SOKIUACTNKE EMITUXNMEVA OE KAELOTOUG XWPOUG E CUVONKEG OPKETA KOVTLVEG
OTIC TIPAYUOTIKEG, £vol cUOTNUA NAEKTPOVIKAG MUTNG TIOU £XEL T SuvatdtnTta avixveuong tTng avlpwrivng
napouoiag. H pébodog tng Soklung emiPeBaiwoe t Suvatdtnta avixveuong avOpwmivng mapouciog pe
puéBodo avalntnong amd tnv emipdvela Twv epelmtiwv. Asdopévng auThG TN emituxiag, oxedldotnke Kalt
SOKLUAOTNKE 0t OXESOV MPAYUOTIKEG GUVONKEG VEOo oUOTNUO NAEKTPOVLKAG UUTNG TO omoio tomoBetnBnke
TIAVW OE POUTIOTIKN TAaTdOpUA N omola £XeL TN SuvatdTnTa va Kveltal péoa ota gpeimia. Autr n NAEKTPOVLKN
pOTN €xeL T Suvatotnta va aviyvelel avBpwrivn mapoucio kabwg emiong kal S1adopeC TUTIKEG EMLKIVOUVEG
OTHOOPALPIKEG KOTOOTACELG HECA OTA EPELMIA. TAUTOXPOVA, LE TNV MELWON TOU OYKOU TNG VEOCG KOl TEALKNG
NAEKTPOVIKA HUTNG Kal TtV auvénon twv Suvatotntwv avixveuonc, PeAtiwdnke Spaoctikd n Siemadn tou
XELPLOTI) TOU CUCTHHATOC UE TNV UAOTIOiNoN Kal EVOWHUATWON AOYLKNG TIou Tapayel amAég e€06oug/evdeitelg
Yl TIC OVIXVEUOUEVEC KATOOTAOELG. TENOG, peAETOUVTAL GAAEG TIEPUTTWOELG XPONG AUTAC TNG NAEKTPOVLKAC
potnNg Kabwe Kat oL amapaitnteg nmpocopuoyég mou Ba xpelalovtav yla kKaBe mepintwon. To Keipevo tng
Statppng eivat otnv AyyAki yAwooa.




Executive summary

In this thesis the successful testing of an electronic nose system is presented, as well as all the required
research to achieve that goal. This electronic nose is intended to detect the presence of trapped humans in
confined spaces and, also, air-related hazardous conditions in collapsed buildings during search and rescue
operations in an urban environment. Initially, the field of interest for which this work provides a solution is
presented. Existing methods, with and without gas sensors, are presented and the environment in which the
electronic nose is intended to work in is investigated from a measurement and detection perspective. Various
sensing technologies and their capabilities are presented. Also, the anticipated target gases/compounds which
are indicators of human presence are listed and an estimation regarding the feasibility of detecting them is
produced, given some specific constraints that must be met in order for the end result to be practically usable
in real conditions. The research and resulting developments were performed incrementally by first confirming,
theoretically and then experimentally, the feasibility of the proposed approach —which is to use sensors for the
measurement of gas concentrations, temperature, humidity and air pressure. After the successful completion
of the feasibility test of the proposed approach, an electronic nose system capable of detecting human
presence in confined spaces was designed and successfully tested under near realistic conditions. The testing
method of this system confirmed the ability of the system to detect human presence by performing a search on
the surface of the building debris. Given this success, a new electronic nose system, which was designed and
tested under realistic conditions, was installed on a robotic platform capable of moving inside collapsed
building structures. This system can detect human presence and many typical air related hazards inside
building rubble. While the functionality of the system was increased and its volume reduced, the operator
interface was drastically improved with the introduction and implementation of logic that produces simple
outputs/indicators regarding the detected conditions. Finally, alternative uses of the system are investigated,
as well as the required adjustments in each case.
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INTRODUCTION

Urban search and rescue (USaR) operations are rescue operations that take place in an urban environment
after some type of catastrophe has damaged building structures resulting in the entrapment of humans —
victims inside them. The collapse of a building could be partial or complete and the cause could be a natural
disaster such as an earthquake, an accident such as a gas leak explosion, or an act of terror. USaR operations
are carried out by trained personnel, professionals, for example the Greek fire service [1] or volunteers, or the
Hellenic Rescue Team [2], and are organized with a hierarchical command structure that can be compatible
with INternational Search And Rescue Advisory Group (INSARAG) [3]. Rescue operations are performed in
stages (Assessment, Search, and Rescue (ASR) stages 1-4) depending on the scale of the catastrophe and
carried out by USaR teams. The USaR team members are also referred to as rescuers, or first responders.
During ASR stages 3 and 4, USaR team members use various methods and tools to detect trapped victims.
Established methods include the utilization of search dogs (canines or K9), microphones/geophones, and
equipment for digging, cutting, stabilizing and lifting building materials. Personal protective equipment is also
used, such as helmets, boots, gloves, securing equipment and also gas detectors for air-related hazard
detection. New detection technologies are being evaluated and introduced to USaR teams that complement
[4], or even replace the trained search and rescue dog. This equipment can be part of systems for large scale
disaster management or stand-alone detection tools. The e-nose system of this work is intended to be part of a
large scale disaster management system but can be used independently as a stand-alone victim localization
tool. Other detection technologies available are surface radars [5], seismic or acoustic sensor clusters, optical
cameras in the visible and IR spectrum [6], LIDARs, Cellphone base stations (IMSI catchers), cellphone
detectors, gas sensors [7] and robots for searching when in the rubble, have also been proposed [8]. All
technologies have their advantages and limitations. Radar can detect small movement under/inside the rubble
and infer human presence. It has difficulty penetrating (or its penetration depth is reduced) by metallic objects,
heavily reinforced concrete, water, and wet or even damp materials. Seismic/acoustic sensor cluster
technologies can locate the source of a vibration/sound that could be generated by a trapped victim. They
require some degree of silence to detect and their localization capabilities are susceptible to the unknown
structural patterns of the rubble pile that affect the sound/vibration path. Optical methods require a line of
sight, while dust and building debris make victim identification difficult, especially when only some body parts
might be exposed. Cellphone-based detection technologies require that a victim has a cellphone on/next to
him and that the cellphone signal can penetrate the rubble. An IMSI catcher can remotely activate a phone to
communicate, ring or transmit. The victim can be instructed to perform actions that help determine his
position, or for his device to be located (triangulation or search with a handheld cellphone power meter)
although multipath effects make this difficult in some types of building materials. Also, short cellphone battery
life time with modern smart phones is a factor that reduces the operating time window. Air/gas-based victim
detection detects characteristic gases/compounds that are produced by humans somewhat like the nose of a
K9. It only requires an airway (air path) between the victim and detection device. No line of sight is required
and the type of building material is not critical as long as there is some airway to the victim. A search pattern
must be executed so that the point where the maximum response is generated can be found. Air-based
detection is susceptible to local weather conditions, mainly wind speed and interference by other sources that
also emit the detection targets (gases and compounds). With proper training/experience the operator can
evaluate the effect of these conditions onsite, factor them in and, in many cases, eliminate them with proper
deployment.

It makes sense for the gas/chemical in the air-based identification of human presence to be performed with a
method that can be automated and the results transmitted electronically. Although there might be other
alternatives, the approach here is to build an electronic system that can perform the tasks at hand. Since the
device is essentially a nose for detecting human presence, it was thought appropriate to call the device an
electronic nose or e-nose. The term e-nose is used to refer to the device that is developed in the scope of this
work without implying it is as equally capable as the biological ones. The e-nose in this context is a purpose-
built machine with specific capabilities that, in some very particular cases, is “better” than, but not as versatile
as biological sensors found in nature. The natural counterpart of the e-nose is the trained search and rescue
dog or the mosquito [9]. The e-nose is not intended to replace the search and rescue dog, but rather to work
complementarily and assist urban search and rescue teams where the dogs might not perform well: narrow
spaces too small for dogs to enter, areas that are too hazardous for living beings, harsh environments,
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contaminated areas with chemicals that block the scent from the dogs, large search areas and thus long
operation times are some scenarios where the e-nose could be more effective than dogs. Sensitivity and speed
of detection are not currently comparable, based on the state of the art. This is the main reason the e-nose is
specifically targeted for use in confined and narrow spaces where the detecting conditions are more favorable
for the e-nose. To operate in confined spaces, the e-nose is intended to be mounted on a robotic platform that
can go under the rubble.

The goal of this work is to provide a sensing solution that can give an indication of the presence of humans in
narrow spaces. Ideally, for any detection solution, the certainty of the system's output must be high: weak
positive output (there might be a human) or weak negative output, is not very helpful when it comes to
prioritizing limited resources in a crisis. The optimal solution would be to combine a plethora of different
sensing solutions based on completely independent physical properties so that all location specific peculiarities
are covered. The combined evaluation of all sensing solution outputs together can greatly improve the
accuracy of the final decision (whether or not a human is present). The operating concept of the victim
localization e-nose is based on sampling of the surrounding air and the measurement of its composition for the
detection of concentration levels of specific target gases which are indicators of a human presence [10].

The feasibility of using a low-cost and simple gas/chemical detection approach for victim localization is
evaluated and explored in [11], and in more detail in [12]. A first prototype system was built [13], addressing
only the entrapped victim localization aspect and was tested by itself, from the surface, under realistic
conditions. That system was not capable of addressing detection under many hazardous conditions and the
search was performed by probing from the surface, via a flexible air sampling tube, through openings to find
survival spaces with victims. The system in [13] could provide enough sensor information to infer victim
detection but was too complicated for actual use in the field [13]. Capable devices presented previously have
limitations. In [14] an e-nose for the measurement and identification of three volatile organic compounds
(VOCs) in a mixture is presented. The system employs commercial MOS sensors and uses the transient sensor
response to produce near real-time results. It is intended to operate as an open sampling system with forced
air flow and to measure Acetone, Isopropyl Alcohol and Ethanol. The system employs a neural network which
needs to be trained for these targets. This work is indicative of the challenges met when utilizing this type of
sensor. In [15] a sensor array for the detection of human presence is presented which can measure Acetone,
Isoprene and Ammonia at very low (ppb) concentrations. It accomplishes this by utilizing three tailor-made
metal oxide gas sensors. The system is capable of indicating human presence just by detecting skin emissions,
even without the influence of breath emissions. It also employs a COTS CO2 and humidity sensor for breath-
based detection. It was tested in tightly controlled laboratory conditions and the effect of typical hazardous
gases was not investigated.

The usage scenarios for the e-nose system presented here also include conditions that may be hazardous.
The system has the capability of detecting common air-related hazards associated with entry into a confined
space. These include explosive atmospheric hazards, asphyxiation hazards and toxic/poisoning hazards.
Rescuers are familiar with such tools which are typically carried by them, either hand-held or strapped to them.
Adding such functionality to the e-nose device increases situational awareness in the earlier stages of a rescue
operation with lower risk and less effort. It also complements victim localization efforts from a perspective of
survivability in the rubble cavities. The developed system of [13] did not have such capabilities.

This research work improves on the current state of the art of interface design in many aspects; the end-
user of the e-nose system is the technical search specialist of a rescue team. This team member operates the
detection tools used during a rescue operation which can be more than one at a time. In parallel, the operator
must communicate with his team, be aware of the shifting surrounding conditions — rubble pile- and navigate
the robotic platform. Examining the e-nose sensor outputs in an office environment could be enough to
determine human presence or a hazardous condition, but its complexity is not practical for use in the field. The
interfacing of the e-nose with the operator and the algorithm/logic that prepares the information based on the
raw sensor data is also part of the e-nose system. This is implemented as software components that run on the
robotic platform’s processor and on the operator’s control interface. The interface is optimized, not only to
present the detection of various conditions, but also to assist in the execution of the search with only a periodic
glimpse of it. Other aspects are its simplicity in areas such as training, maintenance and deployment. The
interface of the developed system of [13] did not have such capabilities.

The research and development of this e-nose system was also validated by end-users who proposed
interesting features for the graphical user interface (GUI).
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The e-nose system of this research work, is partially based on the results and outcomes of the presented
work of FIRST [7][16], a large backpack system combined with an air sampling and probing handheld stick for
searching on the surface of the rubble for indications of a human presence, much like a search dog would. Our
research improves on that method and system of detection by searching inside the rubble and by simplifying
the sensor requirements, as well as reducing the size and complexity of the system. Our approach takes
advantage of the limited air refreshing rate in the confined spaces of the rubble. This condition allows for the
existence of large variations in the target gases when a human is present in a survivable space. The operator of
the robotic platform fitted with such an e-nose system, can find the position of a victim using the e-nose, by
performing a search, much like a search dog would, assisted by the helpful e-nose outputs. For such an e-nose
system, proper selection of the target gases/substances to be detected is crucial and this work is presented in
[13]. The selected sensors of our approach are not as sensitive as in [15], but the system has been designed to
operate in a broader range of operational conditions, including the presence of hazardous atmospheres. In this
work, the system is tested in more realistic conditions, including natural air being refreshed through relatively
large openings, and with the presence of various sources of interference present, such as generators and other
combustion motors. The e-nose of the presented work is intended for USaR operations involving collapsed
structures and aims to fulfill a different set of operational requirements compared to [17]. In that work, a robot
for USaR operations where fire and smoke are involved is presented. It is fitted with various sensors including
an e-nose system, capable of detecting and identifying hazardous gases. It is capable of operating in near real
time and can produce relative concentration maps of the detected gases. To achieve this, and to reduce the
computational power requirements, output calculation is performed only when sensor input events are
identified. Regarding hazard detection, information about the presence of potential hazards is useful, but
absolute concentration values are preferred. This is because clearly defined safe levels exist for various
hazards. The e-nose of this work employs selective sensors for the toxic target gases and a nonspecific sensor
for combustible gas detection. The operator only has to select the type of combustible gas to be detected in
order for the correct gas concentration and safety thresholds to be applied. This information can, in many
cases, be acquired by the operators during the survey of the worksite from secondary information, common
practices and experience with similar cases.

For an air sampling e-nose system to operate, only a portion of the surrounding air is sampled and analyzed,
that which is near the air sampling input interface of the e-nose system, and it is assumed that the result
applies for most of the air in the confined space under investigation. This, however, is an approximation and
can only be used for victim localization. For air-related hazard detection this is not the case. Vertical scanning
must be performed [18], which is partially supported by the robotic platform hosting the e-nose via active
joints capable of raising the air sampling interface.

The e-nose presented in this work is a low-cost system, considering many factors which contribute to the
cost of owning and maintaining a system operational. For USaR applications such factors are not just the cost of
purchasing the device, but also all aspects that affect the organization adopting a “system”. The prominent
parameters in mind are training and maintenance costs. Another aspect when comparing systems is to do so
properly by carefully evaluating their capabilities. When compared to other air-based human detection
methodologies for USaR, this e-nose system can be considered mostly complete, at least from a hardware
perspective; it can operate in harsh environments, includes its own air sampling mechanism and only requires a
hosting robotic platform which provides power input and operator interfacing. Operating in potentially
explosive atmospheres requires an ATEX compatible design and component selection which increases the
device’s cost considerably. Regarding the maintenance of the system, sensor aging does not affect any system
training and decision making logic, as long as the sensors are two point calibrated. Sensor calibration can be
performed with standard calibration procedures and tools that are typically available at organizations
performing USaR operations. Sensor selection in this work favored devices with a longer lifetime in terms of
expiry date and usage in detection conditions to reduce the frequency of sensor replacement, if any. Training
personnel to operate and maintain the system does not require much effort for those already familiar with gas
sensors and air-related hazard detection. All the aforementioned parameters influenced this research effort.
The e-nose prototype device cost was in the order of €3500, excluding calibration (see 15. APPENDIX). This
figure includes expensive prototype mechanical parts and approximately half of that is the cost of purchasing
single quantity COTS sensors. In this regard, this e-nose is a low-cost solution compared to a trained canine. All
these aspects are considered to be significant advantages for its adoption by organizations that perform USaR
operations. This e-nose is not intended to replace the trained canine, but to economically help increase (build)
USaR response capacity; in a major crisis where too many hot spots appear at once, there might not be enough
search dogs to cover all the disaster sites. The availability of many such e-nose systems that can be stored for
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long periods of time and be deployed within a few hours can dramatically increase USaR response capacity
especially when trained volunteers are involved in operations.

For the e-nose, proper selection of the target gases/substances to be detected is crucial in order to minimize
uncertainty.

One set of selection criteria is to select gases/substances that do not have a high background
measurement level and are emitted by humans, or are not present in fresh air, or at least their measured level
increases substantially in the collapsed site's cavity when someone is trapped inside. Also, these gases should
not be emitted by other sources near the sensor working environment. For these reasons, the atmosphere's
composition is investigated in some detail and compared with the composition of exhaled human breath.

Another set of selection criteria is to select gases/substances depending on the method of detection.
It is most desirable to have a real-time measurement system that is not cumulative (output zeroes when the
gas/substance is not present any longer), compact, and lightweight. The response time of the e-nose affects
the speed at which the search pattern can be performed by moving around and consequently the area of the
site that can be covered. The noncumulative measurement scheme implies that the sensors are capable of
performing multiple measurements without having to re-functionalize them. Also, various technologies have
different limits of detection, ranges of operation, sampling methods, and measurement procedures. For these
reasons, a survey of sensing technologies was performed to aid in target gas/substance selection based on the
characteristics of the sensors or instruments required to detect candidate gases/substances at the anticipated
amounts. Their characteristics must be compatible with USaR operations and first responder requirements.

The metrics for describing how much of a gas is present in a gas mixture is concentration. For gases,
volume concentration is used and is defined as the volume of the target gas divided by the volume of the gas
solution.

Volume concentration = Volume of target gas/Volume of gas mixture (1)

The field of deployment for the e-nose is in building ruins caused by disasters such as earth quakes, equipment
failure, or a terrorist action. The mobile sensor platform carrying the e-nose is sent into collapsed sections of
the disaster site where access to human or dog rescue team members is not possible or safe. Survivors are
expected to be found in cavities with a confined space and little air renewal. These harsh conditions increase
the likelihood of detecting survivors with the electronic nose because the concentration of the target
gases/compounds is expected to be higher than that of the atmosphere.

A human can be considered a source, or sink, of a target gas by producing or consuming the target gas, thus
changing the concentration. The volume of the cavity can be considered the same, but not sealed (in the
general case), allowing the escape of target particles and the renewal of the solution (air). Under various
constraints, the concentration of various compounds can be above detection limits, thus information about the
presence of victims can be extracted.

The detection of gases emitted from a human in a confined space is influenced by the following parameters
- Target gas sources (number of victims in cavity, victim’s size such as male, female or child)
- Ventilation of cavity (expressed in air flow rate changes).

The ventilation of a cavity is influenced by the following aspects:

- Openings of the cavity with air sources outside examined cavity (could be fresh air or from adjacent

cavity).

- Weather conditions- wind, local weather conditions.

- Other airflows caused by temperature difference (stack effect).
The effects of these parameters on the detection performance of the e-nose were studied in [19] and the
conducted verification tests performed as part of this work and are presented in [section 7, 2" e-nose
prototype].

In summary, the main contributions of this research work are to the system design which combines victim
detection with hazard detection capabilities, and the capability of operation in harsh and hazardous
environments by broadening the research goals. It also contributes to the detection methodology of human
presence from inside the rubble. A major contribution is the e-nose interface designed for this specialized USaR
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application and the associated algorithmic aspects regarding the generation of the information provided.
Finally, the low-cost aspects of this system can potentially contribute to creating more USaR response capacity.
The latest and most complete developments of this work are published in [20].

1. DETECTION TARGETS FOR HUMAN PRESENCE INDICATION

1.1. Overview

Determining the detection targets or human presence indicators for the e-nose requires a fair knowledge of
the field of operation when no human is present, the disturbances that can be caused to that state by human
presence and finally the capabilities of the sensor technology detecting the disturbances. The field of operation
for the e-nose is the environment and conditions the e-nose is expected to operate in. Typically the
environment is an urban building construction that has been severely damaged. From the e-nose perspective,
the condition of the air in the search site is of interest to assist in determining suitable detection targets for
human presence indication. This includes the air composition, the air temperature, atmospheric pressure, and
humidity. The air conditions of the site when no human is present could be roughly approximated to the
atmospheric conditions. These conditions are the base onto which human presence, as a source or a sink,
makes changes. Human breath rapidly changes the composition of the air in confined spaces. The atmosphere
is also influenced by human body fluids such as sweat, saliva, tears, mucus and, in the case of entrapment,
urine will most probably be excreted and influence the air composition with blood and faeces being less
expected. Analysis of this information produces a first set of the candidate detection targets. This set is
drastically reduced in size when the detection technology capabilities and other technical constraints are taken
into account when producing the final candidates.

1.2. Air composition

The air composition of the atmosphere is examined in this section to acquire the baseline conditions in which
the e-nose must operate and use them as a definite reference having no human presence. Air suitable for
sustaining human life is found in nature in Earth's troposphere. It is the lowest layer of atmosphere that
extends, on average, approximately 17km above the Earth’s surface. The air composition in the troposphere
can be considered uniform except for the water vapor content, while air density varies with altitude. The
lowest part of the atmosphere that extends a few hundred meters up to 2Km from the earth’s surface is
referred to as the planetary boundary layer and is the portion of the atmosphere that is considered in this
work. The planetary boundary layer (PBL), or else atmospheric boundary layer (ABL), is directly influenced by its
contact with the planet’s surface affecting various physical quantities such as air flow velocity, temperature,
moisture content, etc. The most critical quantities from the e-nose point of view are temperature (affecting
moisture content), moisture content, and wind velocity (affecting air renewal in narrow spaces and aerosols).
Due to the high variability of moisture content, the composition of the atmospheric air is given as dry air
composition. The maximum moisture content can be calculated from the conditions present at a specific
location. Local pollutants and aerosols also have to be considered.

Air composition = Dry Air composition (unpolluted) + Water Vapour Content + Local Pollutants +
Aerosols (2)

Aerosols, in this work, are small particles suspended in air. The particles must have a lifetime of minutes at
least and are grouped as particles below a certain diameter. Particulate Matter, by definition, is the total mass
of aerosols per unit of volume. PM-X is the mass of aerosol particles with a diameter of X micrometers or
smaller. Aerosols can be primary (pollen, dust, ash) or secondary when they are formed by a conversion in the
atmosphere. Aerosols, initially at least, are not considered as target compounds for sensor detection due to the
high level of complexity regarding the sampling of them in conjunction with limitations introduced by
requirements on the mobile sensor platform (robotic platform on which the e-nose can be installed ). The most
important limitation is the waterproof requirement set for all modules on the mobile sensing platform. The
waterproofing of the e-nose system requires special filters that block a considerable amount of particle matter
even for particles with a diameter smaller than that of the filter's nominal pore diameter. The local pollutants,
in this context, are all substances that are not included in the dry air composition. They can occur naturally
(nonanthropogenic) e.g. from plant activity or can be a result of human activities (anthropogenic) [21]. The
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most representative and common case of interest are hydrocarbons and volatile organic compounds. The
following subsections are intended to identify the major constituents and their anticipated quantities that are
at the same time emitted by the human body.

1.2.1. Dry Air Composition

The following table lists the composition of dry unpolluted air by volume at sea level [22].
Table 1: Dry air composition

Gas Concentration
Nitrogen 78.084%
Oxygen 20.946%
Argon 0.934%
Carbon dioxide 360ppm (variable)
Neon 18.18ppm
Helium 5.24ppm
Methane 1.6ppm
Krypton 1.14ppm
Hydrogen 0.5ppm
Nitrous Oxide 0.3ppm
Xenon 0.078ppm

Note that the carbon dioxide, or CO,, content listed as 360ppm is equivalent to 0.036%. This value is steadily
increasing every year and since the publication of the source has reached 0.040% or 400ppm [23]. This value is
not to be taken blindly because it is influenced by many local factors. The value measured at each site depends
on the local conditions and activities, including both anthropogenic and nonanthropogenic. Since local
conditions change, a constant value should not be assumed, even for the same exact location. For example, in
densely populated urban locations pollution as well as the weather conditions affect the CO, concentration.
Also, in lightly populated semi-urban locations that include or are near vegetation, such as forests, the CO,
concentration can be influenced by vegetation’s (metabolic) activity and variations should be anticipated
between day and night. This uncertainty of the baseline value of the CO, concentration should be accounted
for if it is used as an indicator. The design of the e-nose must anticipate small variations of the CO,
concentration during deployment at a site by supporting the easy and frequent update of baseline-reference
measurements, as well as an increased immunity to these variations that can be modeled as noise. Similar
considerations apply for the oxygen concentration. These O, variations, though, will not be much noticed
because they are not very high if expressed as a percentage of the O, concentration value.

The following table lists the concentration of hydrocarbons in the remote continental boundary layer [22].

Table 2: Concentration of hydrocarbons in the remote continental boundary layer

Hydrocarbon Concentration (ppb)
Methane 1600
Ethane 1-6
Ethene 0.2-3.2
Ethyne (acetylene) 0.3-2.4
Propane 0.1-2.7
Propene 0.2-0.8
n-Butane 0.1-1.9
1-Butane 0.1-0.7
n-Pentane 0.1-0.7
Benzene 0.2-1.2
Toluene 0.1-1.0
Isoprene 0.6-2.3
o-Pinene 0.033-1.5
B-Pinene 0.1-0.43
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The concentrations listed are very low and are not considered to be a great influence in case these gases are
selected as indicators. However, as in all cases, local sources and conditions can greatly affect these values. The
Methane concentration value could be an exception since it is in the low ppm range (1ppm is 1000ppb). Its
occurrence at high levels should be anticipated since it is the major constituent of natural gas, liquefied natural
gas (LNG) and is also a product of the anaerobic decay of organic matter. Methane is flammable and is used as
fuel in many cities. In an urban setting, it can be the primary cause of a disaster, such as an explosion from a
(natural) gas leak. It can also be a safety hazard in a disaster site since it can fuel a fire or cause an explosion. It
can also be a cause for asphyxiation if it displaces enough of the air’s oxygen in a confined space. The methane
concentration levels in the atmosphere are very low compared to the levels considered hazardous, so there is
no interference if methane is monitored for safety reasons.

1.2.2. Water vapor content

The metric for describing water vapor content in the atmosphere is humidity. Humidity is quantified in three
ways:
Absolute Humidity = mass of water vapour / volume of air and water vapour mixture (3)

Relative Humidity = (partial pressure of water vapour in air/
saturation vapour pressure of water at the same temperature) * 100% (4)

Relative Humidity can also be calculated as = Absolute Humidity/Absolute Humidity when air saturated in the
current conditions.
Specific Humidity = mass of water vapour / total mass of moist air [24] (5)

Absolute Humidity is the metric more useful for quantifying the amount of water vapor present in air. Relative
Humidity is the metric more suitable for estimating human comfort and air quality. It is very helpful in
understanding the water vapor carrying potential of air in certain conditions of temperature, pressure, and
absolute humidity. Humidity is a parameter that has to be controlled inside the e-nose instrumentation
because the complete range is not supported by all the sensing technologies used. The following table lists the
saturation vapor pressure of pure water at various temperatures [22].

Table 3: Saturation vapor pressure of pure water in various temperatures

Conditions Set 1 Set 2 Set 3 Set 4 Set 5 Set 6
ITemperature (°C) 0 5 10 15 20 25

Pressure (Pa) 610 872 1228 1705 2338 3167
\Water content (g/m3) | 4.847 6.797 9.399 12.83 17.30 23.05

A more detailed table regarding relative humidity and temperature can be calculated at [25] from the
equations given at [26][27].

An important observation is that when the temperature increases, so does the water carrying capacity of the
air. This also implies that when the temperature decreases, so does the water carrying capacity. A critical
observation is that if the air is saturated with humidity (100% RH) at a specific temperature and then the
temperature drops, the excess humidity forms water droplets. This condition is described as condensation and
is a condition in which electronic components are not typically specified to operate in.

1.2.3. Volatile Organic Compounds (VOCs) with biogenic origin

The volatile organic compounds considered in this section are mostly the ones produced by plants. The
following short chain oxygenated VOCS, or else oxVOCs, play many roles in plant physiology and ecology:
Formic and acetic acids, acetone, formaldehyde, acetaldehyde, methanol, and ethanol. Plants, under non-
stressed conditions can emit all of them at fluxes ranging from 0.2 up to 4.8ug(C)g-1 (leaf dry weight)h-1. These
rates increase several orders of magnitude when the plants are under stress. Due to their relatively long
atmospheric half-lives they can reach considerable concentration in the atmosphere in the range of ppbv [28].

Isoprene occurs naturally and is widely present in the environment at low concentrations [29]. It is emitted
from plants and trees and it is estimated that the contribution of isoprene to the total nonmethane emissions
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from the biosphere is about 50% [30]. The global annual foliar emission of isoprene was estimated to be about
400 million tons [31]. Isoprene is produced endogenously by humans (as the major endogenous hydrocarbon),
probably from mevalonic acid, a precursor of cholesterol biosynthesis. The production rate of isoprene was
calculated to be 0.15 pmol/kg and the quantity exhaled per day was estimated to be 2-4 mg/kg [32][33].

1.2.4. Volatile Organic Compounds (VOCs) with anthropogenic origin

Isoprene is present in roasted coffee and is formed in combustion processes (detected in automobile and
turbojet exhaust and in the gas phase of tobacco smoke) and during wood pulping and rubber abrasion [33]. An
investigation into the traffic-related fraction of isoprene at an urban location is presented in [34]. This study
concludes that in the winter isoprene and the other measured hydrocarbons are of anthropogenic, vehicle
motor origin. In the summer, a strong biogenic origin of isoprene was pointed out, conforming to similar works.
The concentrations of Isoprene are not steady throughout the year and vary during the seasons and the time of
day as can be seen in [35].

1.3. Gases/compounds emitted from the human body

This section examines the gases and compounds emitted from the human body through breath, sweat, tears,
saliva, mucus and other body fluids such as urine and blood. Faeces are not examined because they are not
generally anticipated to be produced during entrapment. Most interest is focused on breath and urine-oriented
sources because they have the most potential to generate practically measurable concentration changes.

1.3.1. Composition of exhaled human breath

The composition of exhaled human breath is examined in this section to acquire information on the
disturbances caused to the atmospheric baseline composition which could be detected and thus be used as
human presence indicators. The composition of human breath, and more precisely, the composition of the
exhaled air has similarities to the composition of the inhaled air. The major constituents are present but have
slightly different concentrations, with the only exception that of water vapor content, which is always near
100% relative humidity.

“Full saturation of the exhaled air is essential because it minimizes airway drying and local increases in the
concentrations of solutes in the fluid lining the airway that could damage the pulmonary epithelium and
interfere with gas exchange.” [36]

The most apparent changes can be observed in the concentrations of oxygen and carbon dioxide as a result of
the main human metabolic activity: energy consumption. The ratios of input/output oxygen and input/output
carbon dioxide are not the same among all humans and, in fact, vary greatly. The efficiency of each individual in
absorbing oxygen, and thus emitting carbon dioxide, depends on many factors. Physical health and fitness level
can be considered the most influential. In any case, oxygen absorption is not 100% efficient. Human
metabolism is very complicated and that can explain the plethora of emitted compounds. The content of these
other compounds in the exhaled air of healthy humans is dramatically different among individuals and can be
partially attributed to environmental factors, such as exposure to pollution, different metabolic activity, and
nutrition composition. A recent research work suggests that every individual has his own unique breath
chemical pattern [37]. Various health conditions have an effect on the composition of the exhaled air as shown
in various publications [38][39]. Typically, a substance's concentration increases or new compounds are
present, without greatly affecting the core composition of the exhaled breath. Thus, the detectability of
healthy/ill individual is not distinguishable if specific compounds are not monitored.

A fair approximation of the exhaled air content regarding the major breath constituents is included in the
following table:

Table 4. Major constituents of exhaled air.

Component Concentration (by Volume)
Nitrogen 78.04%

Oxygen 13.6% - 16%

Carbon dioxide 4% - 5.3%

Argon, Helium, Neon, and other gases 1%

\Water vapor 5%

Page 26 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

Other traces of gases (Carbon monoxide, Hydrogen,|n the ppm level
etc)

Other non methane carbohydrates , Volatile Organic|in the ppm level
compounds (Ammonia, Acetone, Methanol, Ethanol,
etc)

Aerosols

Human breath is vapor content saturated and has a relative humidity of 100%. The margin of ambient humidity
to 100% humidity could give an indication of human presence: humidity is elevated. Under conditions, such as
low environment temperatures and confined spaces, the exhaled humidity can create condensing humidity
conditions that are not tolerated very well by many electronic components. It is anticipated that the e-nose will
operate in such conditions and special care (design features) should be taken.

Comparing the information of the concentration of the atmosphere and the exhaled breath, it is evident that
oxygen and carbon dioxide have a great margin for producing detectable variations in a confined space
occupied by a human. Thus far, the concentrations of CO,, O, and humidity can be used as indicators of human
presence. Another aspect not obvious in the data is that the exhaled air has a relatively fixed temperature close
to that of the human body. Again, if the temperature of the environment is different, this could also be
detected and used as a human presence indicator.

Concentrations of VOCs in human breath emissions in various situations can be found in table 1 of [40]. Also,
the results of a simple box model used to calculate steady-state VOC concentrations resulting from a few
common, if confined, situations can be found in table 2 of [40]. The measured VOC levels for similar spaces are
provided, where available, for comparison. Due to large uncertainties these comparisons should be regarded as
qualitative. According to the authors of the referenced work, “when people congregate indoors, human
emissions are likely to be a significant fraction (e.g., >10-20%) of the source of TVOC. In some cases, human
emissions may dominate other sources of VOCs.”

The volatile organic compounds emitted by human breath listed in [40] are in the ppb range and their
detection depends on the sampling techniques and sensing technology employed. Current requirements and
the state of the art of the sensing technologies do not allow, for the near future, the utilization of other
identified ubiquitous compounds as victim localization indicators. This is because the anticipated detection
range is wide due to the large variations between individuals. Some individuals fall below the detection
thresholds, thus not all people will be detected with these indication criteria. The resulting and anticipated
false negatives will only be increased when applied at real disaster sites where sampling conditions might not
be known and cannot be controlled, producing unfavorable conditions for victim detection.

1.3.2. Gases originating from body fluids

This section presents the potential gas targets that could be detected from various body fluids.

The metrics for quantifying the presence of a specific gas/compound is concentration. For fluids, ideally, the
concentration of gases/compounds is measured in the headspace of the fluid. For laboratory analysis of the
headspace of a liquid, a specified volume of the fluid is placed in a specified fluid container leaving a specified
air volume above the surface of the fluid. The air of the container is sampled and compounds are detected in it.
These sampling conditions are known and the same for all samples. In the electronic nose field of operation,
the sampling conditions are neither steady nor known in most cases. One aspect is almost certain: The
conditions are not favorable for the accumulation of large, easily detectable, concentrations due to rubble
gap/void conditions such as ventilation, material absorption/adsorption and large ratio of fluid sample to air
volume. Thus, the concentrations reported by the various studies referenced in this work, must be used with
caution, as they should be interpreted as the maximum values in the best-case scenario (concentration wise)
conditions for the electronic nose. When no data is available about the headspace concentration of gases over
a liquid, the composition of the fluid itself is studied. A rough estimation of the possible gases that could be
emitted in the air in some cases is produced based on assumptions. Again, the assumptions can be fairly
optimistic and the results indicating best-case scenario conditions (concentration wise) for the electronic nose.

The work mainly focuses on urine since this is the most anticipated body fluid to be excreted producing
detectable ammonia levels depending on various conditions. Faeces are not examined because they are not
much anticipated in trapped human situations. Other body fluids such as saliva, tears, sweat and mucus are not
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examined independently since they are examined in the Trapped Human Experiment work [41][42], where a
person was placed in a chamber and the air sampled and measured. Their contribution to the overall result is
not considered because for the entrapment case they cannot be found separately (breath vs. sweat, tears,
mucus, saliva). The cause (gas substances) of metallic blood odor was investigated in literature. The metallic
odor humans can smell after a fresh cut is in fact the by-product of decomposition of substances found on
human hands and skin when they come in contact with ferrous ions (Fe 2*) of the blood [43]. This reaction is
rapid and the released compounds are aldehydes and ketones. The key odorant is 1-octen-3-one. The
supporting table lists the odorants contribution to the characteristic smell.

The maximum concentration of the detection threshold of the critical odor component is 1.12ug/m3. This is
equal to 0.00022ppm or 0.22ppb. This value indicates a very high sensitivity of the human olfactory system to
this substance. The detection of this substance requires GC — MS sensing techniques and probably under
nonlaboratory conditions is not feasible. Furthermore, the detection of this compound requires that the
ferrous ions of blood react with substances located on human hands and skin.

ppm = (mg/m3 value )(24.45)/(molecular weight) (6)
mg/m3 = (ppm value)(molecular weight)/24.45 (7)

24.45 is a conversion factor that represents the volume of one mole of gas.

To determine the molecular weight of a particular substance, add the atomic weights (refer to the MSDS of the
particular substance) of each atom present in the chemical formula of that particular substance.

Note: this calculation assumes a temperature of 25°C (77°F) and a pressure of 1 atmosphere (760 torr or 760
mm Hg).

1-Octen-3-one molecular weight is 126.20g/mol

Urine constituents and detection

Urine is a body fluid that is anticipated to be excreted during entrapment of human victims in building rubble
voids. Detection of urine is an indicator of both healthy and injured victims. Its detection cannot indicate the
current status of the person who produced it, if he/she is still alive. The examination of urine as a human
presence indicator for the e-nose is promising since the typical volume excreted is in the ml-l range and
contains a large number of compounds/substances some of which are in high concentrations. Furthermore,
some of the substances are even volatile or produce gases that can be detected in the air. A limiting factor is
that the detectable contents in urine are not released/ produced at once and greatly depend on many
conditions, of the victim and of the environment.

Liquid contents in human urine

A list of compounds present in the human urine can be found in [44]. The amount of ammonia present in the
typical urine sample is very high, though it is not released in the air but is rather diluted. Its origin might not be
from the human body. The potential source of ammonia in the air is from the large quantities of urea when
decomposed by bacteria.

Volatile organic compounds in human urine

A list of the volatile compounds present in human urine can be found in [45]. These compounds are measured
in the air above urine samples (headspace). That work includes the compounds identified in the referenced
work, as well as compounds identified with other methods from other research groups. Note that not all of the
compounds were found in all test subjects. Also, many of the compounds were not found with all of the
sampling/detection methodologies. From all the compounds listed, only the following are found in all samples
independent of pH conditions and can be considered for detecting human urine: acetone, methylene chloride,
4-heptanone, 2-pentanone, 2-butanone.

The following section has a more relevant, to this work’s case, setup and the reported concentrations for the
target compounds are in the lower ppb range. Using sensor detectors that are not strictly sensitive to a specific
compound, but rather sensitive to groups of compounds, could increase the effective concentration.

Permeation profiles of urine volatile compounds
In [46], a simulation of a void in rubble was created to study the permeation profiles of twenty-two volatile
compounds occurring from urine samples. The apparatus was built around a custom-made container that could
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hold various types of rubble suspended above a urine sample. A light air flow was maintained over the urine
surface and the air above the rubble. The air over the rubble was sampled at regular intervals. That research
includes a table that lists the retention times (R t ), LODs (ppb), RSDs (%), correlation coefficients (R 2 ), linear
ranges (ppb) and qualifier—quantifier ion ratios used for identification of monitored urine species. It also
includes tables that list the incidence and maximal concentrations of urine-borne compounds obtained for
different materials investigated within that study. Another interesting table lists the average time constants ()
representing the removal rate of the urine-borne compounds from the chamber and the average peak times
(times of the maximal concentrations measured from the time of the urine injection). This work and results
suggest that poorly soluble substances are released early after the urine is excreted and probably disappear
relatively quickly from the victim’s surroundings. Among those substances is acetone, which exhibits very high
concentrations compared to the other compounds yet in the ppb range.

Ammonia creation from the hydrolysis of urea
Urease is an enzyme that catalyzes the hydrolysis of urea into carbon dioxide and ammonia [47][48][49][50].
The reaction occurs as follows:

(NH2)2CO + H20 - CO, + 2NH3
The kcat/Km of urease in the processing of urea is 10%* times greater than the rate of the uncatalyzed
elimination reaction of urea. Ureases are found in many bacterial species and are used in the detection of
various urease generating pathogens such as: Proteus mirabilis and Proteus vulgaris, Ureaplasma urealyticum
(a relative of Mycoplasma spp.), Nocardia, Corynebacterium urealyticum, Cryptococcus spp. (an opportunistic
fungus), Helicobacter pylori, Brucella, Staphylococcus saprophyticus, and certain enteric bacteria including
Proteus spp., Klebsiella spp., Morganella, Providencia, and possibly Serratia spp.
The biochemistry of urease [49] indicates that other compounds can be affected by urease: The enzymatic
decomposition pathway catalyzed by urease features kcat/Km approximately 10%° times higher than the rate of
the uncatalyzed reaction [51]. The observed values of Km fall in the 1-100 mM range and are largely
independent of pH, while kcat strongly depends on this parameter. Typical bell-shaped pH profiles for urease
activity are observed, with pKa values of 6.5 for a general base that must be deprotonated, and ca. 9.0 for a
general acid that must be protonated. The maximum of activity is detected at pH 7.5-8, with maximal values of
kcat and kcat/Km of ~3,000 s-1 and ~1,000 s-1 mM-1, respectively. Enzyme inactivation at pH < 5 is due to
irreversible protein denaturation and loss of the essential nickel ions. Urea is not the only substrate for the
enzyme, and hydrolytic activity also involves formamide, acetamide, N-methylurea, N-hydroxyurea, N,N'-
dihydroxyurea, semicarbazide, and different kinds of phosphoric acid amides. The values of kcat for these
alternative substrates are two orders of magnitude lower than that observed for urea.

The most interesting substances are ammonia and acetone due to their ability to be in a gas form at ambient
temperatures. Acetone is also emitted from the human body by breath and sweat, but the amount produced,
indicated by the urine content, is not high enough to be detectable by acetone gas sensors. Ammonia, on the
other hand, is produced in larger quantities, though what is very interesting is the production of ammonia from
bacteria which consume urea.

A study reports that the mean odor detection threshold (ODT) for NHs is 2.6 parts per million [52]. This
information is very useful and helps determine the potential concentrations that can be encountered if
combined with the following observation. Places where urine is deposited and not cleaned, like urinals
(waterless or even flushed ones), back alleys, walls, a body with poor personal hygiene, used diaper [53] bins,
develop the distinct urine smell of ammonia. Since the ammonia can be smelled even in the outdoor cases, it
can be assumed that the emissions are adequate to produce concentrations way above the limit of detection.
Also, ammonia is exhaled when breathing. For these reasons, ammonia is the only gas/compound that has the
potential to be accumulated in a confined space in concentrations at the ppm level and thus be detected by a
small ammonia gas sensor.

Other urine constituents that could be potentially detected in the air are the volatile organic compounds
present in it if state-of-the-art sensing technologies miniaturize substantially. Most of the volatiles detected in
the referenced study are detected after the urine sample is mixed with an acid or a base. Only five compounds
were ubiquitous independent of pH: acetone, methylene chloride, 4-heptanone and 2-pentanone and 2-
butanone. These compounds represent the compounds emitted directly from the urine without any
interactions with the environment. When urine is released into the environment, which is typically not sterile,
chemical or biological interactions occur that produce or consume volatile compounds. Anyhow, the
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concentrations of these volatile organic compounds are in the ppb range and it is not very likely that gas
sensors can detect them.

14. Sensor technologies and capabilities

The initial concept when inventing the term e-nose was that of an artificial system that could perform as the
mammalian olfactory system for detecting smells. Great effort has been put into the subject over the years but
the resulting devices are still outperformed by their natural counterparts in most cases. Only in specific, very
well defined and controlled conditions, do e-noses perform well, by automating specific processes, providing
round-the-clock detection services and reducing cost [54]. Nowadays, the e-nose terminology is also used for
gas detection systems that can detect gases not sensed by the mammalian olfactory system. An example of a
highly specific task, where e-nose systems perform well, is the detection of flammable natural gas in mining
operations. An example of a highly complex problem, where e-nose systems have not yet reached maturity, is
quality control testing of food specimens via odor sensing. The state of the e-nose technology is affected by the
underlying detection/sensor capabilities, the equivalent of the biological receptors, in terms of detectability
and selectivity of various target elements. Many technologies exist, each having their advantages and
disadvantages. Many configurations are possible but most of them require many sensing receptors, as do the
natural ones. Some approaches use a number of standard gas chemical sensors. Others use custom-made
clusters of sensing elements. No single technology can yet be considered the prevailing one, although
chromatography coupled with mass spectrometry-based solutions exhibit high sensitivity and selectivity at the
expense of time, space, simplicity and cost. The objective in this case dictates many constraints effectively
reducing the suitable e-nose or sensor choices. For example, any e-nose system larger than 20x20cm is not
considered simply because it is too large. The following section will briefly present the technology of various
types of gas sensors (receptors). Having a basic notion of the underlying detection technology will assist in the
evaluation and suitability of the currently available e-nose products and sensors for creating them.

1.4.1. Gas sensing technologies

Gas sensing technologies are categorized according to the physical properties they use in order to convert the
gas concentration information into a computer measurable property. Each detection technology will be
evaluated according to its advantages and disadvantages. The criteria for the sensing technologies are
sensitivity, selectivity, response time, energy consumption, reversibility, long-term stability, cost, size, and if
the detection is destructive.

The following gas sensing technologies are considered suitable and some of them are utilized in the e-nose
prototype devices.

Metal Oxide Sensor - MOX, Metal Oxide Semiconductor sensors MOS

The MOX or MOS sensor is a commonly used sensor. This sensor utilizes a layer of metal oxide over a
semiconductor in order to detect redox reactions of the target gas with the metal oxide. The detection process
is the following: 1) Redox reactions occur on the surface of the metal oxide (for example between the O- in a
Sn0, metal oxide sensor) distributed on the surface and the molecules of the target gas. 2) The redox reaction
creates an electronic variation that changes the conducting state of the semiconductor. This change can be
interpreted with the readout circuits. The redox reaction is influenced by the reaction temperature of the
oxidizer (O-) which is typically high. The high working temperature of the sensor is typically maintained with a
heated filament. Various gases have different optimum working temperatures, thus selectivity of the sensor
depends on the air sample mixture. Advantages: low cost, medium sensitivity, possibility of detecting more
than one target by changing the temperature, fast reaction time, small, reversible. Disadvantages: higher
power consumption, selectivity depends on sample mixture.

NonDispersive Infrared sensor -NDIR [55][56][57]

In this detection technology, infrared light from an infrared source is guided to pass through two sample
chambers. Infrared detectors are located where the light exits at each chamber. The gas in the chambers
causes absorption of specific frequencies according to the Beer-Lambert law. According to the attenuation
measured by the detectors, the gas concentration can be determined. The one chamber is typically sealed with
a known concentration of a gas and is used as reference to cancel out external gas-related measurement noise.
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Other thermal background noise is removed by modulating the infrared source (simplest form is ON/OFF). Also,
the selection of specific frequencies is assisted by the utilization of various optical filters. This type of sensor is
very popular for detecting CO,. Advantages: small, medium price range, selective, fast response, good long-
term stability, small to medium energy consumption. Disadvantages: sensitivity not greatly influenced by low
selectivity at low concentrations of target gas.

Fluorescence-based optical sensor

In this detection technology, the principle of fluorescence quenching by the target gas is used. An example of
this type of sensor is an oxygen sensor. These sensors have low power consumption but at the same time have
a longer lifetime compared to electrochemical sensors due to the nondepleting sensing principle. These
sensors can operate in a wide range of environmental conditions and are very stable and robust. Also, they do
not contain hazardous materials and can have negligible cross-sensitivity to other gases. Advantages: small size,
medium price range, selective, good long-term stability, low energy consumption, long lifetime. Disadvantages:
response time.

Electrochemical Cells - EC sensors

Single compounds in a gas mixture are usually detected with electrochemical cells. These cells are isolated from
the environment by a selective diffusion barrier. Only the target gas is, theoretically, able to reach the
electrochemical cell. The target gas is detected in an EC cell via the oxidization or reduction of the gas. The cell
typically contains 3 electrodes that are used to perform amperometric or potentiometric measurements. The
current/potential is correlated directly with the concentration of the gas in the cell and therefore in the
sample. Advantages: good selectivity- not perfect due to nonperfect diffusion barrier, small, relatively cheap,
long-term stability, low power. Disadvantages: sensitivity, response time, destructive detection,
electrochemically active compounds.

The following list includes the sensing technologies considered for utilization in the e-nose but were deemed
unsuitable.

Bulk Acoustic Wave - BAW, Surface Acoustic Wave - SAW [58][59]

The acoustic wave sensors are capable of sensing by detecting differences in the propagation of
sound/mechanical waves. The differences are commonly the change of mass of the surrounding air or of a
polymer coating that absorbs target gases. Sound waves are typically produced by a piezoelectric transducer
and received by another one. The propagation mechanism of the wave determines if the sensor is a surface
acoustic wave or a bulk acoustic wave device. For sensing one gas, typically, there are two pairs of transducers:
one that is exposed to the measured mixture, and one that is not and serves as a reference. For e-nose
applications, a cluster of transducers is assembled, but each detection cell has a different sorptive coating. The
selectivity of the sensor depends on the properties of the coating. Advantages: small, inexpensive, low power,
sensitivity. Disadvantages: selectivity, sensitive to particles and water condensation.

Metal Oxide Field Effect Transistor - MOSFET [60]

In a CCFET setup (Capacitive Coupled Field Effect Transistor), a gas-sensitive layer is applied to a suspended
gate that is mounted on top of a silicon chip. If this layer comes into contact with molecules of the target gas it
responds with a change of its surface potential. The gas-sensitive layer is capacitively coupled to a large floating
electrode which is connected to the floating gate of a conventional MOSFET (Metal Oxide Semiconductor Field-
Effect Transistor).

Photo-acoustic Infrared Spectroscopy

In this method, a modulation of the intensity of an IR source causes a temperature variation and the resulting
expansion and contraction of the gas is measured with a microphone as audible frequencies. Alternatively, the
absorbed energy of a narrow band- pass infrared beam is measured in filter-based infrared spectroscopy.
Commercially available devices (e.g., MIRAN SapphlRe from Thermo Scientific [61]) are used mostly for
absolute measurements of concentration either in detection of a single compound which has a unique
absorbance wave-length or by analysis at multiple wavelengths for a known gas mixture. However, where the
constituents of the gas mixture are unknown, these instruments can also be combined with pattern recognition
and used as an e-nose. Advantages: good selectivity performance in known gas mixture, response time, no
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reversibility issues, good stability in the long term. Disadvantages: Sensitivity is not very high. An instrument
capable of detecting various gases is expensive and its size is not very small.

Mass Spectrometry [62][63]

Mass spectrometers are typically used in analytical chemistry for the determination of the amount and type of
chemicals present in a sample. This is achieved by ionizing chemical compounds to generate charged
molecules, or even fragments, and measure their mass-to-charge ratios. The mass-to-charge ratio is measured
by accelerating the charged molecules/fragments and then deflecting them in an electric or magnetic field. The
induced deflection is higher when the mass is smaller and the charge is larger. The detection of the deflection
can be done by a properly positioned electron multiplier. Many configurations exist for deflecting, filtering and
detecting. A common disadvantage of all mass spectrometers is that their operation requires a vacuum. Mass
spectrometers are often fed the output of gas chromatographers. In e-nose applications though, no separation
is performed and each mass-to-charge ratio can be treated as a virtual sensor further analyzed with pattern
recognition algorithms. Advantages: very good sensitivity, very good selectivity. Disadvantages: high cost,
requires vacuum, requires ionization of sample, complex power supply, relatively long response time.

Gas Chromatography [64]

Gas chromatography is used in analytical chemistry for separating and analyzing compounds that can be
vaporized without decomposition. The separation process is followed by some type of detection of the
separated compounds. Various detectors are used depending on the target gases and solutions. Gas
chromatography is performed with the following process: the sample is vaporized and mixed with an inert or
nonreactive gas- the mobile phase. During the static phase the mixture is passed through a long tube or column
coated with a liquid or polymer. The sample compounds interact differently during the static phase as they
travel through the column at different times, thus separating. The detector then can detect individual
compounds. The measurement is the intensity of the output of the detector over time. Various compounds are
indicated with peaks in the diagram. The area of each peak determines the concentration of the compound in
the sample. The time at which each compound exits the column is detected and can be used to infer what
compound it is according to known reference outputs. In e-nose applications, the detector output at various
output windows can be integrated and considered the output of a virtual sensor. Advantages: sensitivity
depends on detector type, very good selectivity. Disadvantages: requires an inert or nonreactive gas; heating
the column increases power consumption; response time depends on length of column -not instant; device
can’t be miniaturized beyond a point.

Flame Photometry Detector - FPD [65]

The flame photometry detector (FPD) is based on the decomposition of any organic compounds in a hydrogen
flame. If phosphorus or sulphur is present, light of a specific wavelength will be emitted. After the other
wavelengths are masked out through filters, a photomultiplier detects the concentration of one of the
elements. Because phosphorus and sulphur are present in classical nerve gases, this technology is often used in
the military/security application field. Advantages: capable of detecting specific phosphorous and sulphur-
based compounds, long-term stability, quick response. Disadvantages: requires hydrogen gas flame; limited
sensitivity; not miniaturized - though portable; cost; destructive detection.

Photo Ionization Detector PID -without coupling to an Ion Mobility Spectrometer [66][67]
This detection mechanism uses a UV light source to ionize the target gas mixture. It is capable of detecting
compounds with an ionization potential equal or lower than that of the UV light. This method is a broad range
method without great selectivity since it detects all the compounds in the solution that can be ionized with the
particular UV source. Detection is performed with an electron multiplier and the output of the device is a
current measurement. This sensing method is produced as a handheld portable and is used in a wide range of
applications due to its high sensitivity. Advantages: good sensitivity, fair long-term stability, nondestructive
detection, reversible, fast response. Disadvantages: not good selectivity, medium price range, portable but not
miniature.

Flame lonization Detector - FID [68]
For a nonspecific determination of flammable compounds, flame ionization detectors (FIDs) are used. In a
hydrogen- oxygen flame the compounds are burned in an electric field, and the ion increases are detected as
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an electrical current via two specially shaped electrodes. Because all organic compounds are detectable, flame
ionization detectors are often used in gas chromatographs, but they are available as stand-alone devices as
well. Advantages: high measuring range, long-term stability, fast response time. Disadvantages: not selective,
unable to detect inorganic substances, require flame, destructive detection, relatively low-medium cost,
portable not miniature.

Thermal Conductivity Detector - TCD [69]

In this type of sensor, the different thermal conductivities of various gases are exploited. A chamber is heated
to steady conditions. A temperature sensor (RTD, Thermocouple, Thermistor) is located within the chamber.
Under normal conditions the temperature reading is constant, but when a gas with a different thermal
conductivity enters the chamber, the temperature of the sensor changes. This type of sensor is nondestructive
but does not have great selectivity since many gas mixtures could exhibit similar thermal conductivity.
Nevertheless, it is ideal in determining the ratio of a two gas mixture when the gases have different thermal
conductivities. This type of detector is typically used as a detector for low end gas chromatography instruments
as it is robust and cheap, even though it does not provide the best available sensitivity. Advantages: low cost,
nondestructive, fast response, good long-term stability, good selectivity for gas mixtures of two known gases
with dissimilar thermal conductivities, relatively small, reversible. Disadvantages: sensitivity, selectivity, power
requirements for heater.

Carbon Nanotubes based sensors

Carbon nanotube based sensors can employ different working principles similar to other types of gas sensors
(e.g. variable resistance, carbon nanotube field effect transistor) [70]. Their advantage is better sensitivity even
at room temperatures for specific target gases and the miniaturization due to the very good physical properties
of the carbon nano tubes. The disadvantage is that although they have been developed for quite some time,
there do not seem to be any commercially available sensors. Advantages: high sensitivity at room
temperatures, miniaturized. Disadvantage: for research only, no sensors commercially available.

Conductive Polymer - CP [71]

A typical type of conductive polymer sensor is the chemresistive type. In this sensor configuration, the polymer
material changes its conductance when exposed to substances that react with it. The polymer can be
customized to be sensitive to different substances. The sensor is not very selective but exhibits different
responses for a wide range of substances. Creating an array with multiple chemiresistors that have
differentiated polymer materials is a popular way to create an e-nose. The reaction of the entire array when
exposed to a substance creates an identifiable pattern. Different substances each produce a unique pattern.
Unfortunately, each substance to be detected must be chosen in advance and the system trained. This fact also
limits the use cases of this type of sensor to detecting only one gas target at a time. If more than one target
gases are present at the same time their patterns are mixed, the response of the sensor depends on the
concentration of each gas. The concept of this sensor was proposed decades ago and many sensor devices
have been published in research results. Few commercial products are advertised and even those have not yet
reached maturity. Advantages: sensitivity to some gases is very high, low power, small, portable, non-
cumulative, low price (promised in the long term but not yet). Disadvantages: not great selectivity, although
this is exploited in arrays; reversibility issues; lifespan issues; destructive detection; sensitivity to humidity;
price (now as prototypes); commercial products are not widely advertised.

AIMS (Aspiration Ion Mobility Spectrometry) [72]

This sensor works in the following way: the sample gas is ionized. This is done with alpha particles from Am-241
sources which are similar in smoke detectors. The original ions react with the analyte and form ions which are
transported with gas flowing to the measurement area. The measurement area is a narrow, flat channel with
electrodes on both sides of the channel. These electrodes are used to create an electric field which is
perpendicular to the flow. The ions are transported via the channel with the flow and towards the electrodes
by the forces caused by the electric field and ions’ charge. The movement depends on the characteristics of the
ion: high mobility ions go fast and drop to the first electrodes while low mobility ions travel a long time with
the flow and reach the latter electrodes. When the ion hits the electrode, the ion loses its charge. The charges
hitting the electrodes are measured as current and the current is used as an indication of the existence of
certain types of ions. The sensor is a somewhat compacted mass spectrometer that can work without a vacuum
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with atmospheric air. It is portable and can be considered to be a large handheld device. Its performance is
orders of magnitude better than the single detector sensors like EC, MOS, MOX sensors but is not as sensitive
as Mass Spectrometry. Advantages: high sensitivity, selectivity, measurement speed. Disadvantages: high cost
to acquire and maintain, portable but not compact, heavy weight, cannot be used to detect CO,, contains
nuclear source, very difficult to transport due to nuclear source.

Specifications of various sensor types from a portable handheld instrument
The following table lists sensors for the MultiRAE gas monitor of RAE systems and is provided as an indicator of

the current capabilities of some of the sensor technologies [73].

Table 5. Sensors for the MultiRAE gas monitor of RAE systems and their capabilities

Sensor type Range Resolution
PID Sensors Range Resolution
VOC 10.6 eV (Ext. Range) 0 to 5,000 ppm 0.1 ppm
Combustible Sensors Range Resolution
Catalytic LEL 0to 100% LEL 1% LEL
NDIR (0-100% LEL Methane) 0to 100% LEL 1% LEL
NDIR (0-100% Vol. Methane) 0 to 100% Vol. 0.1% Vol.
Carbon Dioxide Sensor Range Resolution
Carbon Dioxide (CO 2 ) NDIR 0 to 50,000 ppm 100 ppm
Electrochemical Sensors Range Resolution
Ammonia (NH 3) 0 to 100 ppm 1 ppm
Carbon Monoxide (CO) 0 to 500 ppm 1 ppm
Carbon Monoxide (CO), Ext. | 0to 2,000 ppm 10 ppm
Range
Carbon Monoxide (CO), H 2 - | 0to 2,000 ppm 10 ppm
comp.
Carbon Monoxide (CO) + 0 to 500 ppm 1 ppm
Hydrogen Sulfide (H 2 S) Combo 0 to 200 ppm 0.1 ppm
Chlorine (Cl 2) 0to 50 ppm 0.1 ppm
Chlorine Dioxide (ClO 2) Oto1ppm 0.03 ppm
Ethylene Oxide (EtO-A) 0 to 100 ppm 0.5 ppm
Ethylene Oxide (EtO-B) 0to 10 ppm 0.1 ppm
Formaldehyde (HCHO) 0to 10 ppm 0.05 ppm
Hydrogen Cyanide (HCN) 0to 50 ppm 0.5 ppm
Hydrogen Sulfide (H 2 S) 0 to 100 ppm 0.1 ppm
Methyl Mercaptan (CH 3 -SH) 0to 10 ppm 0.1 ppm
Nitric Oxide (NO) 0 to 250 ppm 0.5 ppm
Nitrogen Dioxide (NO 2) 0to 20 ppm 0.1 ppm
Oxygen (0 2) 0 to 30% Vol. 0.1% Vol.
Phosphine (PH 3) 0to 20 ppm 0.1 ppm
Sulfur Dioxide (SO 2 ) 0to 20 ppm 0.1 ppm
1.5. Conclusions — discussion

The composition of the atmosphere in conjunction with the composition of the air around and near a trapped
victim contains many properties that can be used as human presence indicators. From these candidates
though, only a small fraction can be practically utilized in real, nonlaboratory, conditions. This is because of the
following reasons: The concentration of most of the compounds produced by humans is very low, in the low
ppb range. The reported values are the concentrations of the source. These concentration values are reduced
by order(s) of magnitude when the source mixture is diluted in the air of a particular space. The source or even
the number of sources is unknown. The detection and quantification of most of these compounds, at the low
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ppb concentration range, require steady and known sampling conditions, complex calibration procedures and
large measurement instruments. The robotic platform that hosts the e-nose has severely constrained
requirements on its physical dimensions and thus can only host a finite payload of size, weight and power. The
AIMS detector, even in case the size and weight were acceptable, was rejected because of the included nuclear
source that restricts transportation and usage. This was the only feasible ppb capable detector that is mature
enough to be used. The PID detector or a conductive polymer sensor arrays might seem to be good candidates
for detecting multiple compounds at first glance but are not suitable for our purposes. The PID detector is not
specific and quantification of a substance requires that only one be present at a time and that its ID is known.
The conductive polymer sensor array can perform better since it can identify the gas, if it has been trained for
it, but not in a mixture of unknown gases. The conductive polymer array can detect substances that are
members of certain chemical classes that can interact with the polymer. Finally, some gases cannot be
detected with generic sensors and require a specialized sensor (e.g. CO,).

The detection target candidates remaining after taking into account the suitable detection technologies, the
requirements listed in the next chapter and ethical constraints are: the exhaled, when breathing, detectable
gas mixture and its properties. This includes only elevated levels of CO,, humidity, temperature and reduced
levels of O,. Another target is the NH; gas that could potentially be produced from the bacterial consumption
of the contained urea in urine. All other candidates are not detectable with the current state-of-the-art
technology for a large portion of potential victims in this application. Only for a small portion of potential
victims and under very ideal and possibly unusual conditions (e.g. acetone) could more detection targets be
used.

The victim localization detection targets are listed in the following table:

Table 6. The victim localization detection targets

Detection  Target (detectionDescription

technology)

CO, (NDIR) Originating from exhaled breath. Increased levels anticipated
O, (Fluorescence) Originating from exhaled breath. Decreased levels anticipated
NH; (Electrochemical) Originating from urine. Detectable levels anticipated

Air temperature Originating from body heat. Increased levels anticipated
Humidity Originating from exhaled breath. Increased levels anticipated

The CO, and O, levels are also critical for the safety of the rescue crews when operating in confined spaces and
can be used as indicators for survivability in those spaces, too.

Note that for breath analysis and detection of potential health problems, suitable detection technologies are
available and can detect some of the ppb range substances for a number of reasons: The sampling method and
procedure can be strictly determined and constrained in order to acquire the most concentrated and undiluted
samples directly from the source. The sampling can even be optimized to acquire alveolar exhaled air which
contains the most useful air mixture. The sampling conditions, like temperature, pressure and humidity, can be
controlled. Also, the person providing the sample is known and particular physical parameters of the person
can be accounted and compensated for if necessary. Another critical element is that the health issue indicator
is most likely an elevated level (concentration) of a compound or set of compounds. The measurement result
does not have to be delivered in real-time. The sampling and measurement apparatus does not have to be
small, lightweight or even portable. The power consumption of the sampling and measurement system is not
so critical.

For these reasons the sensor array is composed of individual sensors with different detection principles. A
conductive polymer array is not the best solution for the purpose of victim localization. The sensors selected
are fairly selective and do not require training in order to identify their target. Instead of training, periodic
calibration is required to compensate for ageing, and functional testing (challenging or bump testing) should be
performed before use. Training of the system is required on site just before deployment into the rubble for the
purpose of determining the background concentrations and automatically determining some of the thresholds.
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2. REQUIREMENTS

2.1. Overview

This research work is a step forward in victim localization technology. The primary goal was to improve the
SoTA (state of the art) in the detection methodology and tools for air-based human presence detection.
Beyond the primary research objective it is desired, if possible, that this work or portions of it to be practically
utilized and provide a noticeably positive impact in society specifically by improving disaster management and
mitigation methods and tools — contribute to saving lives. For this reason it was decided to study what aspects
of a potential solution would make it (or not) more appealing for utilization. These aspects are included in the
requirements some of which are a product of interaction with end-users. The e-nose is intended to be used by
Search and Rescue crews, otherwise known as rescuers or first responders. The USaR team member
responsible for operating tools like the e-nose is the Technical Search Specialist. They are the “End-users” of
the e-nose system and it must satisfy, as much as possible, their requirements. These requirements cover a
wide range of topics and with varying levels of abstraction. The requirements listed in this chapter are
examined in order to determine the feasibility of implementing them, as well as how that will be achieved, in
the chapter describing the 3" and final e-nose system. Interaction with end-users was achieved through end-
user workshops and interviews that were conducted for this purpose, and also on other less formal occasions.
This research information is very valuable for anyone interested in developing tools for USaR crews. The
requirements are prioritized into 3 levels: mandatory, Important and Interesting. Some of the requirements
listed here are concerned with the training requirements of the personnel handling the e-nose. Although
addressing them is outside the scope of this work, the resulting e-nose system and the required training
material shall be compatible with these requirements. If not, that is an indicator of the high complexity of the
system which is a hindering factor in its adoption, assuming it is otherwise successful. Most of the mandatory
technical requirements are implemented in the second prototype system. Almost all technical requirements
are implemented with the third prototype system.

2.2, Requirements

Technical Requirements
Sensors and output
e The system must detect oxygen levels to aid in indicating human presence, or the presence of
hazardous levels of oxygen (Mandatory).
e The system must detect carbon dioxide, to aid in indicating human presence or the presence of
hazardous levels of carbon dioxide (Mandatory).
e The system must detect ammonia, to aid in indicating human presence related to body fluids
(Mandatory).
e The system must detect flammable gases (Interesting).
e The system must detect toxic gases (like H.S and CO) (Interesting).
e The systems’ feedback must be presented in a user-friendly format (Mandatory).
e Sensors’ false alarms cannot be more than 10% (Important).
e The system’s accuracy must be in the range of one to two meters (Interesting).
e Sensor data must be archived (Important).
e Data format must be qualified for sharing (Important).
e The system must trigger an alert/alarm on the user interface when air is detected that is above/below
a particular threshold (Mandatory). The alarm thresholds, proposed to the end-users, for various gases
are listed in the following table.

Table 7. Alarm thresholds proposed to the end-users

Compound Cco CO, 0, H,S Combustible
gas
Threshold >50 ppm >1% <20% >5 ppm >10 %
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Operational conditions and controls

The e-nose device must not contain flammable and nuclear substances, in order to avoid explosion in
confined spaces and transportation issues (Mandatory).

The e-nose device must work in extreme temperatures (Important).

The e-nose device must be able to be remotely powered ON/OFF (Interesting).

The e-nose device must be water resistant (Important).

The e-nose device must work in various types of USaR environments (Important).

The e-nose device must be able to work in various weather conditions (Important).

The set up time of the e-nose system on the disaster site should be within 15 minutes, including sensor
calibration time (Important).

The e-nose device should be serviceable. For example, access is needed to the dust filter of the e-nose
sensor for cleaning purposes (Mandatory).

The e-nose system should be able to be transported on commercial flights (Mandatory).

The e-nose system should be developed to comply with INSARAG Guidelines (Mandatory).

Ethical Requirements

The e-nose system should be developed allowing privacy by design/by default (Mandatory).

The e-nose system should have sufficient accuracy of the data on the victims (Important). Data to be
collected and stored on trapped victims (sensors, voice, pictures) should be accurate and detailed
enough for medical people to estimate the health situation of the victim, as well as for rescue people to
take into consideration cultural aspects of dignity (e.g. when rescuing Muslim women or dead people).
Good understanding on the features and restrictions of the system (Mandatory). The system should
provide various users with general information on its various features and restrictions (not only the
information on how to use it).

Training Requirements

End-users require that there be training material for the e-nose system. This training material must be
tool specific, oriented to the role of the end-user it is intended for (Technical Search specialist), allow
for training delivery both in face-to-face learning in classroom setting, and as e-learning (on-line
training), with different types of training material, including instructional ‘how-to’ videos for training
on the use of technical tools. Training and user guides to be developed must be as simple as possible,
with graphics, clear symbols and easy-to-understand language. Pocket-sized instructions on the use of
the e-nose must also be created. The training material for Technical Search Specialists and
Maintenance teams must include tool documentation (in order to fully understand functionality, to be
able to diagnose problems in case of malfunctioning and to be able to carry out basic ‘instrument
resets’ and/or repairs). Users prefer shorter training over longer training (such as half a day training
instead of training that takes a week).
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3. ELECTRONIC NOSE SYSTEM

3.1. Overview

The development methodology/approach for the electronic nose is a modified waterfall methodology with
rapid system prototyping (RSP) for the hardware elements (mechanical, electronics) and a spiral methodology
for the various software components (firmware, embedded software, e-nose system control, data analysis, and
communications). This implies that there is more flexibility for changes of the software components in a late
stage of the design while it is very difficult and expensive for changes to be made in the hardware. The first
version of the envisioned system is included in the first prototype section, while the second version of the
envisioned system is in the second prototype. The first prototype, also called a rapid prototype, was built to
function as a proof of concept for the proposed human detection scheme. This was deemed necessary to
reduce the risk in case this scheme was not a viable detection method. For the second prototype, mainly off-
the-shelf components like evaluation platforms were used and some small custom-made prototype
interconnection printed circuit boards were designed. The focus was on developing an e-nose system with all
the functionality. Most of the firmware and large portions of the embedded software were developed on this
platform that was designed in a way so that most of the components, hardware and software, would be used in
the final system. The final design- the 3™ prototype is a miniaturized version of the second prototype with the
ability to detect more target gases (CO, H,S, LPG/LNG). The miniaturization process involved designing a
custom PCB that includes the required functionality of most of the development/evaluation platforms and the
mechanical design of the e-nose compartment including a custom air manifold with air conditioning
capabilities.

3.2, Envisioned e-nose system — early version

A preliminary design of the hardware system of the e-nose was performed, an initial system design. A number
of user requirements were examined and their implementation considered from a high level of abstraction. The
chapter presents the various capabilities, advantages, disadvantages, tradeoffs, and compromises associated
with each possibility.

3.2.1. Hardware architecture of the e-nose

The electronic nose is realized as a cluster of chemical gas sensors. Air is sampled through an opening, passed
over the sensors and is returned to the environment. The following block diagram illustrates the concept. All
the functionality is built around the cluster of gas sensors. Auxiliary components are other sensors, actuators,
electronics, and mechanical aspects required for the system to operate as specified.

/ electronic-nose snake robot compartment \

) ) VR
I
Gas Gas
Sensor Sensor Control
| Cluster | pe{ Communication f«—
Cluster Readout :
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> Electronics Platform

\ Auxiliary components /

Figure 1: The high level block diagram of the electronic nose which is intended to be placed in a robotic
platform.

For a waterproof system, the air input and output must be waterproofed with a filter that blocks water and
allows gases to pass through. Diffusion of the chemicals through the filter is not very fast so a pump is required
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to move air in and out. The connectivity of the various sensors is affected by the nature of the sensors: If they
detect various gases by consuming/destroying chemicals, they have to be at the end of the chain or in separate
parallel branches of the sampled air distribution system. After the readout of the sensors, the sampled data is
processed for human detection. The system functions under the control of the control and communications
module. The control and communications module is also responsible for sending sensor data and data analysis
results to the robotic platform operator and for accepting and acting on control and configuration commands
sent to the e-nose. The following pictures illustrate the concepts. The air sample is pumped into the system
with a pump through a water blocking filter. The sample passes through the sensor cluster and then exits the
system after going through another water blocking filter.

/" \ Air Vent

Figure 2: Top level block diagram of the e-nose’s air system.

Air Vent /\

Out

Sensor
Cluster

The Sensor cluster could be a combination of series and parallel connected sensor modules. The following
drawing illustrates sensors connected in series. All the sensors, except for the last one, in this configuration
must not alter the composition of the sampled air.

Figure 3: Sensor modules connected in series (implemented).

The following drawing illustrates sensors connected in parallel. All the sensor modules have their own air
supply so they can consume/ alter the composition of the air sample.

Figure 4: Sensor modules connected in parallel.

Victim localization is possible by measuring the variation of the concentration of chemicals/gases that are
human indicators. The Concentration variation is calculated based on a reference reading. Concentration of the
chemical/gas depends on many factors, most critical are:

The number of victims in a cavity

The ventilation conditions of the cavity
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Other factors that influence the type and concentration of human presence gas/chemical indicators are the
following:
- The amount of time the victims are trapped in the void
- The physical condition of the trapped victims (under stress or not)
- The existence of body fluids in the void
Factors that reduce the accuracy of the e-nose readings and could lead to false positives are the following:
- The contamination of the area with the same detection targets used for human detection. These could
be caused by various conditions
o Fires
o Leaks of household chemicals
- The operation of the e-nose in extreme conditions:
o High humidity levels (condensation)
o High temperature
- Factors that reduce the accuracy of the e-nose readings and could lead to false negatives are the
following:
o Operation in high temperature environment(reduced absolute concentration)
o Operation in nonstandard or unanticipated environments where detection targets could be
absorbed

3.2.2. E-nose firmware and software architecture

The electronic nose sensor array is placed at the source end of the chain of sensory inputs that need to be
provided to the intelligence unit (operator). Between the sensors and the operator monitoring tools,
information will need to be processed in the electronic control and advanced logic unit, travel along with
information from other sensors of the robotic platform and finally arrive at the operators monitor unit.
Information and control flow

The information/data flow of the electronic nose is the following: The information is sampled from the sensors,
stored in a database for processing and keeping historical data and finally, presented to the operator. The
general flow of information and control is as follows:

Information flow

Storing & Visualisation &
Processing Control

\[Control flow

Figure 5: Information and control flow

Data Sampling

The gas sensors are sampled at regular intervals providing values for the gas concentrations of several
monitored gases. This information is collected and stored in a time series database. Storing the information
provides access to historical data, as well as feeding the processing algorithms. At the other end of the chain,
the processed data is presented in an orderly and concise fashion to the operator of the system, who is also
responsible for any sort of configuration that needs to be done prior to or during operation of the robotic
platform.
Constraints
In order avoid pitfalls and possible re-development of the firmware and software involved, the system
architecture took into account the following constraints

Sensor and actuator interfaces

Page 40 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

There is a multitude of sensory input that needs to be gathered by the electronic nose. Each of these sensors
uses a different interface to provide the sampled data. Serial devices, i>c components and even some analog
sensors all need to be read into a gathering database and processing unit.

Actuators also need to be driven. Heating elements are utilized to prohibit humidity from condensing in the
sensors, while an air pump forces air circulation to the sensor via a sensor manifold. ON/OFF or PWM is the
driving method.

User interface

During search and rescue operations all operator tasks are performed under stressful conditions and under
time constraints that push for continuous operation during the available time frames (i.e. the few hours/days
after a catastrophic event). All feedback provided to the operator should be clear and concise. This includes
using less text and as many visually clear and distinctive outputs as possible.

As a result, a number of human- computer interaction decisions are made at an early stage. All data that are
acquired from the sensors is processed in order to provide analyzed information to the operator. Additionally,
historical data are also presented in graphical form. Indicators produced by the electronic nose advanced logic
unit are color coded. All this is done with the aim of aiding the operators in quickly identifying key information
that could help detect humans in proximity to the robotic platform’s path.

Advanced Logic unit

The conditions under which the operator needs to work require intensive supervision of the sensory input at all
times during each of the system’s missions. In many search and rescue operations, work may also need to
continue for extended periods of time, while the chances of trapped people being alive are still high. Therefore,
it is necessary to provide meaningful results to the end-user instead of presenting numerical values and
expecting the stressed operator to draw their own conclusions based solely on what they observe. This is
especially true for the electronic nose which is a nonstandard set of sensor equipment with nonstandard
sensory output, as opposed to other sensors such as a camera, where visual perception of a video feed is a
familiar concept. The sensor inputs are processed in order to identify key features in the data that can then be
used to detect with a high degree of certainty, the existence of living humans in the ruins.

The subsystem responsible for processing the raw data and provide notifications to the operator about
potential living humans in the vicinity is the advanced logic unit. In essence this is the analysis and decision
algorithm that processes the electronic nose inputs according to sets of rules that are fed into the system from
extended testing that has been carried out on the electronic nose in order to characterize its behavior.

Such rules include the following cases:

e Sudden changes in the gas concentrations of the monitored gases.

e Correlation of sensor responses to expected responses for several basic scenarios.

e Steady rate trends in the gas concentrations.

e Threshold levels within human survival limits.

e Existence of characteristic concentrations of specific gases. For example, the existence of NH3 can be
related to urine. High concentrations though, could indicate spillage of ammonia-based cleaning
products.

With constant monitoring of the raw data inputs and grading — weighting the concentrations with respect to
the aforementioned rules, deterministic output is generated and this is provided as a notification to the user.

Compartment limitations

Creating a robotic platform that is able to pass effectively through small openings in ruins presents some
implications for the overall design and imposes some restrictions with respect to the available space for
electronics and actuators. CAD design was required to model and verify that all components fit in the system,
but also to minimize the overall required volume.

Because of these volumetric restrictions, the design of the electronics of the e-nose was indirectly affected;
several components, driving electronics and actuators were too large, physically, for the available space. As a
result, the software and hardware architecture needed to remain flexible and portable before the final design
was produced. Hardware is tailor-made incorporating only the necessary components; consequently the low
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level software driving the electronics is also developed specifically for this system. Additionally, the analysis
and decision algorithms are portable in order to be able to run on a platform that is not necessarily the same as
the one where development was carried out.

Communication across systems

A significant number of architecture decisions both for the robotic platform and the e-nose had not been
finalized when the design started. As far as the electronic nose information path is concerned, that meant that
the information flow from the sensors all the way to processing and data visualization on the operator’s
monitor was largely carried out through/on unknown systems.

Initial System Architecture

Considering the characteristics of the system, as well as the constraints imposed, a number of design decisions
were made:

Data collection is implemented in a custom hardware solution. The electronic nose device is a single
compartment with interfaces to the outside world. These interfaces will be a least one of serial, USB, Ethernet.
With careful PCB design, the volumetric footprint of the system was minimized, thus conforming to the robotic
platform requirements.

In the intermediate step the data is stored in a simple database, along with timestamps. The reason is to be
able to visualize historical data during the operation. The historical data is available for further processing by
the electronic nose data analysis unit. Processing power and storage are necessary to implement these steps.
(The following design approach is only true for the 1% prototype and was abandoned in the following
prototypes due to power and space design constraints.) To avoid interoperability and communication issues it
was decided to avoid sharing processing power and storage capacity with other sensors within the robotic
platform. Instead, every system — electronic nose included — is self-sustained in an attempt to minimize
potential integration problems. As a result, the electronic nose database and analysis logic is implemented in a
dedicated computer module.

Originally this module was to be located in the e-nose, since unifying the electronic nose components created a
very portable and easy-to-operate device. However, design took into account the possibility that all the logic
involved might be moved to a dedicated environment in the operator’s console/PC system. There are a number
of factors which may prove that adding a computer module in the robotic platform affects operation of other
critical systems. For example, space considerations and power supply limitations were a determining factor in
the location of storage and processing. Considering space and power limitations it was proposed that a
relatively low-power development board be used for providing enough power to carry out data sampling,
storing, processing and visualization.

With enough processing power available on the computer on module (CoM) it would be possible to further
minimize the interaction with other systems (i.e. the operator’s monitoring station) of which little was known
at the time and to make integration easier. There will be one operator controlling the robotic platform and
evaluating the data input, but there may be additional viewers who need to have read-only access to the data
for training purposes. In such case a system that is able to serve the content to more than one destination must
be implemented. It was thought very useful, at the time, to add a Web server that serves not only the historical
data to the users, but also provides the means to control the functionality of the e -nose.

3.1. Component selection

In order to verify that the system is within specifications, individual components are selected for
implementation. The overall system specifications depend on the specifications of the selected components
but are not always limited by these specs. For example, the humidity specification is very hard to meet,
requiring the system to operate in high humidity environments reaching 100% relative humidity and even
condensing conditions. None of the selected components themselves meet such specs, but the design ensures
that the components are not exposed to conditions harmful for them.

Core system component selection

The main components for the electronic nose are the following:

CO; sensor, O, sensor, NH; sensor, Humidity sensor, Temperature sensor, Air filter, Pump, Heating resistor,
Computing platform

CO, sensor
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The selected CO, sensor is based on NDIR — optical detection technology. The CO2F-W is a high speed (20 Hz)
CO 2 sensor, ideally suited for applications which require the capture of rapidly changing CO, concentrations,
including metabolic assessment and analytical instrumentation.

~ 4mm Outer Diameter, Length 12.7mm

Figure 6. The selected CO, sensor with a very fast response fitted with a flow-through adapter

0, sensor
The selected O, sensor is a LuminOX LOX-01 Fluorescence-based Optical Oxygen Sensor. The sensor module

also includes a barometric sensor and a temperature sensor. The barometric sensor can be used to detect filter
blockage if the pump is placed near the output air port.

Bottom View Top View

Figure 7. The selected O, sensor.

NH; sensor
The selected NHs sensor, the AirSence NH3-B1 is an electrochemical-based Sensor.
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Figure 1 NH3-B1 Schematic Diagram
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Figure 8. The selected NH; sensor

Humidity sensor
The selected humidity sensor is the HIH8120 Honeywell Humidicon TM Digital Humidity/Temperature Sensors
Mounting
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Figure 9. The selected humidity sensor. The sensor also includes a temperature sensor.

Temperature sensor
The selected temperature sensor is the LM35 Precision Centigrade Temperature Sensor.
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Figure 10. A stand-alone temperature sensor

Air filter
The selected air filter is the Qosina 28213 hydrophobic filter with female luer lock inlet, male luer lock outlet.

1

28213 —>1Cm|<€—

)

Figure 11. The selected hydrophobic filter

Air pump
The selected pump is a Parker micro diaphragm pump capable of pumping air and gas. The motor of the pump
is a PMDC (permanent magnet DC) Iron Core Brush Motor (eCompact).
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Dimensions

PMDC Iron Core Brush
Motor (eCompact)

11 [2.8] — 95[24.1] A6 [4.1] —
37 [9.4] 32[8.1]

- i =1

= | e
132 SN POSITIVE

% [37.5] — / 0] F TERMINAL

I P INDICATOR

I =]
——J» 63[16.0] .24 [6.1] - \i 3X @.09 [22.3] UNITS
IN. [mm.]

FOR SCREW SIZE #1

Figure 12. The selected pump suitable for moving air

Heating resistor
The selected heating resistor type is a VISHAY wire-wound, industrial, power, aluminum housed, chassis mount

resistor.

DIMENSIONS in inches [millimeters]

RH005, 010, 025, 050
NH005, 010, 025, 050

GLOBAL DIMENSIONS in inches [millimeters]
MODEL A B c D E F G H J K L M N P

0444 | 0490 | 0600 | 1.125 | 0.334 | 0.646 | 0.320 | 0.065 | 0.133 | 0.078 | 0.093 | 0.078 | 0.050 | 0.266
RHO05 | +0.005 | +0.005 | +0.030 | +0.062 | + 0.015 | + 0.015 [ +0.015 | + 0.010 | +0.010 | +0.010 | +0.005 | + 0.015 | +0.005 | +0.062
NH005 | [11.28 | [1245 | [1524 | [2858 | [8.48 | [16.41 | [813 | [165 | [338 | [198 | [236 | [1.98 | [127 | [6.76
£0.127)|£0.127] | £0.787] | = 157] | £0.381] | £0.381] | +0.381] | +0.254] | + 0.254] | +0.254] | £0.127] | +0.381] | +0.127] | + 1.57]

Figure 13. The selected heating resistor type

Computing and classification platform
The selected platform is the WANDBOARD which includes a Freescale i.MX6 Cortex-A9 ARM processor. The

platform is a low-cost, open source development board.
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95 mm

95 mm

Figure 14. The selected ARM based embedded computing platform

3.2 System design

This section presents the system configuration that was considered feasible to implement while covering the
most critical requirements. The resulting core system configuration is one of the high-level system designs
(conceptual designs) that occurred during this phase of the research. It also contains the initial component
selection.

3.2.1. Core system

The following block diagram illustrates the required components for implementing the core functionality. The
picture on the right illustrates the approximate volume and position of the various components. The external
dimensions required with the component selection are 10x10x10cm.

Air input . Temperature . Air output
Adr filter 1 — Ar filter 2
e Q) amew [ Mobile sensing platform
v compartment for
i Electronic Nose
Temperature Humidity | =
Puer(:L Heater Sensor 2 Sensor | 2 — — @3\
:‘I. E Air input, air filter 1, pump, &
= =g | == = temperature sensorl, e§9
CO2 sensor| || 02 sensor | | [NH3 sensor < gas sensor manifold, heater, W
Temperature sensor2, P
¢ Humidity sensor, air filter 2, ‘&@
Air output port @
Actuator drivers Sensor Readout electronics N Qo
oA » A Sensors: CO2, 02, NH3 ?O‘ev
T + 1 : :
M Electronics: power supplies, >
Embedded computing for classification and communication Power supplies readouts, actuator drivers QO /\
A e " - -
1 T Electronics: communication, -
Y classification
Bus Power
Interface Bus -~ X ——————————»

Figure 15. The core system implementing the bare minimum mandatory requirements.
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3.2.2. Core system specifications
The specifications of the core system components are the following:
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The following table lists the specifications of each component of the system.

Component Interface Voltage | Current | Power Xdim | Ydim Zdim Weight | Humidity Temperature Accuracy Price From Notes
22.7m +- 70ppr or
40m m+12.7 0-95% non- +-5% of
CO, sensor TTL—-RS232 | 3.3V 100mA | 35mW | m 25mm mm condensing 0-50 reading sst
33 TTL 20m 12.5m 0-99% non response time
0, RS232 5V 20mA 7.5mA m 20mm m condensing -30_+60 0,10% sst <30s
electrochem response time
NH3 ical -analog 32.3 32.3 16.5 13g 15-90% -30_+50 Alphasense <60s
response time
2.3- 4.9m <6s @ 20LPM
Humidity i%c 5.5V 750uA m 3.9mm | 1,95 10-90% -40_+125 -+2%rh Honeywell high flow rate
51m | 4.19m 5.34m
Temperature analog 4-30V 60uA m m m -55_+150 0,5 Tl
Pressure sensor
1IW @ | 29m 16.41m | 8.13m
Heating resistor analog 5V m m m X Vishay'
Diaphragm
44.7 33.5m 16.0m pump min
Pump analog 8V 2.5W mm m m 33g 5-95% 0-50 Parker noise 45dB
.2u filter
25m 17mm
Air filter m 25mm 20mm X Qosina diameter
Farnell
Computation/com 05 - |3W 82.55 | 82.55m sabrelite
munication 5V 1.2A typical | mm m 20mm 20-90% 0-70 Quad core
Computation/com 86m Raspberry
munication m 52mm 17mm pie

Notes: Interface types are the ones intended to be used. Current consumption is what is listed by manufacturer, or in the case of the communications board, experimentally
measured. The humidity range is the operational range specified by the manufacturer. The total system will be able to work in a wider range due to controlled conditions inside

the gas compartment via a closed control loop. Prices are very approximate and underestimated in many cases, not including VAT, shipping, handling fees and customs.
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Mechanical design - component placement

The selected components were modeled and arranged in order to acquire a fairly accurate estimation of the
required space for the e-nose. The arrangement of the components also took into account the extra materials
required to hold the components in place, interconnect them, as well as provide thermal management such as
insulation (manifold) or heat removal (ARM board). Voids or gaps seen in the following model are places where
such structures will reside. The most important structure is the custom manifold which is responsible for
guiding the sampled air in the sensors and heating the sensors and air to the target temperature setting. A
large area of the compartment will be consumed by the structure, providing easy access to the air filters, so
they can be changed without much effort. The following picture illustrates the design of the e-nose
compartment that has external dimensions of 10x10x10cm. Note that the orientation of the compartment is
rotated in respect to the block diagrams seen in previous sections. The three flat surfaces on the left are the
ARM PCB, a conduction cooling plate for the ARM microprocessor, and the PCB containing the readout, power
conversion, temperature control and actuator drivers. The air pump is located in the center in front of the 2
round air filters. On the bottom right is the custom air manifold.

Figure 16. The component placement inside the e-nose compartment.

The following picture illustrates the custom manifold. The actual pattern for the air flow has not yet been
designed but will connect the sensors in a series. The air manifold contains the CO, sensor (left), the O, sensor
(top-center), the NH; sensor (right), the humidity sensor (top-left) and the heating resistor (center-bottom).
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Figure 17. The arrangement of the sensors in the custom manifold.

The air manifold design is challenging since it must fulfill multiple requirements at the same time:
e Guide the sampled air inside the sensors, not only over the sensors opening.
e Heat the sampled air to the target temperature.
e Heat the sensors to the target temperature.
e Have small air volume so the measurement delay is minimized.
e  Exhibit low air flow resistance.
e Below weight.
e  Exhibit a uniform temperature as much as possible.

3.3. Summary of the e-nose prototype devices presented in the following
chapters

Table 8. Comparison of the prototype e-nose device versions

Features Second prototype Third prototype

Picture
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Features First prototype Second prototype Third prototype
A bench-top apparatus for .
. P apb . A portable device capable of]
acquiring and  storing . . .
A portable device capable ofloperating in  uncontrolled
General measurements of breath . . o
- ., |operating in  uncontrollediconditions. Increased
description based samples with s s .
controlled  and  known conditions. capabilities at a slightly
o reduced size. ~130x170x70mm
conditions.
... [CO;, 0, NHs;, CO, H,S,
CO,, 03 NHs, humidity, 2 2 3 2
internal and externalcombUStlbles’ humidity,
Detection targets COzand O, ._\internal and external
temperature, ( barometric) .
temperature, ( barometric)
pressure
pressure
Typical lab environment |Air system can operate in wideAir system can operate in wide
Operating conditions. Special [range of conditions due to: airfrange of conditions due to: air|
conditions and | sampling procedure in [sampling pump, air filters andjsampling pump, air filters and
sampling order not to harm the |humidity control. No specialhumidity control. No special
Sensors. sampling procedure required. [sampling procedure required.
Web-based technologies | . ... . . .
for presenting and stofin Scientific data plots (KST) of allljApplication with simple,
Interface P & & outputs. Command linejoutputs (indicators), detailed
. . measurements. No | ) .
configuration . . interface for configuration andoutputs (plots) and control/
configuration of HW ) .
. control. configuration buttons
possible.
Proof of concept for victim
localization strategy For victim localization
envisioned with the e- |For victim localization
L . |purposes.
Uses nose. purposes and very limited air| ) .
Confined space entry air
Measurements used for |related hazards.
. related hazards.
the performance analysis
(theoretical analysis).
Electrical diagram of]
Electrical  diagram  of [interconnections. PCB design
Design and | interconnections. Minimal ffiles. CAD for enclosure.
implementation readout software, [Firmware for readout and|For complete system.
files webpage and database |control. Real-time analysis
configuration. software. Configuration of]

interfacing plots.

Assembly time

Assembly and
development at the same
time.

Long assembly time due to
handmade air manifold and
assembly of PCB by hand.

7 days by 1 person. Can be
improved.

Medium cost due to increased

Low cost. Implemented |[Low to medium cost due to thejsensor count and its cost.
Cost using  available  tools |utilization of evaluation boards|increased requirements for|
where possible. where possible. fabrication (machine shops,
PCB fab.)
Initial measurements in |Verification tests. e .
. . ) Verification and validation
Tests performed static and known |[End-user validation at field test|
. tests. Successful.
conditions. Successful. P1. Successful.
No, but with a few minor
Compatibility  for . adaptations on the hardware|Yes. Interface designed,
. . . Not compatible for . . .
integration in | . . and more firmware andjinformation/data already
. integration. .
robotic platform software development it couldcomputed.

become compatible.
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Features

First prototype

Second prototype

Third prototype

Fulfillment of end-
user requirements

Not adequate.

End-user requirements: All
mandatory*, many important,
some interesting.

All, within the limits of the|
feasibility analysis described in

the 3™ prototype.

*The hardware supports them. Software and material created for the third prototype can be adjusted for the

second prototype, but extra effort is required.
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4. FIRST PROTOTYPE, PROOF OF CONCEPT APPARATUS AND TESTS

4.1. Overview

The first prototype of the e-nose is designed and built with the aim of performing initial tests for the proof of
concept of the detection strategy followed. The apparatus/setup is built around the selected CO, and O,
sensors with a minimum of other components. This reduces the capabilities of the setup to only the basic
functionality. Operation in extended ranges of environmental conditions is not possible and the setup is
planned to work in a controlled lab environment with special sampling and measuring procedures in place to
protect the sensors from conditions that in the final design will not be of concern (e.g. humidity condensation).
Although the setup has only two sensor elements, the effort to implement a working and convenient prototype
tool requires both hardware configuration and software development.
The functionality provided by the hardware/software setup is the following:

1) |Initiate the sensors for reading — start acquiring measurements.

2) Periodically read the sensors to acquire measurements.

3) Store the read values.

4) Send the read values to a computer so the results can be visualized and evaluated in real time.
This functionality is implemented with an ARM-based embedded computer that runs a web server, serving the
results as measurement plots. The embedded computer platform is connected to a wired network and all the
computers on it can view the results in real time. The sensors are connected to the embedded platform via
modified USB adaptors. A custom power supply board is assembled to provide the required voltage rails from a
common 12V power supply.
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4.2. Electronics of the 1%t prototype

The setup is built around the O, and CO, sensors so that the measurements can be viewed as plots in real time.
Both sensors’ output is transferred to the ARM based embedded computer platform via a modified USB to
serial converters. This is because each sensor board has an rs232 TTL level communication port to
communicate configuration parameters and the measurement results. The embedded computer platform does
not display the measurements directly but serves measurement plots to web browsers connected to the same
network, via an Ethernet port. Alternatively, the sensors can be connected to the PC directly via the USB to
serial converters where the measurements are stored, processed and then plotted (KST plot or libreoffice Calc).
The following figure illustrates the block diagram of the rapid prototype system:

p
1st Prototype
( 4 N ( aNg )
AC g
P 02 sensor | |CO2 sensor
220V stelr Web Browser
To pply . N
_'
DC v v
e — N Measurement
12v SV |38.3V|| |[Serial (TTL)| |Serial (TTL) Plot
to USB to USB ots
—
Embedded Web Data Measurement
Computer Server Base Acquisition
/’/
( Ethernet M

Figure 18. The 1% prototype system is built around the O, and CO, sensors so that the measurements can be
viewed in plots.

The following figure illustrates a high-level schematic connection diagram of the rapid prototype system. This
configuration is the final development of the first prototype. Not all tests and measurements were performed
with it, namely the fan for creating air circulation at the top left of the schematic diagram or the ARM board.
On the bottom right of the schematic diagram, the power supplies are illustrated. Their input is AC mains 220V
and their output is 5V for the one and 12V for the other one. The 5V power is supplied to the ARM board and
the 12V power is supplied to the custom power supply illustrated on the top center of the schematic diagram.
The custom power supply is used to produce DC voltages of 3.3V and 5V from the 12V input with off-the-shelf,
3pin, L78XX pin and mechanically compatible, DC/DC converter modules. The Oz sensor and its connections are
illustrated at the left middle of the diagram. This sensor is operated with a 5V power supply and 5V serial
interface levels. The CO: sensor and its connections are illustrated at the bottom left of the diagram. This
sensor is operated with a 3.3V power supply and 3.3V serial interface levels. Both sensors are connected with a
USB to serial FTDI based converters. The RX pin of the sensor is connected to the TX pin of the FT232r chip and
the TX pin of the sensor is connected to the RX pin of the FT232r chip. No flow control pins are used for the
communication. The FTDI based converters are ARDUINO based boards where the Atmega microcontroller was
removed. Wires were soldered onto the bottom side of the IC socket to connect cables with 2.54mm pin
sockets on the other end. Standard off-the-shelf USB 2.0 type A to B 1.2m cables were used to connect the USB
converters with the ARM board (or the computer). Figure 19 illustrates the implemented electronics which
have a similar layout to the one illustrated in the schematic diagram (AC power supplies, ARM board and
computer are not illustrated).
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The following picture illustrates the implemented hardware:

by
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o
o
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Figure 19. The first prototype. On the left is the CO: (top), Oz sensor (bottom) and a fa (black). In the center
are two USB to serial converters stacked on each other. On the right is the custom power supply PCB.

4.3, Software of the 1% prototype

This section describes the alternative setup where the sensors are connected to the PC via the USB to serial
converters. To acquire measurements with this hardware configuration two instances of a terminal emulation
program such as gtkterm or minicom are opened. Each instance of the application is connected to the assigned
virtual com port of a USB to serial convert which corresponds to a sensor. The sensors were configured in a
mode to continually produce measurements. (This setting is retained between power cycles.). The terminal
application was configured to log the data — measurements to a file. The data file format is as seen on the
terminal window and is compatible with CSV format (space delimited format) and can be processed with a
spread sheet application, such as libreoffice Calc.

4.4, Proof of concept testing apparatus — initial experiments and results

This section includes a description of the setup and the method used to evaluate the setup and function as a
proof of concept for the detection strategy of the e-nose.

Setup

The experimental setup is based on creating an air chamber in which air can enter and then be removed. The
rapid prototype setup with the sensors is placed inside the chamber. The chamber has two ports. Each port can
function as an input, output, or be blocked. When one port is used as an input (air is placed in the chamber),
the other port acts as an output releasing air so the pressure does not increase in the chamber. At the one
port, an air relief container is permanently connected. The other port can be connected to an air sample
container or the atmosphere.

Method

Page 57 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

The rapid prototype setup is evaluated by monitoring the sensors’ outputs while placing a gas mixture of
(approximately 1.3l exhaled air = 5exhales) known volume and concentration of the target gases in the
chamber. This is performed with the following sequence of steps: A predefined number of exhaled breaths are
placed in the sampling container, thus providing a rough estimation of the air volume and its concentration of
CO, and O, gases (The volume of the chamber is known; the relief chamber is empty; the air in the chamber is
assumed to be clean atmospheric). The sampled air is left in the sampling container for three minutes with the
air circulating in the container so that it reaches the environmental temperature and any condensing humidity
droplets sit on the chamber walls not harming the sensors. The sample is placed in the chamber and at the
same time air moves to the relief chamber. Air is oscillated between the sample chamber and the relief
chamber so that the air mixes. Finally, the sample chamber is emptied and the sample port is sealed. The new
concentrations should be steady in the chamber (and in the relief container). After five minutes the air in the
chamber is renewed with atmospheric air. This is performed with the following sequence of steps. The
chamber's sample port is opened and the relief container is emptied. Atmospheric air is placed in the sample
container and placed in the chamber as if it was an ordinary sample, including the mixing steps. The insertion of
atmospheric air is repeated three times, with a fully loaded sample container, effectively surpassing two air
changes. The sample port entrance is left open for a complete balance of atmospheric versus chamber
concentrations to occur.

Ethical issues

The setup and experiment procedure do not cause any harm to the well-being of the person that provides the
sample. There are no means of discriminating or extracting information regarding the status of the person who
provides the sample. No written consent was acquired from the person who provided the sample. The test
sample was generated by a member of the team that designed and implemented the setup.

Results
The experimental setup is illustrated in the following picture.
- The chamber is a 10l plastic bottle with two openings.
- The sample and relief containers are plastic bags that can be manipulated by hand.
- The sensors are covered with bags to provide some protection although they increase the response
time.
- Sample input is five exhaled breaths with an approximate volume of 1.3l produced from a male who
only performed work on a computer for at least three hours prior to sampling.
The following picture illustrates the experimental setup. The components placed in the gas chamber are the
sensors, the USB to serial communication converters and the power supply board. The ARM embedded
computing platform (upper left corner) and the AC mains power adaptors were left outside since they were not
needed inside and would consume chamber volume. The fan listed in the schematics was not placed in the
setup becau'se the protective covers on the sensors would block the air.

ot

Sample
Container
Bag

< Relief C iner chamh
Bag

-

Figure 20. The experiment setup with the rapid prototype system.
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The following picture illustrates a different view of the experimental setup.
’

Figure 21. Inside the gas chamber of the experimental setup.

The following two plots visualize the measurement results acquired during the execution of the experiment for
the CO; and O, sensors.
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Figure 22. Plot of CO, concentration versus time.
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Figure 23. Plot of O, concentration versus time.

Phases of the experiment execution that can be seen in the graphs:
The air mixture was introduced into the chamber.
The relief chamber was emptied, output left open.
Atmospheric air was introduced as sample #1.
Atmospheric air was introduced as sample #2.
Atmospheric air was introduced as sample #3.
The sample port was left open.

Note that the setup was not optimized for a fast response; it was only intended as a proof-of-the-detection
concept. The sensors responses are slow because the air mixture in the chamber has to diffuse through the
sensors filters. No air manifold was used to force air through the sensor filters. An improved response could be
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achieved by placing a fan over the sensors inputs. Also, the CO, sensor was not calibrated at the beginning of
the experiment so the fresh air level was not correct.

Conclusions
The sensors’ responses are very indicative of the application and removal of the test subject’s exhaled breath.
The levels of CO, and O, produced with the addition of the sample can be easily distinguished from the fresh
atmospheric air levels. Also, the removal of those levels until reaching the atmospheric level with the dilution
of the air mixture reveals a step response that is visible in the graphs.

Even though the experiment was not thorough and exhaustive, these results are considered successful
and the approach followed for the e-nose is viable. There is room for improvement in the detection speed
(latency) domain but this will be of concern in the next version of the prototype e-nose system.

4.5. Sensor readings stability of the 1st e-nose Prototype under static
conditions

The aim of the experiment is to evaluate the detection sensitivity and response of the first prototype of the e-
nose under static conditions. The effectiveness of the two available sensors (CO, and O,) is evaluated against
the composition of the exhaled breaths of a human test subject. The primary means to achieve the objective is
to measure CO; and O, levels for a variable amount of exhales. Secondarily, the speed of data delivery is logged
in order to identify the overall responsiveness of the system.
To complete the main objectives a number of secondary tasks were undertaken. This includes testing the
sensors, sizing the apparatus air chambers (sample chamber, relief chamber and gas chamber) and quantifying
the exhaled volume of air at unit time of the human subject.
Sensor calibration is tested and the noise of the sensors was measured. This way the sensor operation was fully
determined when the experiments commenced.
It is assumed that the metabolic function is associated with the tidal volume of a human test subject, which is
the volume of exhaled air at rest. This is used in order to calculate concentrations of CO, and O, in the mixed
exhaled + environment “fresh” air.
Compared to the previous tests with the 1t electronic nose prototype, this setup includes:

- Afan for circulating and mixing the air

- Exposed sensors in the airflow of the circulation fan (covers have been removed).

- Sensors have been calibrated, with the aid of an auto-calibration function based on fresh air

composition measurements.

Experiment summary - conclusions

Initially, the noise of the sensors was recorded, in order to acquire statistical data for the mean and the
standard deviation of the available sensors. The CO, sensor gave 5.87% noise on its unfiltered output and
1.32% on the filtered one, while the O, sensor provided a noise measurement of less than 0.02%.

Additionally, in order to approximately know the amount of air quantities that would be mixed, the source bag
and exhaled air volume had to be measured. It turned out that the minimum exhaled air that could be taken
from a single expiration was approximately 650ml. Additionally, 20 exhales were required to fill the source bag
with exhaled air. Overall, the exhaled air in the bottle could be in the range 6% to 57% of the final volume of
mixed air. This translates to approximately 3200ppm — 26300ppm of CO, and 20.78% - 18% of O,. It is possible
to measure lower concentrations, but a different setup should be used in order to be more accurate.
Measurements provided the means to evaluate how the concentration is expected to vary with an increasing
portion of exhaled air volume in a known constant volume of fresh air: the general trend is that the measured
and expected values follow the same direction. More accurate results could be drawn if the experiment is
repeated with an apparatus where the source bag, bottle and exhaled air volumes can be measured with more
accuracy.

As expected, the CO, sensor provides a fast response following a change in CO, concentration which is typically
two seconds, while the O, has a propagation delay of six seconds. Both delays are not related to the time an
acquired value needs to appear on a graph; however, graphs are only used for human monitoring supervision.
The actual processing of the data in order to identify potential conditions of a trapped human will be done by
acquiring values directly from the sensors. As a result, the delay of two seconds for the CO, sensor and that of

Page 61 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

six seconds for the O, sensor are within normal operating limits and adequately “real time” for the speed of a
search and rescue operation.
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5. Theoretical analysis and experiments to evaluate selected CO; and Oz

Sensors

5.1. Theoretical analysis

In this section, a theoretical analysis is presented of the anticipated CO2 and 02 gas concentrations in a space
with a human trapped inside. CO; and Oz concentrations (m3/m3), in exhaled breath, as mentioned in literature
[74]{75][76], vary and depend on many parameters. For the scope of this work, it is adequate to compromise
with the approximation, that in comparison with fresh air, the decrease of the concentration of Oz is equal to
the increase of CO2 concentration. Thus, in this section only CO2 anticipated concentrations are calculated and
this value may be used as well for the trend of the decrease of Oz concentration from the 21% reference value
in fresh air.

A typical scenario is investigated involving a room/space with a single opening. The size of the opening is the
input parameter affecting the concentration of the space after 5 hours. All other factors are considered steady.
The analysis is based on the following assumptions: Experiments are conducted at sea level (atmospheric
pressure latm = 101,325pa), the environmental temperature is 20°C, space temperature is 28°C, its volume is
cubic 8m3, the trapped human produces CO; at a rate of 0.05m3/h and according to the aforementioned
approximation consumes O also at a rate of 0.05m3/h, and the opening is a square window (h meters*h
meters) that is fully open. It also assumes that entrapment occurs in a space that has a single opening and that
the buoyancy forces are those that drive the air exchange with the environment.

First, the air flow Q is calculated, given the aforementioned conditions /assumptions and using equation 11 of

77,
0 =S eutess | Dy, ®

where Cq is the discharge coefficient = 0.6, At is the effective flow area of the opening (h2m?2), g is acceleration
of gravity, h is the square window dimensions in meters (m), AT is the temperature difference between the
environmental and room/space temperatures and Tou is the environmental temperature.
The model assumes relatively large openings. The opening sizes listed in Table 9 are assumed to be relevant for
the application. The smaller opening sizes might not be so compatible with the original assumption in [77] but
nevertheless will provide an indication of the anticipated levels, although not very accurate.

Table 9. ROOM CO; CONCENTRATION AFTER 5 HOURS

Calculated room CO, concentration after 5 hours
Case . Volume Concentration
Op:}?éng flow after 5 Notes
rate(m3/s) Hours(ppm)
Not final
A 0.1mX0.1m 0.0004 20000 concentration
B 0.15mX0.1 0.0012 11000 Almost fln.al
5m concentration
Final
C 0.2mX0.2m 0.0025 6000 .
concentration
D | 0.3mX0.3m | 0.0069 2400 Final
' ' ) concentration
E | 05mX05m | 00247 1000 Final
concentration

Then the air changes (shifts) per hour are calculated given the room/space size. The CO2 concentration is
calculated after 5 hours using equation 9 from [78], assuming the initial CO2 concentration in the room to be
same as the environment.

c=(q/m)[1—1/e")]+ (co—c) (1/e™) +¢; (1) ©9)

Where c is CO2 concentration in the room (m3/m?3), q is CO2 supplied to the room (m3/h) from the entrapped
human, V is volume of the room (m3), e is Euler's number, n is number of air shifts per hour (h2), tis time (h), ci
is CO2 concentration in the incoming atmospheric air (m3/m?3) and co is CO2 concentration in the room at the
start, t =0 (m3/m?3).
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The calculated concentrations are listed in Table 9. For evaluating via testing the selected sensors, the
calculated concentrations for each opening are fed to the sensors. These concentrations are created by mixing
known volumes of fresh air and exhaled air.

The calculation of the mixing volumes is based on the following assumptions and conditions: Experiments are
conducted at sea level (latm), the environmental temperature is 36°C, exhaled breath temperature is the
same, and it is saturated with humidity (100%RH), the flexible air containers used (plastic bags), always have
atmospheric pressure, air compounds follow ideal gases law and Dalton’s law for partial pressures, and finally
that a trapped human produces CO: at a rate of 0.05m3/h.

Fresh air gas concentrations and exhaled air concentrations listed in literature are dry air concentrations,
without humidity. Ideal gas law and Dalton’s law of partial pressures are used to calculate concentrations of
CO: in fresh air with 50%RH and exhaled breath saturated with humidity at 36°C.

P=P,+P,

P, = RHP,/100

(10)
(11

Where P is the total pressure of the air mixture, Pa is the partial pressure of dry air, Pw is the partial pressure of
the water vapor, Pus is the partial pressure of saturated water vapor in atmospheric air at the given conditions
(temperature and pressure). At the examined conditions (with 50%RH), it is calculated that for environmental
air, Pw=2973.98pa (Pws = 5947.96pa) and for the exhaled breath case Pw = Pus.
With the CO2 concentrations (and partial pressures) of the two samples known, the equation of the CO2 partial
pressure of their mixture, given the assumptions, can be written as:

Pprp = (PpVp + FgVg)/ (Vg + V) 12)
Where Pkt is the partial pressure of the mixture of fresh air volume Ve with CO2 partial pressure Pr and exhaled
air volume Ve with CO2 partial pressure Pe. Solving the equation to find Ve is possible because all other
quantities are known or assumed. Table 10 lists the required mixing volumes to proceed with the tests and it
includes the calculated Ve in column 4, given Vr in column 3 and target CO2 concentration in column 2.

Table 10. Calculated Quantities of Fresh and Exhaled Air for Mixing

Calculated fresh and exhaled air quantities required to
Case be mixed to acquire target CO, concentration
CO2 Fresh air Exhaled air
concentration(ppm) volume(ml) volume(ml)
A 20000 10000 11100
B 11000 10000 4000
Cc 6000 10000 1770
D 2400 10000 570
E 1000 10000 170

5.2.

The rapid prototype readout setup of the apparatus, shown in Figure 19 was evaluated by monitoring the
sensors’ outputs while placing a gas mixture, listed in Table 10, of known volume and concentration of the
target gases, in an experimental chamber setup including two additional containers. In Figure 24 the operation
concept of the apparatus is illustrated.

Experiment to evaluate selected sensors

Apparatus
Air mixture chamber
Pressure
relief Sensor
container readout setup

Figure 24 : Operation concept of the apparatus for air mixing and sensor measurements. The sample and
relief containers are plastic bags that can easily be manipulated by hand to move the air inside them.
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The preparation, mixing and measurements were performed with the following sequence of steps: A
predefined volume of exhaled breath was placed in a flexible sampling container bag (Figure 24 on the right),
thus providing a rough estimation of the air volume and its concentration of CO, and O, gases. The exhaled air
was produced by and sampled from a normally breathing healthy male who was performing office work (no
heavy physical activities that increase CO2 concentration). This breath sample container is connected to the
main air mixture chamber, (Figure 24 in the middle), but not immediately so that humidity has time to
condense on the walls of the sample bag. The volume of the main experimental chamber is known, and initially
it is assumed to be filled with normal atmospheric air. In order to be able to manipulate the air samples
without having to handle much larger than atmospheric pressures, another flexible bag, the relief bag, is used
to relieve the pressure when inserting the sample in the experimental chamber (Figure 24 on the left). After
the introduction of the exhaled air sample into the air mixture chamber (Figure 25), air is transferred back and
forth between the sample container and the relief container to mix well before taking measurements (Figure

26).
W
i 2
> @ Connect sample container
Exhale into with required amount of

l% JWW\ sample container exhaled air to mixture chamber

Air mixture chamber

3)

Manipulate shape of
Sample container| sample container to
transfer contents into
air mixture chamber

Pressure relie

container Sensor
readout setup

Figure 25. Breath sampling and introduction into apparatus

Manipulation by hand of both the relief bag and the sample bag, as shown in Figure 26, allows for easy mixing
of the air in the system.

It must be mentioned that the apparatus and experiment procedure do not place the well-being of the person
who provides the sample in any danger. There are no means of identifying, discriminating, or extracting
information regarding the status of the person who provides the sample.

I ™
Air mixture chamber “4)
Manipulate shape of

f
*9 Sensor [*2 | relief container to
ample container .
readout setup transfer contents into
air mixture chamber

A S\

Pressure relief i
container

f

. ™\
Air mixture chamber (5)
Take air mixture

Pressure relief T Sensor p E gas concentration
tai Sample container
contgin readout setup measurements

. J/

Figure 26 : Air mixing and measurements.

The actual experimental apparatus is illustrated in Figure 27. The 10 liter plastic bottle is the main gas chamber
where the readout setup is placed. The bottle has two extra openings, one for interfacing the relief chamber
(bag) on the left and one for cable entry. Sample entry is at the bottle entry opening where the sample
container (bag) is attached. The base of the bottle was cut off in order to place the readout setup and then it
was carefully reattached with clear adhesive tape.
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- Relief Container
Bag

Figure 27 : The Experimental Apparatus for the Sensor Measurements.

The captured raw sensor values were processed off-line. Using the known fresh air concentrations, offset
correction was performed, as if single point sensor calibration had been performed. Gain correction was not
performed since a second reference was not available. Another reason was that for the application of human
presence detection, accurate concentration measurements are not required. The listed average concentration
and standard deviation are calculated on the range of values when the sensor output is in plateau.

Table 11 lists the captured measurement statistics. Note that the readout setup and apparatus were not
optimized for a fast sensor response. Also note that the apparatus and execution of the experiment were not
intended to acquire very accurate air volumes since there exist important fluctuations of compounds
concentrations in fresh air in a period of a few days or in different nearby places [79], and of the exhaled air
depended on the person’s characteristics and physical condition [74]. The readout setup and apparatus were
only intended as a proof of the detection concept. The sensors’ responses are slow because the air mixture in
the chamber has to diffuse through the sensors’ filters. No air manifold is used to force air through the sensor
filters. After the tests were finished, an improved response time was achieved by placing a fan over the
sensors’ inputs as illustrated in Figure 19.

The sensors’ responses are very indicative of the application. The levels of CO, and O, produced as soon as the
exhaled air sample was added could be easily distinguished from the fresh atmospheric air levels. Even the case
with the smallest CO2 concentration, which corresponds to the largest opening/window of 0.5m by 0.5m,
seems to be easily detectable.
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Figure 28 includes a graphical comparison between the target CO. concentrations listed in Table 9 and the
measured CO2 concentrations acquired with the apparatus listed in Table 11. Concentration axis is plotted in a
logarithmic scale. For fresh air, the target concentration is assumed to be 400ppm. Horizontal category axis
shows the target cases that correspond to the various openings (window size), of the confined space where an
assumed victim is entrapped. Vertical axis presents the CO2 concentration in ppm. It is evident that target and

Table 11. Measurements

Measured CO; and O, concentrations

Average
Case Gas Concentration Standard Notes
(CO2-ppm, O2- Deviation
%)

F/rAe_sh co, 450 125 24minutes of
ir samples
Fre_sh 0, 20.86 0011 24minutes of

Air samples

E CO, 733, 40 30-60 samples
E 0O, 20.83 0.009 30-60 samples
D CO; 1891 172 30-60 samples
D 0O, 20.79 0.01 30-60 samples
C CO; 4635 533 30-60 samples
C 0, 20.67 0.05 30-60 samples
B CO; 8327 546 30-60 samples
B 0, 20.42 0.03 30-60 samples
A CO; 33722 1245 30-60 samples
A 0O, 18.72 0.03 30-60 samples

measured concentrations are in accordance.

Concentration (ppm)

100000 —

Target VS Measured CO2 concentration

10000 —

1000 -

case A

case B

case C

—&—Target concenctration (ppm)

case E

case F

= Measured concentration (ppm)

Fresh air

Figure 28 : A graphical comparison between the target CO2 concentration cases listed in Table 1 and the
measured CO: concentration when using the apparatus listed in Table Ill. Concentration axis is plotted in a
logarithmic scale. For fresh air, the target concentration is assumed to be 400ppm.

Figure 29 presents the measured Oz concentrations acquired with the apparatus and are listed in Table 11.
Horizontal category axis shows the various air-mixture cases. Vertical axis presents the O2 concentration in
percentage (%). Oxygen measurements show that higher accuracy is needed to distinguish the various cases,
especially those that correspond to large window openings. Nevertheless, the selected sensors for the
apparatus sufficiently cover the required sensitivity. Case A measurement (18.72%), is omitted from Figure 29,

in favor of cases C-E that are very tightly spaced.
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Measured O, concentration (%)
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Figure 29 : A graphical presentation of the measured Oz concentrations (listed in Table I11) when using the
apparatus.

5.3. Discussion

Even though the experiment was not thorough or exhaustive, these results are considered successful and the
approach followed for the e-nose currently in development is viable. There is room for improvement in the

detection speed (latency) domain, and this has already been taken into account in the current development of
the e-nose system.
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6. THEORETICAL ANALYSIS FOR NON STATIC CONDITIONS - HUMAN

PRESENCE and FRESH AIR INPUT

6.1. Overview

In this chapter, a theoretical analysis of the anticipated gas concentration to be found in a void is presented.
For this, a model was created and various conditions were examined. The concentration in the void is not
static, but dynamic, because of the existence of the human sources and ventilation that constantly affect them.
The human sources are the numbers of trapped victims, as well as their breathing capacity. The ventilation
condition is the fresh air flow that refreshes the air of the void with atmospheric air. Other parameters
examined are the effect of the void’s volume in respect to the steady state gas concentrations and the time
required to reach that steady state. Also, based on the static condition measurements (proof of concept
measurements), the limit of detection for the selected sensors was determined. Another outcome of this study
is the maximum fresh air flow entering the void that allows for victim detection with the selected sensors.

6.2. Limit of detection of selected CO, and O, sensors

The proof of concept experiments were carried out under static and sealed conditions. This is an ideal situation
in which no fresh air circulates from the outside environment, leaving only exhaled air to affect the mixed air
composition. If fresh air circulation is taken into account, then there exists a maximum fresh air refresh rate for
which CO, and O, concentration changes are still observable based on the assumption that only one
measurement would have to suffice to produce human presence indicators. To be observable they need to be
clearly differentiated from the average gas and noise concentration.

Bearing Table 1 and Table 4 in mind, it is clear that in order for someone to be detectable under present
conditions, the raw value acquired from the sensor should be at least two standard deviations away from the
mean. Using the daily mean, which is higher, the target CO, concentration should be at minimum 820ppm.
Similarly the maximum O, concentration should be lower than 20.734%. These values are the worst-case
scenario. If more than one measurement are used for the decision making with filtering/averaging performed
on a window of values, the limit of detection can be significantly reduced. The costs are response time and
consequently in search/scanning speed.

6.3. Exhaled Air flow rate

For adults the respiratory rate is usually 12-18 breaths per minute [80] and this is the case with the human test
subject used in this experiment. Elderly people may have a slower breathing rate (10-30 breaths per minute).
Younger children have a faster breathing frequency reaching up to 30-60 breaths per minute for infants.
In the worst case the average human test subject will exhale ten times per minute which essentially gives the
following flow rate of exhaled air:

FRexh (I/min) = number of breaths (# breaths/min) * tidal volume (liters) (23)

Where volume of the average breath (tidal volume) has been calculated to 660ml for the test subject, but for
the average population it is approximately 500ml for men and 390 for women. This gives an approximate
minimum flow rate FRexh=0.39It/breath * 10breaths/min = 3.9It/min, which we can use to determine the
maximum fresh air flow rate for O, and CO, concentration.

However, in absolute terms, the amount of air a person needs is determined by their mass. On average a
person requires 7ml/kg of body mass [81]. So an average male adult weighing 75kg would have a tidal volume
of 0.525It and, as such, an exhaled air flow rate of FRexh= 6.3lt/min. Below are calculated the exhaled air flow
rates for individuals at different ages.

Table 12: Minimum exhaled flow rate for individuals of both sexes and of different age groups.

. minimum number | tidal Minimum
weight (kg)
description of individual of breaths / min | volume FRexhaled
[82]-[87] .
[81] (It) (It/min)
adult male (35yo0, 25% percentile) 75 12 0.5 6.3
adult female (35y0, 25% percentile) 57 12 0.4 4.8
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child (10 years old) 33 15 0.2 3.5

child (3 years old) 14 20 0.1 2.0

baby (6 months old) 7.5 25 0.1 1.3

elderly male (>80yo, 25% percentile) 72 10 0.5 5.0
elderly female (>80yo, 25% percent.) 52 10 0.4 3.6

Table 13: Maximum exhaled flow rate for individuals of both sexes and of different age groups.

AT max number of | tidal Maximum

description of individual breaths / max | volume FRexhaled
[82)-(87] [81] (It) (It/min)
adult male (35yo0, 25% percentile) 75 20 0.5 10.5
adult female (35yo, 25% percentile) 57 20 0.4 8.0
child (10 years old) 33 20 0.2 4.6
child (3 years old) 14 30 0.1 2.9
baby (6 months old) 7.5 40 0.1 2.1
elderly male (>80yo, 25% percentile) 72 18 0.5 9.1
elderly female (>80yo, 25% percent.) 52 18 0.4 6.6

This information will be used as input to identify the maximum fresh air flow rate (ventilation) in a closed space
(i.e. aroom). To do that a model of a system needs to be generated.

6.4.

Modeling realistic conditions

In this case the closed cavity (room) is modeled ideally as a completely sealed space. There exist only two pairs
of inflow-outflow points. The first pair is the external inflow-outflow, where fresh air with flow rate FRfresh
(FRf) enters into the room and room air with the same flow rate flows out of the room. The second pair is the
expiratory cycle of a human test subject placed adjacent (or in) the room, where looking in from the room’s
perspective there is outflow of air that goes into the human’s lungs and inflow of their exhaled air, which is
done at the human’s exhaled flow rate FRexhaled (FRe). Of course, inflowing volume of air should have the
opposite sign from any outflowing volume of air.

Ideal room (VYroom)

——
—

Human respiration

[FRexhaled)

 —

Raoom aircirculation

[FRfresh)

Figure 30: Model of an ideal sealed room with single person in it. Arrows depict air direction to and from air
sources / sinks (i.e. human and environment)
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The equation that relates the flow rates of O, and CO, concentrations with the room size should take into
account the flow rates of fresh and exhaled air and should be the sum of all inflowing and outflowing air
sources. From gas mixing theory the relevant equation is of the form:

Rate of change of gas in air =
inflow rate of air with specific gas concentration
outflow rate of air with gas at room concentration. (14)

Where, the rate of change of gas(Q) in the air is the volume of the gas, and it is related to the concentration of
that gas as
Q)
Croom(t) = Vo (15)
room

Keeping that in mind, the differential equation that describes the room system is shown below. It is noted that
the assumption that air mixes evenly and immediately in the room is still used:

dQ _

dt Fece - Ficroom + Ffo - Focroom (16)

Where Fe = exhaled air flow rate (It of air / min)

Fi = inhaled air flow rate (It of air / min) = Fe

Ff = inflowing fresh air flow rate (It of air / min)

Fo = Outflowing air flow rate (It of air / min) = Ff

Ce = gas (CO; or O;) concentration in exhaled air (It of gas / It of air)

Cf = gas concentration in fresh air (It of gas / It of air)

Croom = gas concentration in the room (It of gas / It of air)
Solving this differential equation provides the following gas concentration in the room as a function of time,
the room size, the concentrations and flow rates of gases that act on the system. Equation (17) calculates the
concentration of a gas in a room when two gas sources-sinks mix in the same room.

F,C,+F¢C Fetfy
— _eceT f-f
Croom(t) Fo+Fj

+ ke Vroom' (17)

Equationl: Equation that mixes two gas sources-sinks in the same room

Where k can be determined at time t=0 minutes and is given by equation (18),
FeCe+Ffo

k= Croom(0) — Tpf (18)

Croom(0) is the initial concentration of the gas, Fe is the exhaled flow rate, Ce is the concentration of the gas in
the exhaled air, Ff is the fresh air flow rate, Cf is the concentration of the gas in the fresh air and Vroom is the
volume of the entrapement cavity.
The equations are based on the following assumptions:

- Aroom in which air mixture through convection is immediate and uniform.

- Flow rates are constant through time.

- Pressure and temperature remain constant at the time intervals when calculations are performed.

It is important to note that the size of the room is not important for the final equilibrium concentration (as
time t takes large values) and that the Vieom/Fe+Ff value is the time constant t of the system.

What is more, in any unsealed space, pressure and temperature are expected to be constant and the same as
the surroundings. As a result, for any new molecule of fresh air (CO,, O,, or any other) another molecule must
leave the cavity or either pressure or temperature should increase due to the laws of thermodynamics. Keeping
the number of molecules of each gas in the cavity/room also translates to keeping the volume that each gas
occupies constant for a given cavity size. This is due to the law of partial pressures (and volumes), which states
that the ratio of molecules of a gas, compared to the total number of molecules in a cavity equals the ratio of
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volume that this gas occupies compared to the volume of the cavity. Equation (19) captures Dalton’s law of
partial pressures with the extension of Amagat’s law of additive volumes.

Ngas molecules Vgas Pgas

Nmolecules inroom Vroom Proom

The above equation provides the means to examine the model from the perspective of volume whilst
maintaining mass conservation, which is proportional to the number of molecules. Plotting Equationl, and
specifically the gas concentration versus time, will produce the following graphs (for given values of Fe, Ce, Ff
and Cf). Note that the only differences between the two graphs are the initial and exhaled gas concentrations
for CO, and O, respectively.

CO2 Room concentration Cr(t)

1600

1400

1200

1000

800

600 |

CO2 room concentration {ppm)

400

200

0 T T T T T T 1
0 200 400 600 800 1000 1200 1400

Time (minutes)

Figure 31: CO, concentration response of a person in a room where air is refreshed at a rate of 500It/min
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02 Room concentration Cr(t)

0,2096

0,2094

0,2092 -

0,209 -

0,2088

0,2086

02 room concentration

0,2084

0,2082

0,208 T T T T T T T T T 1
0 200 400 600 &00 1000 1200 1400 1600 1800 2000

Time {minutes)

Figure 32: O, concentration response in the 1°* 10 minutes that a person is in a room where air is refreshed at
a rate of 500It/min.

An observation that can be made from the graphs is that some time after the beginning of air mixing, an
equilibrium gas concentration is reached. Also, for this room size it takes approximately 800 minutes for the
equilibrium state to be reached.

This analysis has been carried out for several exhaled flow rates and room sizes. In these, the maximum fresh
air flow rate and corresponding final equilibrium concentration have been calculated and presented in the
following table. Note that only the terminal conditions, when the gas concentrations are just barely within the
detectable zone, are shown. This “detectable zone” was calculated earlier from sensor noise analysis in the
introduction of this chapter. Their values are 820ppm or higher concentration for CO, and 20.734% or lower for
02.

6.5. Applying the model

The calculations are summarized in the following two tables — one of CO, and the other for O,. The two left
column groups contain typical numerical inputs along with a description. On the rightmost column group the
results are presented; the calculated final equilibrium concentration, the maximum sustained flow rate of fresh
air for which detection is possible and the 3t time of the system. 3t time is considered sufficient for the
purpose of this work; for CO: it is the time required for the gas concentration to reach 95% of its equilibrium
concentration. This percentile was chosen in order to account for the slow progression once the gas has nearly
reached its equilibrium values due to its naturally asymptotic behavior. The selection of 2¢ distance from the
atmospheric concentration for the decision threshold of the concentration and time 3t where it is assumed
equilibrium concentration is reached is not ideal: It does not ensure that at 3t time after entrapment all
measurement values will fall within the detection zone but it is the point at which positive detection
measurements will start to be more frequent.

Note that for the cases of very small and extremely small cavities, no (2x) adult male scenario has been
calculated. This is intentional since physically it is impossible for 2 people to fit in such small spaces.
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Additionally, in the following table only the boundary conditions are shown, because it was deemed necessary
to focus on the worst-case scenarios. The fresh air’s concentrations of gases are assumed as follows: CO2
F=400ppm and Oz Ff=20.946%. The exhaled air’s concentrations of gases are assumed as follows: CO2
Fe=40000ppm and Oz Fe=16%. In these scenarios the time required until the CO, levels are
detectable/distinguishable for a given minimum exhaled air flow rate, as well as maximum fresh air flow rate
that permits detection are calculated to aid end users in their work: CO: limit is 820ppm and O: limit is 20.734%
which are assumed to be the equilibrium concentrations.

Table 14: Maximum fresh air flow rate and 3t time-to-reach detectable CO, concentration for various room
size and exhaled air flow rates.

Flow rate of
room flow rate of

o : o . equilibrium fresh air (It/min)
room description size human description exhaled air €O, (ppm) adequate for CO
(m3) (It/min) LS < 2

detection

t (min) 3t
time for CO,
detection

small room 26.25 | 2x adult male 12.6 820 1175 66
adult male 6.3 820 588 133
adult female & elderly male 4.8 820 448 174
child and elderly female 3.5 820 327 239
Child 3 years old 2 820 187 418
baby 6 months old 1.3 820 121 642
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Here it is clearly visible that the larger the room and the lower the exhaled air flow rate, the more time is
necessary for the CO, concentration to reach the equilibrium value. For example, one can say that an adult
female subject with an exhaled air flow rate 4.8It/min, who has just been trapped in a medium sized cavity
5m3, with a fresh air flow of 448 It/min, will be detectable after 33 minutes from entrapment due to the CO,
footprint she exhales.

This will be the case provided the fresh air is not circulated at a very high rate in the room/cavity and mixing of
exhaled air with the surrounding air happens evenly across the room.

Similarly, it is apparent that the room size does not affect the amount of fresh air flow rate which determines
the final equilibrium concentration — only the exhaled air flow rate plays a role in that, leaving room size to
affect only how quickly the detectable concentration will be reached.

The female subject will not be detectable at all (not after 33 minutes, or however much more time is allowed to
pass) if the fresh air circulation happens at a rate of more than 448lt/min.

Similarly, for O, the table summarizes the threshold O, concentration below which human presence may be in
close proximity, the maximum fresh air flow rate that allows detection of humans and the minimum time
required for concentration levels to pass the O, threshold that will enable detection.

Note that due to the reduction of O, during human breathing, the O, trend approaches the asymptote of the
equilibrium with a negative slope and 3t is used to measure to the time to equilibrium.

Table 15: Maximum fresh air flow rate and 3t time-to-reach detectable O, concentration for various room
size and exhaled air flow rates.

Flow rate of
room flow rate of e fresh air t (min) 3t
o . o ) equilibrium . .
room description size human description exhaled air 02 (%) (It/min) time for O,
(m3) (It/min) S adequate for detection
O, detection

small room 26.25 | 2x adult male 12.6 20.734 281 268
adult male 6.3 20.734 141 536
adult female & elderly male 4.8 20.734 107 703
child and elderly female 3.5 20.734 78 964
child 3 years old 2 20.734 45 1688
baby 6 months old 1.3 20.734 29 2597
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O, detection is far slower compared to CO,. This is due to the much higher concentration of O, that exists in
the atmosphere and the much smaller difference of O, concentration between atmospheric air and exhaled air
(as opposed to CO, % change). In fact, the same female in the same 5m3 can be detected by her O, footprint
only after 134 minutes (as opposed to 29 minutes from CO, footprint), and this is only possible if the fresh air
refresh rate does not increase more than 107 It/min (as opposed to 448It/min for the CO; footprint).

6.6. Elaborating on the model

Even though Table 14 and Table 15 contain all the necessary information they are a little difficult to follow. As a
result the information has been split into the following tables in different groupings.

6.6.1. Maximum fresh air flow rates

Detection of humans in a cavity is governed by gas mixing theory and has an upper limit when the air is
refreshed in that cavity. This limit differs for people of different masses exhaling in that cavity. It also differs
between CO; and O..

Table 16: maximum fresh air flow rate (It/min) for which CO, detection is possible

. X maximum fresh air flow rate (lt/min) for
human presence Exhaled air flow rate (It/min) X L. X
which CO, detection is possible
2x adult male 12.6 1175
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adult male

adult female & elderly male
child and elderly female
child 3 years old

baby 6 months old

6.3
4.8
3.5
2
13

588
448
327
187
121

Table 17: maximum fresh air flow rate (It/min) for which O, detection is possible

human presence

Exhaled air flow rate (It/min)

maximum fresh air flow rate (It/min) for
which O, detection is possible

2x adult male

adult male

adult female & elderly male
child and elderly female
child 3 years old

baby 6 months old

12.6
6.3
4.8
3.5

2
13

281
141
107
78
45
29

6.6.2. Final gas concentration for several scenarios

It is useful to have a reference for the maximum concentration that can be reached in several scenarios for
trapped humans and fresh air circulation conditions. The CO; is in ppm units and the O, is in % units. Marked
with red color are the undetectable levels, while marked with green color are the detectable ones. Note that

for CO, the threshold is set to 820ppm and for O, it is set to 20.734%

Table 18: Maximum CO, concentration (in ppm) for several scenarios of fresh air vs. exhaled air flow(i.e.

people)

Person \ Ff(lt/min)-> 1500 1000 500 250 100 50 20
2x adult male 730 893 1373 2300 4831 8371 15706
adult male 566 648 893 1373 2747 4831 9886
adult female & elderly male 526 589 777 1146 2214 3869 8065
child and elderly female 492 538 675 947 1739 2991 6298
child 3 years old 453 479 558 714 1176 1923 4000
baby 6 months old 434 451 503 605 908 1404 2817

Table 19: Minimum O, concentration (in %) for several scenarios of fresh air vs. exhaled air flow(i.e. people)

Person \ f(It/min)-> 1500 1000 500 250 100 50 20
2x adult male 20.905 20.884 20.824 20.709 20.393 19.95 19.034
adult male 20.925 20.915 20.884 20.824 20.653 20.393 19.761
adult female & elderly male 20.93 20.922 20.899 20.853 20.719 20.513 19.989
child and elderly female 20.934 20.929 20.912 20.878 20.779 20.622 20.209
child 3 years old 20.939 20.936 20.926 20.907 20.849 20.756 20.496
baby 6 months old 20.942 20.94 20.933 20.92 20.883 20.821 20.644

Again, it is easy to see that the CO, concentration increases and the O, concentration decreases the lower the
fresh air flow rate and/or the more mass the person has.
Note that the volume of the room/cavity is not important in any of these scenarios as final concentration is
independent of the size of the room.
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6.6.3. Time delay for gas concentration to enter “detectable” zone

The time it takes for the gas concentration to enter detectable zone in a cavity is directly related to Table 18
and Table 19 above. These times depend on all 3 factors (room size and fresh and exhaled air flow rates) and
cannot be presented in a two dimensional table. Instead, two typical room sizes (26250t and 5000It) have been
selected and the relevant times are presented in the following tables. The first 2 tables present the time
(minutes) for a room of size 26250It for gases CO, and O, accordingly.

Table 20: Time for CO, footprint to enter detectable zone (Vroom = 26250It) for various flow rate scenarios

Person \ Ff(It/min)-> 1500 1000 500 250 100 50 20
2x adult male - 50 29 25 23 23 22
adult male = = 99 58 49 46 45
adult female & elderly male - = = 85 66 62 60
child and elderly female = = = 151 95 87 83
child 3 years old o o = = 200 163 148
baby 6 months old = = = = 454 277 235

Table 21: Time for O, footprint to enter detectable zone (Vroom = 26250It) for various flow rate scenarios

Person \ Ff(lt/min)-> 1500 1000 500 250 100 50 20

2x adult male = = = 224 113 100 95

adult male S = = - 317 225 197
adult female & elderly male - - = = 688 322 265
child and elderly female - = = = - 522 379
child 3 years old - = = = = - 761
baby 6 months old - - S = - - 1493

While the following 2 tables present the time (minutes) for a room of size 5000It.

Table 22: Time for CO, footprint to enter detectable zone (Vroom = 5000It) for various flow rate scenarios

Person \ Ff(lt/min)-> 1500 1000 500 250 100 50 20
2x adult male - 9 6 5 4 4

adult male = = 19 11 9 9

adult female & elderly male - S = 16 13 12 11
child and elderly female - - = 29 18 17 16
child 3 years old - o = = 38 31 28
baby 6 months old - - = = 86 53 45

Table 23: Time for O, footprint to enter detectable zone (Vroom = 5000It) for various flow rate scenarios

Person \ Ff(lt/min)-> 1500 1000 500 250 100 50 20
2x adult male = = > 43 21 19 18
adult male - o = = 60 43 37
adult female & elderly male - S > > 131 61 50
child and elderly female - o S = - 100 72
child 3 years old = = = = = - 145
baby 6 months old - - S = = - 284
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6.6.4. Time delay to reach saturation concentration

The 3t time it takes for the gas concentration to approach saturation level in a cavity for various cavity sizes is
shown below for CO, and O, respectively.
Table 24: 3t time (in minutes) for CO, footprint to approach saturation levels in various room sizes and for
various trapped people

person\Vr(m3)

2x adult male

adult male

adult female & elderly male
child and elderly female
child 3 years old

baby 6 months old

Table 25: 3t time (in minutes) for O, footprint to approach saturation levels in various room sizes and for
various trapped people

person\Vr(m3)

2x adult male

adult male

adult female & elderly male
child and elderly female
child 3 years old

baby 6 months old

It is clear that a person in a larger room will take more time to alter the gas concentration in the room in order
for the latter to be clearly separated from the noise and reach a “detectable” level.

Additionally, the smaller the mass of the person, the less the gas that is deposited by each exhale into the
atmosphere and consequently, the slower the change of the gas concentration will be.

6.7. Conclusions - findings

A horizontal analysis of the CO, and the O, results leads to some very interesting conclusions that affect the
way e-nose sensors readings are interpreted.

Human physiology generates a much clearer CO, footprint that has a much larger exhaled air to fresh air
concentration ratio, compared to O,. Therefore, it is apparent that the O, human footprint can be detectable
under a narrower set of possibilities. For the same example case, it only takes 107 It/min of fresh air to disrupt
the results of the O, sensor and prevent detection of human adult presence, whereas it takes approximately 5
times more fresh air to disrupt the detection capability of the CO, sensor.

Additionally, the time it takes for the O, concentration to surpass the securely detectable thresholds is multiple
times as long as that of the CO, concentration. Even though time between a catastrophe and robotic platform’s
deployment will normally exceed a few hours, there will always be a comparative advantage for the CO;
sensor.

On the other hand, the higher noise sensitivity of the CO, sensor can render its result less trustworthy, in which
case the O, sensor will be a valuable addition to be sure of the readings. One possible way to improve on the
CO, readings is to apply a filter to suppress parts of the noise.

Regardless of the specific details of the sensor, application of the model has led to two important conclusions.
The size of the room does not play a role in the equilibrium concentration of either CO, or O, and consequently
in the detectability of human presence. Instead room (or cavity) size determines how quickly the gas
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concentration will be changed. In contrast, the amounts of exhaled and fresh air flow rates both contribute to
the level of gas concentration and the detectability of human presence.

For a typical cavity of size 5m?, an adult female, and detection thresholds for CO, and O, at 820ppm and
20.73% respectively, it is calculated that it will take 33 minutes after entrapment for CO, detection to be
possible and 134 minutes for O, detection. Naturally, larger room sizes will require more time for detection to
be possible as can be seen in Table 20 and Table 21.

An important matter that needs to be raised is the inevitable variation of fresh air flow rate that can weaken or
even completely prevent human presence detection — at least by the e-nose sensor. It is clear from the results
that the sensor readings can vary by a large factor the smaller the human footprint is and the larger the room
(cavity) size is.

To increase the “hits” (true positive results) rate of the e-nose it is advised that readings should always be
performed at the small cross section entrances and exits that the robotic snake goes through. The reason is
because the air sinks (small openings where cavity air flows out of the cavity) of each cavity should be checked
for changes in gas concentrations. It would also help if the robotic platform scans every large surface area from
side to side and along the perimeter as that would help reduce significantly any chances of failing to detect
human presence.

What is more, scanning air concentration at higher ground — if the conditions allow the snake to climb to a high
point in the cavity - would help eliminate chances of missing detection. This is due to the fact that exhaled air is
usually warmer than surrounding air and will tend to collect at the ceiling of a cavity rather than at the bottom.
Additionally, it is expected that approaching a human-occupied cavity, will register as a gradual change in the
read concentrations as less fresh and exhaled air have enough time to mix. Of course, this will be the case
provided that the fresh air circulation is not above the set limits.

However, as a general rule and due to lack of adequate data for each and every potential confined space that
the robotic platform will go through in search and rescue operations around the globe, it is best if exact
conditions are not programmed in the electronic nose data processing and decision unit. Instead, other
features such as trends identified by the experiments carried out or interpolation of the analyzed results with a
large variable factor will be used to help detect human presence. For example, sudden changes in
concentration as opposed to steadily change over the course of time. Additionally, coordinated sensory input
from other sensors which are more tuned to human physiology (such as NHsz sensors) may also prove to be able
to secure even further positive and correct detections by the electronic nose.

In this part of the analysis, the concentrations of CO2 and O2 of a confined space are calculated given the air
refreshment rate without examining the conditions required to cause this air exchange. In [19] a model is
proposed which can provide information about the air exchange given the geometry and weather conditions
for a much broader range of cases compared to the model used in the proof of concept section of this work.
The 2" e-nose prototype of this work was used to validate the applicability of this model by examining some
typical cases which are, among others, presented in the following chapter.
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6.8. EXPECTED E-NOSE PERFORMANCE DEPENDING ON DETECTION
PARAMETERS

Overview

In the previous section, the analysis determined the atmospheric air flow rate at which the e-nose can detect
victims without examining the cause and conditions that create the air flow. This section briefly lists the
mechanisms responsible for air flow in the anticipated USaR environments, the available formulas for
quantifying their effect and some specific calculations illustrating the anticipated performance limits of this
specific e-nose.

Cause of air flow

Air flow in rubble voids is caused by two mechanisms. The first, more obvious mechanism, is wind and the
associated pressure differences that cause air flow inside the rubble. The second mechanism is the
temperature difference (stack effect) between the fresh air outside the cavity and the air inside the cavity. Air
at different temperatures has different densities. The presence of gravity allows for the existence of buoyancy
effects, pressure differential and air flow.

The following equation, (eq 18) of [19] calculates the pressure differential caused by wind between entrance
opening ‘i’ and exit opening ‘j’ of a rubble pile in an urban/suburban environment.

Bpwy. , . =05 (Coi = C,) (Cavrer)’ (20)

Where Cy is the roughness coefficient for the examined area, v,.f is the reference regional wind speed, pfis
the density of fresh air, Cpi is the wind pressure coefficient for the surface of opening ‘i’, and ijis the wind

pressure coefficient for the surface of opening ‘j'.

The following equation, (eq 19) of [19] calculates the, wind generated, volumetric flow rate between entrance
opening ‘i’ and exit opening ‘j’ of a rubble pile caused by the pressure deferential between those two openings

21

Where Cy; is the discharge coefficient ~ 0.61, 4; is the area of the opening ‘I’ on the surface of the void that
“directly” faces the wind, and py is the density of air.

The following table (Table 6) from [19] lists the maximum opening area for which the e-nose can detect a
person when air flow is caused only by the indexed wind speeds. The calculations do include a number of
assumptions but provide indicative figures for the anticipated performance of the system when attempting to
detect victims using the COz sensor by itself or when using both O2 and CO2 sensors.

Table 26. Estimation of maximum total possible area of large openings in voids (Urban/Suburban).

] o Ai (m?) for Max. Ai (m?) for Min. Ai (m?) for Max. Ai (m?) for Min.
Wind Speed Description of Entrapped Apw,, Apw,, Apw,, Apw,,
m/s Human i~j i—j i~j i—j
CO; Sensor CO: Sensor CO2 & 02 Sensors CO2 & 02 Sensors

0.25 child3y 0.2199 0.9653 0.1248 0.5480
adult male 0.7476 3.2820 0.4244 1.8634

3 child3y 0.0183 0.0814 0.0104 0.0462
adult male 0.0623 0.2768 0.0353 0.1571

5 child3y 0.0110 0.0488 0.0062 0.0277
adult male 0.0374 0.1661 0.0212 0.0943

10 child3y 0.0055 0.0244 0.0031 0.0139
adult male 0.0187 0.0830 0.0106 0.0471
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The following equation (eq 20) of [19] calculates the pressure deferential between entrance opening ‘i’ and exit
opening ‘j’ of a rubble pile caused by temperature difference between the two openings

Wspe. .= (br = pc)gz iy (22)
Where z-;_j» is the vertical distance between openings ‘i’ and j’, pr is the air density outside the cavity, pc is the
air density inside the cavity, and g is the gravitational acceleration.
The following equation (eq 21) of [19] calculates the, temperature-caused, volumetric flow rate between

entrance opening ‘i’ and exit opening ‘j’ of a rubble pile caused by the pressure deferential between those two
openings

(23)

Where Cd,,i_].,, is the discharge coefficient for the airflow, A is the area of the opening ‘I’ and p is the air density.

The following equation (eq 24) of [19] calculates the total incoming air flow rate from all openings when Ts < Te.

(24)

(25)

Where Asum is the total area of all openings, Tr is the temperature in Celsius degrees of the air outside the
cavity, Tc is the temperature in Celsius degrees of the air inside the cavity, g is the gravitational acceleration,
and z is the assumed vertical distance between input and output openings.

The following table (Table 7) from [19] lists the maximum opening area for which the e-nose can detect a
person when air flow is caused only by the indexed temperature difference. The calculations do include a
number of assumptions but provide indicative figures for the anticipated performance of the system when
attempting to detect victims using the COz sensor by itself or when using both Oz and CO: sensors.

Table 27. Estimation of maximum total possible area of openings in voids (Stack effect).

Agum (M?) Agum (M?) A (M?)
T, —-TsC Description of Entrapped Human CO2 & 02 Sensors CO2 & 02 Sensors CO: & 02 Sensors

z=1m z=2m z=3m

3 child 3y 1.1664 0.8248 0.6734
adult male 3.9658 2.8043 2.2897

5 child 3y 0.9035 0.6389 0.5216
adult male 3.0719 2.1722 1.7736

10 child 3y 0.6389 0.4518 0.3689
adult male 2.1722 1.5360 1.2541

15 child 3y 0.5216 0.3689 0.3012
adult male 1.7736 1.2541 1.0240
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It is shown that under the conditions that exist at rubble piles, with both wind and temperature conditions
acting concurrently, the total incoming air flow rate can be approximated with the following equation (eq 36)
of [19]

(T. - Tr) gz 26)

2
F(W+5)sum =~ 0'61A5um\/ACP(Ceref) +2 Tf + 273

Where 0.61 is the assumed discharge coefficient of all openings, Awum is the total area of all openings, 4C, =
Cm - ij , Cm is the assumed wind pressure coefficient of the incoming air openings, ij is the assumed wind
pressure coefficient of the outgoing air openings, Tt is the temperature in Celsius degrees of the air outside the
cavity, Tc is the temperature in Celsius degrees of the air inside the cavity, g is the gravitational acceleration,
and z is the assumed vertical distance between input and output openings.

By requiring a 2o decision threshold value above the fresh air’s concentration for a particular gas, and utilizing
the formula for calculating the equilibrium concentration, it is shown in [19] (eq 38 and eq 39) that for
detecting a person the following must be true:

F(W+5)sum C(COZ)f + FeC(COZ)e

> (Crrpnr + 2stdeve——
F(W+5‘)Sum +Fe ( (coy)f C(Coz)f) (27)

Fw+5)5umCio)r + FeCoy)e

F(W+S)Sum T Fe < (C(Oz)f - ZStdeUW) (28)
The following table (Table 8) from [19] lists the maximum opening area for which the e-nose can detect a
person when air flow is caused by the indexed wind speed and the concurrent action of a 5°C temperature
difference and a 2m height difference between input/output openings. The calculations do include a number of
assumptions but provide indicative figures for the anticipated performance of the system when attempting to
detect victims using the CO2 sensor by itself or when using the Oz sensor.

Table 28. Estimation of maximum total possible area of openings in voids (Wind and Stack effect, z=2m, Ts-

Tc=5°).
. N AC, =151 AC,_ =044 AC, =151 AC,, =044
Wind (Sr:j:;j Vref Descrlptlzr;r:faintrapped CO; Sensor CO; Sensor 02 Sensor 02 Sensor
Max. Ai (m?) Max. Ai (m?) Max. Ai (m?) Max. Ai (m?)

0.25 child3y 0.0645 0.0673 0.0366 0.0382
adult male 0.2194 0.2289 0.1245 0.1300

3 child3y 0.0177 0.0520 0.0100 0.0295

adult male 0.0601 0.1766 0.0341 0.1003

5 child3y 0.0108 0.0396 0.0062 0.0225

adult male 0.0369 0.1345 0.0209 0.0764

10 child3y 0.0055 0.0230 0.0031 0.0130
adult male 0.0186 0.0781 0.0106 0.0443

The above tables provide promising indications regarding the detection capabilities of the e-nose even in harsh
weather. For the most difficult of the examined cases, the maximum equivalent square opening for detecting a
single 3-year-old child with the CO; sensor is approximately 7x7cm (0.0055m? opening area). These estimations
are produced after a number of assumptions and simplifications are applied which might have reduced the
accuracy of the estimations compared to the actual conditions. This is not detrimental for the research as the
estimations only serve as a quick and easy method to establish potential boundaries for following experiments
and tests.
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7. SECOND PROTOTYPE, VERIFICATION and VALIDATION TESTS

7.1. Overview

The purpose of building the second prototype was to have a system with the complete victim localization
functionality (three gas sensors) of the electronic nose in order to carry out tests with a mobile platform. The
time for implementing this prototype was minimized by using off-the-shelf components and limiting custom-
made hardware to a minimum. Also, the design of the final setup was assisted by selecting components that
would/could later be integrated in the custom PCB and by designing the setup so that the software and
firmware could be reused with little or no modification. This approach was also followed to reduce risks
involved with a one-off final design. The downside of this approach is that the size of the second prototype
does not allow for it to fit on the robotic platform. Additionally, functionality regarding the detection of
flammable/combustible gases (LPG and LNG) and toxic gases (CO and H,S) is not implemented in this prototype
as it does not participate in the actual localization of victims but rather in the detection of hazardous
environments.

The following picture illustrates the updated high level block diagram. Minor changes were made in the original
conception including the placement of the air pump after the sensor cluster so that the barometric pressure
sensor of the O, sensor can also be utilized as a blockage detection mechanism. Also, a different ammonia
sensor was selected that is smaller and has better characteristics (optimized for a more steady zero level
output current). The external dimensions required for the components selected for the localization solution
were initially 10x10x10cm. This size specification reflects the achievable size target for the final design when
only three gas sensors are utilized, not the size of the 2" prototype. New developments (after hardware of 2"
prototype was designed) originating from the robotic platform’s design mandated a different e-nose
compartment: The volume for the e-nose was increased by widening the design to 130x170mm, but at the
same time the height was reduced from 10cm to 7cm (not all the volume can be utilized). A floor plan of the
system indicated that the additional sensors for safety could also fit in the e-nose compartment. It was decided
that the sensors concerned with safety be implemented directly in a 3™/final prototype so that development
and testing of the second prototype was not delayed.

Air input pe Temperature . Air output
Air filter 1 — Air filter 2 . .
port J—L Sensor 1 port Mobile sensing platform
b compartment for
™ .
. Electronic Nose
=] Bt Temperature| Humidity Pum \
2 Sensor 2 Sensor p — — &
54 + Air input, air filter 1, pump, &
E = = temperature sensorl, eé‘
< 02 sensor gas sensor manifold, heater, A\
CO2 sensor NH3 sensor
| +Pressure L | 4 Temperature sensor2, 4
¢ ¢ ¢ Humidity sensor, air filter 2,
v v Air output port
Actuator drivers Sensor Readout electronics N
A A . A Sensors: CO2, 02, NH3
Tt 3 T
- 1 = =
M Electronics: power supplies, >
Embedded computing for classification and communication ¢ Power supplies readouts, actuator drivers QO />\
A = 5 =
I 1" Electronics: communication, 4

M * classification
Bus Power ,
Interface Bus X -

Figure 33. The core system implementing the bare minimum mandatory requirements.

The e-nose can be controlled via terminal (since the commands are single characters and the measurements
are in a readable format) and the measurements can be read directly from the terminal or be plotted in real-
time with the program KST plot.

Selected sensors
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The selected CO, sensor is based on NDIR technology because of the aforementioned competitive advantages
of these sensors, taking also into account the low sensitivity required. The CO2F-W from SST Sensing Ltd, is a
compact and high speed (20 Hz) CO: sensor, ideally suited for applications which require the capture of rapidly
changing CO,. This CO2 sensor is the fastest NDIR CO2 sensor available in the world, requiring on average less
than 15mA current at 3.3 V, provides digital TTL output and detects CO; levels in the range 0—200,000 ppm (0O-
20%), with an accuracy of #50ppm. The O, sensor LuminOx (LOX-02) that was chosen is a compact
Fluorescence-based Optical Oxygen Sensor. It requires less than 7.5mA current at 3.3V, provides digital TTL
output and detects O, levels in the range 0-25%, with a resolution of 0.01%. The Ammonia NH3-3E-100-SE of
City Technology, is an Amperometric electrochemical 3 electrode sensor cell, designed for NH3 detection. It
shows a sensitivity of 100-160 na/ppm NHs, at a bias voltage of 0 mV and with a resolution of less than 1 ppm
(optimized for a steady zero level output current).

The selected gas sensors presented above need to function under certain conditions of humidity and
temperature. Thus additionally, these 2 parameters of the sampled air will be monitored with separate sensors
to verify the reliability of the gas measurements. Humidity and temperature have to be measured for air inside
the e-nose system and outside as it is explained in a next section. For inside and outside humidity, the selected
sensor is the Honeywell Humidlcon HIH8120-021, 10-90 range, accuracy 2%, 14 bits resolution 12C digital
output, consuming 1 mA at 3.3 V. For inside temperature measurements the PCT2075 NXP’s sensor was
chosen. It is a temperature sensor with range -25 °C -+100 °C, accuracy £1°C, 11 bits digital output through 12C
interface, consuming 70 pA at 5 V when sampling and 1pA when not. A sampling period may range from 100
milliseconds to 3.1 seconds. For external temperature TI’'s TMP112A temperature sensor was selected,
featuring accuracy +1°C at a range -40 °C -+125 °C, 12 bits digital output through 12C interface, consuming 10
WA at 3.6 V when sampling and 1uA when not. A sampling period can range from 125 milliseconds to 4 seconds.

7.2. Electronics of the 2" prototype

The hardware architecture of the proposed e-nose system consists, as shown in Figure 34, of four evaluation
boards and six designed custom-made prototype interconnection printed circuit boards, connected to the
sensors and to the pump and heater. The air pump is a Parker's T2-03 micro diaphragm pump, with flow up to
2.5 Ipm, operating at 0-8.4 V with a current 25-390 mA, and the heating resistor a 25 Watts 18 Ohm operated
at 0-5V and up to 278mA, capable of increasing the temperature of the sensors’ enclosure at a speed of
10°C/min, up to 40 degrees, ensuring RH humidity is less than 100% in this temperature range. As a side effect,
a better NHs sensor sensitivity is achieved. Evaluation Boards 3 and 4 are for providing controllable DC voltage,
up to a 2A output from an input voltage source of 3.5-28 V, to the air pump and heating resistor of the e-nose
system. Evaluation Board 1 is the ATMEL’s (Microchip) ATEVK1101, it includes its AT32UC3B0256 32-bit AVR
RISC-based microcontroller, that is a complete System-On-Chip microcontroller, based on the 32 bit AVR32 UC
RISC micprocessor core running at the frequency of 60 MHz, with on-chip, 128KB flash memory, 32KB SRAM, 3
USART ports, ADC, PWM controller and a Master/Slave Two-Wire Interface (TWI), 400kbit/s (12C-compatible).
Evaluation board 2 is made by Tl (LMP91000EVM/NOPB), and it incorporates the programmable LMP91000
Sensor Analog Front End potentiostat chip. It functions as the readout for the selected NH3 Electrochemical
sensor. It provides an output voltage proportional to the current required to maintain the configured cell bias
voltage of the NH3 sensor. The LMP91000 supports Programmable Cell Bias Voltages and gas sensitivities over a
range of 0.5 nA/ppm to 9500 nA/ppm and it also allows for a conversion of current ranges from 5 pA to 750 pA
full scale. It operates over a voltage range of 2.7 to 5.25 V and has a total current consumption less than 10 pA.
Adjustable cell bias and transimpedance amplifier (TIA) gain are programmable through the 12C interface. The
readout output voltage from the NHs potentiostat is sampled by an ADC that is connected to the SPI bus.
Evaluation boards 3 and 4 are both the TPS54231 device of Tl incorporating a low RDS (on) high-side MOSFET
for implementing a nonsynchronous (diode) DC-DC buck converter with 570-kHz Switching Frequency. They
both accept 3.5- to 28 V Input Voltage Range and they provide an output for the pump 0.8-8.4 V and for the
heater 0.8-5 V respectively, both up to 2 A continuous current.

The implementation of the system is achieved mainly with off-the-shelf components. The following picture
depicts the portions of the system that can be built with evaluation boards, namely for the microcontroller, the
ammonia sensor analog front end and the power drivers for the actuators.
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Figure 34. The system is implemented with off-the-shelf components and evaluation boards.

In Figure 34 the block diagram of the electronics of the system is illustrated. The functionality that is included in
evaluation boards is marked with the transparent “bubbles”. Black arrows indicate the direction of data or
current flow. The color coding of the modules indicates their position and role in the e-nose as described in the
block diagram of the system as illustrated in Figure 33. The green block which corresponds to the ACM module
is not mandatory and was not used in the assembled system tested during the field tests. Its functionality was
supplemented with a standard laptop computer. All the sensors are connected through breakout boards to the
main interconnection board named control and readout board or directly to readout board (NHs sensor). The
CO2, O2 sensors are connected to the microcontroller with dedicated serial buses. The temperature and
humidity sensors are connected to the microcontroller via the shared i2c bus. The biasing of the NHs sensor is
performed with an AFE IC which is configured via the i2c bus. The readout voltage is sampled with an ADC
which has an SPI bus interface. The control and readout board also includes power supplies that convert the
12-24V input to the required 5V and 3.3V voltage rails. The 12-24V input is also fed into the buck converters
that drive the heater element and the pump. Initially these power supplies were controlled as configurable
power supplies (POL). It was found that configurable and accurate output was not required from these
actuators so they were configured to operate in ON/OFF mode before being replaced by simple power MOS
transistors. The heating resistor is powered by the 12-24 power input while the pump is powered by the 5V
net. This design choice has minor implications in the time required for the system to reach operational
temperature when a low input voltage (12V) is supplied but is a convenient compromise for the flexibility of
using various power supply options.

The following pictures illustrate the interconnection diagram of the 2"prototype and the schematic diagram of
the 2"prototype custom PCBs:
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Figure 36. Schematic diagram of the printed circuit boards for the 2" prototype
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The following picture illustrates the layout of the second prototype PCBs. The layout is a custom-made panel
that includes six different PCBs: The four narrow boards on the left are temperature sensor boards. The board
on the bottom hosts the gas sensors and the board on the top right provides mounting and interconnection
int;rf_aces, glue logic, power supplies, powerlelectronics and distribution.

P2l

The following picture illustrates the assembled sensor PCB. On the left is the CO; sensor, in the centre is the O,
sensor and on the right is the NH; sensor.

Figure 38. The assembled PCB that host the gas sensors o

7.3. Mechanical aspects of the 2" prototype
Manifold
The following picture illustrates the custom gas manifold. From left to right the sensor interfaces are the air
input tube adapter, humidity sensor socket, CO, sensor socket, O, sensor socket, NH; sensor socket and the
output tube adapter.

Figure 39. The lightweight and heat conductive custom manifold
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The following picture illustrates the assembled sensor cluster. Notice the heating resistor and a temperature
sensor PCB mounted on the top of the air manifold.
¥ 5 k

A

Figure 40. The assembled sensor cluster

The following picture illustrates the readout and control PCB stack. On the bottom is the microcontroller board,
on the top is the analog front end for the NH; sensor and in between is the custom “glue” PCB.
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Figure 41. The assembled readout and control PCB stackup of the 2" prototype

The following picture illustrates the second prototype of the e-nose. The sensor cluster (right) has been
wrapped in thermal conductive material, wrapped with air sealing material. The sensor cluster is also wrapped
in heat insulation material (not seen in this picture). The pump is located in the centre, the air filters (white
disks) are connected to the pump and sensor cluster with the blue air tubing. The readout and control PCB
stack is connected to a computer to display results and accept commands/configuration via connections on the
bottom left.
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Figure 42. The 2" prototype of the e-nose

Enclosure design

The primary concern in the second prototype instrument is to create a portable device; one that can be
transported in the field (albeit in nondangerous for the e-nose locations) and simulate detection as if mounted
on top of the snake robot. The aim is to obtain results from the outdoor operation and evaluate it.

To this extent, a durable, light-weight and protective enclosure needed to be created. Due to the portability
requirements a low cost design was proposed. What is more, this design resembles the compartment of the
robotic platform.

The connections to the outside world have been minimized to just two wires (power and data) and a
pneumatic inlet and outlet connection which need to be included. The electronic boards are designed to
support the primary functions of the e -nose that are CO,, O, and NH; detection, as well as all the supporting
sensors that monitor the condition of the e-nose during operation. Additionally, one air inlet and one air outlet
are required. It is better if the air ports are located on opposite sides of the enclosure to avoid sampled air re-
entering the system.

To accommodate these requirements a large opening was created on the side of the cover of the enclosure.
Additionally, since it was not planned for the construction to be mounted in the snake robot in its current state,
it was comprised only of a base where the electronics and sensor were mounted and a protective cover. The
generated CAD design of the case is shown in the following picture:
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Figure 43: CAD of the Prototype 2 enclosure. The base, cover and two sides of the cover are shown

Note that a double base (two slabs) is used for two reasons. First, a “staircase” is created if the top base slab
has a slightly smaller surface compared to the bottom base slab. This allows a secure fit of the cover so that is
does not slide and fall off. Secondly, holes have been opened in both slabs. The holes in the top slab have a
smaller diameter than those in the bottom slab. The reason is to place mounting screws firmly in order to hold
the electronics in place. Finally, it is noted that the side walls are glued onto the main cover frame, thus
minimizing the assembly to just two parts, base and cover. This simplifies opening and accessing the electronics
for demonstration purposes.

The enclosure was manufactured with Plexiglas (PMMA) material which allows easy manipulation of material
to create the bent corners of the cover’s main frame. This reduces construction time and costs for the amount
of covers that needed to be created (exactly one). Moreover, it provides visibility to the internal components of
the e-nose which render it ideal for demonstration purposes. The manufactured enclosure can be seen in the
following picture:
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7.4. Software of the 2" prototype

The software of the 2™ prototype can be put in two categories: firmware running on the microcontroller of the
e-nose and software running on the host computer (KST plots and advanced logic unit). For visualizing the
measurements of the 2nd e-nose device prototype, KST plot was configured to perform this task. KST plot can
plot the captured measurements “as is” or can apply various filters. Another option is to pre-process the
captured measurements from the e-nose device on the host computer with a customized program and then
feed the output to KST plot. This pre-processing is performed with the advanced logic unit software. The
advanced logic unit software used in the 2nd e-nose device prototype was a transitional development in the
sense that only small portions of the functionality implemented for the 3rd e-nose device prototype were
available or even conceived. The 2nd prototype was used as an initial testing platform for some aspects of the
final development (the individual indicators calculated for each sensor). Some of the outputs of the advanced
logic unit, such as the Indicators, were placed in separate plots since there was no way to represent them in the
same plot with the respective measurements. This made understanding their meaning difficult for people other
than the developers of the system which lead to their use only for development purposes.

A high level block diagram of the firmware is illustrated in the following figure. The firmware is a stand-alone
program (no OS) which performs the sensor sampling, handles communication and runs the control loop(s).
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7.4.1. Firmware running on the Microcontroller
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Figure 45. Flow chart for the firmware of the 2" prototype

The command interface, as well as the data interface of the e-nose, is implemented via the USB connection.
The microcontroller implements the USB CDC device class and thus a virtual COM port is created when the e-
nose is connected to a compatible computer. The COM port settings are the following:

Table 29. The e-nose connection parameters of the COM port

Parameter Value
Baud Rate 57600
Parity None
Data bits 8
Stop bits 1
Flow control None

The commands supported by the firmware that are exposed to the user interface are listed in the following

table:
Table 30. The e-nose command interface

Command name Command sequence Description

Start Pump ‘P’ The command turns the pump ON, the
command sequence is echoed back. The power
up state of the e-nose has the pump at the OFF
state

Stop Pump ‘p’ The command turns the pump OFF, the
command sequence is echoed back.
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Perform CO; auto calibration |G’ The command sets the current reading of the
sensor at 400ppm assuming that the sensor is
exposed in clean fresh air. The command
sequence is echoed back.

Start Heater ‘H’ The command turns the heater ON, the
command sequence is echoed back. The power
up state of the e-nose has the heater at the ON
state. (NOT implemented yet)

Stop Heater ‘h’ The command turns the heater OFF, the
command sequence is echoed back. (NOT
implemented yet)

Start Reading ‘R’ The command enables the e-nose to send
measurements, the command sequence is
echoed back. The power up state of the e-nose
has the e-nose streaming measurements. (NOT
implemented yet)

Stop Reading r The command stops the e-nose from streaming
measurements, the command sequence is
echoed back. (NOT implemented yet)

Every second, the measurements are sent in a burst.
The data format of the e-nose measurements is the following:
The character ‘r’ followed by a space ‘’ followed by the information regarding each sensor
The information regarding each sensor has the following format:
3character sensor identifier followed by a space character ‘ * followed by a status character ‘0’ followed by a
space character ‘’ followed by the 6character value. This sequence is identical and printed for all the sensors in
a single line. An example of output is the following:

“r co2 0 001000 pO2 0 020.85 nh3 0 +000.4 H20 0 025.03 iTe 0 +26.00

eTe 0 +24.88 002 0 0206.6 t02 0 +25.90 bO2 0 000991”
The following table lists the meaning of the identifiers.
Table 31. Description of the identifiers in the e-nose’s measurements stream

Identifier Units Description

co2 ppm The CO, sensor result

p02 % The O, sensor result

nh3 ppm The NH; sensor result

H20 % The humidity sensor result in relative humidity

iTe °C The internal temperature value

eTe °C The external temperature value

002 mbar The O, sensor result in O, partial pressure

t02 °C The temperature of the O, sensor

b0O2 mbar the barometric pressure reading from the O, sensor

Note that the status character concerning each measurement has not been implemented yet.

7.4.2. Software running on the host computer - KST plot

The following example plot was acquired by exhaling directly in front of the air input sampling port. Note that
the measurements are not thoroughly filtered and conditioned, though a clear indication is acquired just from
the plot. This case can be characterized as ideal since the change in the concentrations is rapid and the base
level of measurements and the acquired level of the measurement vary greatly (for the sensors that should).
The index is in sample number. Since one sample per second is acquired in this case, the index is also in
seconds.
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Figure 46. A caption of the e-nose measurements when exhaling directly in front the input port.

7.4.3. Software running on the host computer - Advanced logic unit Software

There are a large number of sensors incorporated in the second version of the prototype. This leads to a need
to process the raw information arriving in the e-nose advanced logic unit in order to present it to the e-nose
operator in a manner that can be easily followed during highly stressful search and rescue operations.
Information extraction in the form of indicators is thus necessary from the raw data available. Indicators are
explained in detail in the section of the third prototype. Indicators concept and implementation in the third
prototype are significantly advanced compared to the second prototype.

Technology that was already used in the first prototype has been reused in this prototype. Data acquisition
from the sensor readout board is implemented over a serial line as well, so it has been reused. Data
presentation is also still carried out independently from the final GUI application. That is, the RRD database has
been reused as well. However, an additional presentation mechanism — with KST plot- has been added. The
reason is that only a single screen will be used for monitoring and the KST method offers slightly faster updates
than the RRD one. Both will continue to be available until final integration of the dedicated GUI allows control
of the e-nose configuration parameters as well.

Extraction of meaningful information takes many forms, but in this case it focuses on identifying abrupt and
unexpected changes in the read values. Statistical analysis is carried out in the e-nose advanced logic unit to
identify these unexpected changes, but in order for it to work, a practice session is required. This is so as to
generate the initial statistical sample set which in turn is used as the statistical basis against which analysis is
carried out. The main loop for data acquisition, training mode (possibly), processing and indicator updating is
shown below:
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Figure 47: The main loop for data acquisition, processing and indicator updating of the 2" e-nose prototype

Further introducing the new features, the statistical analysis performs filtering of the input stream. Each stream
is considered to be a signal originating in each sensor, and thus primarily each filtering operation aims to filter
out noise and calculate trending characteristics. These include the expected value, the standard deviation, the
upper and lower threshold zones, as well as other useful characteristics for each signal. A training session is
used to obtain initial values for the characteristics. Based on this information the e-nose is then able to perform
detection operations in which the threshold level and trend of each signal are monitored. The resulting
indicators categorize the threshold and trend of each signal accordingly:

Page 97 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

C02 raw (Current value) - 1h

1 TOXIC i
& 4k 4.0k
ﬂ- {
o
3
l—'l,IJ |
- 3k 3.0 k
- | SIGNAL
[ =
i
e
e
i }
L] |
N 2k 2.0 k
7 .
- NOISE
]
Y ZERO

17:10 17:20 17:30 17: 40 17:50 1.8

W COZrawCV (ppm) Cur: 3819, 310 Min: 1296.550 Aver:; 2911.471 Max: 4121.217

C02 raw (Trend) - 30min

': F 9 k
= 11k 1100, 8
Ty
o
c 0
= 10k ) = 1000, 8
: 5 - 2
=
= 0.9k < = Ly S0, 0
- LUl < o |
= (a4 |— U
[ =
u U ul LLy
= 8.8k = = (] g00. 0
” i o
2 U
=
N BT k 700. 0
] | _ "
= 1735 17: 40 17: 45 17:50 17:55 18 60 18: 85
B COZrawTR (inc/-/dec) Cur: 900,500 Min: 709,500 Aver: 933,980

Max: 1091.000

Figure 48: Conceptual design - color coding of the user-friendly information (indicators) in the GUI

Incidentally, these charts do not depict the current state of the GUI; however, this is a mock-up of how the final
GUI will look. Currently the separate indicators appear as separate statuses rather than a properly color coded
plot as shown above.
The e-nose advanced logic unit performs an additional set of tasks that ease the operation during development
and testing. These include:

- Reading user commands from standard input

- Reading and writing configuration values and training statistical data from/to file

- Reading debugging and important configuration values as parameters to program start

- Using a signaling mechanism to trigger reading any updated configuration values

- Performing moving average filtering

- Using a decision algorithm to update the threshold and trend indicators

- Using execution threads to parallelize and avoid blocking code execution
Overall, the advanced electronic nose logic unit produces independent indicators that notify the operator of
abrupt changes in the sampled air. This greatly reduces the time that the operator needs to spend looking at
graphs and an overwhelming load of information in order to extract meaningful information. Currently the
operator can rely on the system to notify them, thus diverting the precious SaR time to other tasks and other
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sensors’ observations. In future versions of the e-nose advanced logic unit, a qualitative analysis of the current
indicators across all sensors will be used to produce a weighted analysis of whether indications from different
sensors are meaningful with respect to human presence or not.

7.5. Verification - setups and tests for the 2" prototype

The operation and performance of the 2" e-nose prototype was tested with a series of experiments. The main
objectives of the tests were to determine the detection capability of the system in controlled but
nonlaboratory conditions and to validate the theoretical model calculations. For this reason the e-nose was
tested in various confined spaces with actual human subjects. Ethical considerations were taken into account
during the design and planning of the experiments with the main focus on not putting the test subject (one of
the design engineers) in hazardous and frustrating conditions. For these reasons:
e There was always a ventilation opening adequate for maintaining non-hazardous air conditions inside
the confined space.
e The test subject was allowed to stop the experiment at any moment. He could exit the void on his
own.
e The test subject was always supervised.
e The test subject was seated and allowed to work on a laptop, tablet, or smart phone.
e The confined space, and the test subject, had good lighting and a view of the outside.
The experiments were carried out in the office, a guard post and a closet. The following sections have more
details regarding the tests and results.

7.5.1. Office room experiments

Objectives
A room on the office premises has suitable dimensions to perform one of the large cavity experiments as
calculated in the theoretical analysis. It is expected that few cavities in real life scenarios will be larger than a
room of approximately 50m? in volume. Additionally, the immediate availability of the location rendered it a
frequent testing apparatus. Focus was given in the following factors:

e Perform frequent tests during the development cycle of the e-nose.

e  Verify the validity of the theoretical results and identify potential discrepancies for the case of no fresh

air circulation (no openings, sealed cavity) in a large room
e Check the sensor output for e-nose health monitoring sensors

Method
With given room size and room openings (a door and a window) not much variation could be tested on the
fresh air circulation. Instead, the aim was oriented to the exhaust air flow rate; that is, the number of people in
the room. Moreover, the large volume of the room would lead to a long time required for the actual air
mixture to be changed. Thus, no changes were performed on the initial conditions of the room. Typically, each
test involved the following:

1. Have two people in the room (those working in the room).

2. Open windows and door for 5-10 minutes, so as to let fresh air in and minimize effect of exhaled

human breath inside the room.

3. Train the e-nose - acquire air samples from outside the windows (so 100% fresh air).

4. Bring the e-nose air sampling inlet in and close door and window.

5. Start monitoring and logging.

6. Stop monitoring when enough data has been obtained (usually after 1-2 hours).
Results

The first test took place on office premises, in a room of suitable dimensions (3.2 m x 5.5m x 2.7 m), emulating
a large cavity. It is expected that few cavities in real life scenarios will be larger than such a room of
approximately 47.5 m? in volume. Additionally, the immediate availability of this specific room rendered it a
frequent testing “apparatus”. This office room allowed us to perform frequent tests during the development
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cycle of the system with gas sensors, to verify the validity of the theoretical results and identify potential
discrepancies in various cases of fresh air circulation in a large room and to check the system’s gas sensors
outputs. The openings of the room (an interior door 1.89 m?, and an outdoor south facing window with a
maximum opening of 1 m? and a minimum of 0.005 m?2), allowed us to control the fresh air circulation during
this first test. An additional aim of this test was to verify the time for equilibrium, according to the exhaust air
flow rate, for a large volume void such as this room.

When the test started at 11:45 the air in the room was refreshed by leaving the window and the door wide
open for 60 min, to let fresh air in and minimize the effect of the exhaled human breath from within the room.
During part | of the test (11:45-12:45), “calibration” of the system took place by sampling the outdoor air just
outside the outdoor window of the room. As may be seen in Figure 2, the system with gas sensors revealed a
mean concentration value for CO: in the fresh atmospheric air of C(¢o,)r = 405 ppm (left vertical axis) and for
02 C(p,)y = 20.61% (right vertical axis) with standard deviations stdevc(c—oz)f = 12.31 ppm and stdevc(o—z)f =

0.0057% respectively. By applying these values in Equations (27) and (28) and assuming that the
concentrations in the exhaled breath are for CO2 40000 ppm (the minimum [88]-[91]) and the maximum in O2
16% [88]-[91], results show that the fresh air flow rate should be Ff> = 956 F. for it to be possible for the CO2
sensor to detect the human presence in the room and Fr < = 328 Fe must be true for it to be possible for the O:
sensor to detect human presence.

CO, and O, concentrations (room test)
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Figure 49. Room with two people, COz2 and O: test measurements.

Part Il of the experiment started at 12:45 when we adjusted the window opening to just 0.5 cm wide, allowing
fresh air to enter through an area of just 50 cm?and 2 adult male persons entered the room. The large volume
of the room would take a long time for the actual air mixture to change and reach equilibrium concentrations
and for that reason it was convenient that two people were working in the room. Weather data for the day of
the experiment showed a SE wind of v,,£=10 km/h and the outdoor temperature was measured Ty =20 °C. At
the beginning of the experiment the temperature in the room was Tc = Tf= 20 °C, but slowly Tc started to rise
during part Il of the test and after an hour it had risen to 25° C. By applying (26) (As,m, = 0.005 m? g=9.81
m/sec?, z=2.7m, Cy = 0.35,

Vyer = 2.78 m/sec, AC, = 0.44 - 1.51, Ty = 20 °C, and T, = 25 °C), the expected fresh air flow rate was estimated
to be Fr= 200 — 280 L/min. We assumed, from Table 12 and Table 13, that the exhaled airflow rate for the 2
adult males would have an average value of Fe=16.8 L/min. Then it was calculated according to section 3.4 and
by using Equation (17) that the expected equilibrium concentration would be reached in 17.5 h and would be
on average for CO2 3335 ppm and for 02 20.27%. We decided to limit the duration of part Il of this test to 14:30
(105 min duration), and according to our calculations, we could thus reach a concentration ranging between
1593 — 2650 ppm for CO2 and 20.47 — 20.48% for oxygen. The actual measurements taken at the end of part Il
were 1590 ppm for CO2 and 20.47% for oxygen, (Figure 49), verifying the theoretical expected values.

Part Il of the first test was planned to last for 15 min with the openings of the room at their maximum. The
expected airflow rate on average 1.16 m3/s completely cleaned the indoor air, and the concentrations became
the same as they were for the fresh atmospheric air.

Part IV of the test started at 14:45 and lasted 30 min. We closed the window halfway at 50 cm letting an
opening with an area of Ag,,, = 0.5 m% At the beginning of this part of the test the temperature in the room
was measured and was found to be
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Tc=Tr=20.5 °C, but slowly T¢ started to rise and at the end of part IV of the first test it had risen to 7= 21.5 °C.
By applying (26) (Agym = 0.5 m?, g = 9.81 m/sec?, z= 2.7 m, Cg = 0.35, Vo = 0.83 m/sec, AC,, = 0.44-1.51, Ty =
20.5 °C, and T, = 21.5 °C), we calculated that the expected fresh air flow rate at that point would be about 15.5
m3/min i.e. Fr = 920F. and, according to the theoretical expectations from Equation (27) it required Fr < 956Fe,
the CO: sensor should identify human presence. In Figure 49, it can be seen that the CO; sensor is clearly
differentiated beyond its upper limit, indicating a human presence as expected theoretically from (27), with a
value of 444 ppm. The oxygen sensor is within its noise zone with an average value of 20.6%, near the
measured fresh air Oz concentration (20.61%).

Part V started at 15:15 and the duration was again 30 min. We continued by closing the window to a 15 cm
opening, with an area of Ag,,,, = 0.15 m?. At the beginning of the experiment the temperature in the room was
measured and was found to be Tc = 21.5 °C, and slowly started to rise and at the end of part V of the first test it
had risen to 22.5°C. By applying (26) (Asy, = 0.15 m? g = 9.81 m/sec?, z = 2.7 m, C = 0.35, v, = 0.83 m/sec,
AC,=0.44-151,T;=21°C,and T, =22.5 °C), we calculated that the expected fresh air flow rate at that point
would be about 5.1 m3/min i.e. Fr = 305 F. and according to the theoretical expectations from (27) and (28)
(CO2 sensor Fr < 956 Fe and for Oz sensor Fr < 328 Fe), both CO2 and Oz sensors should identify human presence.
In Figure 49, it can be seen that the CO2 sensor is more clearly differentiated beyond its upper limit indicating
a human presence, as expected theoretically from (27), with a value of 520 ppm. The oxygen sensor also
reveals a human presence, as expected theoretically from (28), with an average value of 20.58%.

This first test had an additional sixth phase. In this last part of the first test the ventilation remained the same,
but one of the two people left the room and the exhaled air flow rate decreased to Fe = 8.4 L/min, the fresh air
flow rate remained unchanged

(Fs = 5.1 m3/min), thus their relationship became Fr =610 Fe. In Figure 2, it may be seen that the CO2 sensor is
still clearly differentiated beyond its upper limit indicating human presence, as expected theoretically from
(27), with a value of 471 ppm. The oxygen sensor no longer shows human presence, as expected theoretically
from (28), since the average value was 20.60% i.e. within the noise zone of the specific sensor used in the
system with gas sensors used for the measurements.

During the experiment execution the other sensors behaved as follows: The NH3 sensor reading was about 0
ppm and can be considered steady, started at about 0.04ppm and reached a maximum of 0.08ppm. The
external air temperature started at about 24° C and reached a maximum of about 26° C influenced by the fresh
air’s cooler temperature. The internal temperature sensor had a constant average value of 39.7° C witha 0.3°C
control loop setpoint (40° C) error. The barometric pressure sensor of the Oz sensor was almost constant in the
range [972.0-973.2 mbar].

Conclusion 1: All parts of the first room test confirmed the theoretical expectations and verified the analysis
presented in this work.

The absent humidity sensor will be incorporated in the next stage of the experiments and is expected to show a
shape similar to the NH; one.

7.5.2. Closet experiments with controlled opening(s)

Objectives
A closet was used as a confined space by sealing it with food wrap. The objectives of this series of experiments
were to:
e Measure the air conditions inside the simulated void for known/controlled ventilation parameters. In
this case the ventilation parameter is the size of a single opening.
e Test the response of the electronic nose (sensors) when inserting and removing it from the space (or
the sampling probe) where it is known that a human subject is present.
e Test the response of the electronic nose (interface, indicators and triggers) when inserting and
removing it from the space (or the sampling probe) where it is known that a human subject is present.

Method

The closet’s volume was extended by keeping the doors open with appropriate support. The closet was
gradually sealed in order to control the fresh air entering the interior of the space. The procedure for closing
the human subject in the space is listed and is designed in such a way that there is no chance of suffocation.
Also the materials for creating a closed space and sealing the tube section can easily be removed by hand. The
sequence is the following:
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Place human subject in the space

Seal the top half of the space with film

Install the means of ventilation in the installed film

Test the ventilation installation

Place one paper cutter inside the space

Seal the bottom half of the space with film

Seal the bottom and top sections to make the complete space sealed. The experiment can now
commence, measurements should be acquired for all the monitored attributes.

The following pictures illustrate the confined space used and the various tests executed.

No U,k wN e

Figure 51. Testing different locations of the e-nose and a larger ventilation opening size 20x60cm

Results
The training session ended providing the following statistical data
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Table 32: Training session statistical data in closet with non-forced air experiment

COz (ppm) 02 (%) 0, (mbar) NHs
thresh  Signal 1506.41932 20.45659 201.91730 | 4.12735
Decr -0.93492 -0.00082 -0.00098 -
Trend
Incr 0.93492 0.00082 0.00098 -

The CO; increased to a maximum of approximately 3500ppm as a result of the human subject being sealed in
the closet. Afterwards (point A ->B in graph below) the e-nose was inserted into the closet and left to monitor
the variations caused from the opening of 20x20cm that was left open. During operation air currents in the
room where the closet was located (due, for example, to door or windows being opened) caused fluctuations
around the 3500ppm mark (points C in graph below). In the end it was removed (point D) so that the gas

concentrations would once again reach fresh air levels (point E).
Starting with the CO,, the following response was recorded:
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Figure 52: CO, concentration response and threshold indicator graphs in closet with ventilation opening
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Figure 53: CO, trend indicator graph in closet with ventilation opening

It is clear that the maximum CO, concentration fluctuated but was always well within the signal level of the
threshold indicator (CO2rawTH), where a value of 1 means that the signal (CO2rawCV) is at noise level and
cannot be identified as signal, or it is moved to value 1 for all the time that the e-nose is in the closet with the
human test subject. Moreover, the trend of the initial increase (points A -> B), final fall (points D -> E), and
intermediate fluctuations (points C) are registered in the trend indicator (CO2rawTRD), where a value of 1
means that the value of CO2rawCV was steady, a value of 0 means that it was decreasing and a value of 2 that
it was increasing. Note that both CO2rawTH and CO2rawTRD will be incorporated as color codes in the signal
graph (CO2rawCV) and corresponding trend indicator as shown in Figure 48.

Continuing a similar but mirrored signal was given by the O, sensor
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Figure 54: 0,(%) concentration response and threshold and trend indicator graphs in closet with ventilation
opening

The O, response looked similar, albeit mirrored, to the CO, response. Once again, the threshold indicator
correctly indicated human presence (O2pctTH has value 2) while the O, had dropped from the fresh air level.
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Towards the end of the test, the threshold indicator is shown to return to the noise level (value of 1), i.e. the
level which cannot be separated from the fresh air levels.

Simultaneously, the trend indicator would identify the significant drop and rise of the O, level. It does not
identify the fluctuations however. This is due to the low precision of the percentage O, signal. If instead the O,
partial pressure reading is used, the signal response is the same, but due to the higher precision, the trend
response is more detailed.
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Figure 55:0, partial pressure (mbar) concentration response in closet with ventilation opening
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Figure 56: O, partial pressure (mbar) trend indicator in closet with ventilation opening

At the same time the NH3 did not change significantly. Of course, a slight increase was registered. However, this
is due to the increase in humidity in the closet and not to the increase of NHj; itself. Regardless, the threshold
indicator of the NHs correctly did not pick up this increase and remained at value 1 (i.e. noise level, no
difference from the fresh air conditions) for the duration of this experiment.
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Figure 57: NH; (0.1ppm) concentration response and threshold indicator graphs in closet with ventilation
opening

Similarly, the humidity (HumCV) had the following response, which resembles the NH; and CO, responses. This
is expected as all the quantities originate from the same exhalation source and are all proportional to the
exhaled air flow rate. The humidity’s trend indicator (HumTRD) followed closely the fluctuations in humidity
where a value of 0 denotes a decrease in the HumCV signal, 1 denotes a steady signal and 2 denotes an
increasing signal.
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Figure 58: Humidity (RH%) response and trend indicator in closet with ventilation opening

Finally, the rest of the signals from the system’s health monitoring are shown as additional demonstrations of
the correct operation of the trend indicators:
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Figure 59: External and internal temperature (°C) signals and trend indicator graphs in closet with ventilation
opening

The external temperature (TempExCV) altered according to the CO,, NH; and humidity concentrations, while its
trend indicator correctly followed the temperature changes.

It is interesting to note that the internal temperature signal (TempInCV) fluctuated frequently, but after a
training session its trend indicator TempInTRD correctly did not follow these ripples. It did, however, follow the
increase in temperature that appears at the end of the measurement window.

Similarly, the barometric pressure was also recorded
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Figure 60: Barometric pressure (mbar) level trend indicator graphs in closet with ventilation opening

The barometric pressure (PresO2CV) did not change significantly or abruptly enough to cause its trend indicator
(PresO2TRD) to register the whole change. It may be the case that slight tweaking of the pressure filtering
mechanism is necessary in order to fix the trend indicator to show the correct value (of 1 = steady, no
significant change) all the time.

Discussion

An opening large enough to fit at least the cross section of the forward moving snake robot was assumed. It
was expected that the opening would affect the concentrations introducing some unforced fresh air circulation.
As it turned out, the opening allowed fluctuations in the saturation concentration of the gases and other
characteristics, such as humidity and temperature in the closet. These were created even by slight air currents
occurring outside the closet and included opening doors and windows in the room where the closet was
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located, walking quickly in front of the closet opening etc. Thus, the opening allows changes outside the closet
to propagate inside it. Nevertheless, these changes did not render the e-nose unable to identify the human
presence as all the victim localization threshold indicators correctly operated in the “signal presence” region,
having a value of 2.

It is noted that all the threshold and trend indicators which currently appear as independent graphs, will be
converted into color coded ranges and status indicators respectively in the final version of the e-nose
prototype device.

Additionally, the threshold and trend indicators were thoroughly tested and showed that after a training
session would correctly identify current levels and trends (i.e. increasing, steady or decreasing) during
operations. Minor discrepancies in the barometric pressure trend indicator will be corrected for the next part
of the prototype. It is thus concluded that the experiment objectives were fulfilled and the electronic nose
system met the tested requirements.

7.5.3. Closet experiment with controlled fresh air flow— fans

A closet was used as a confined space by sealing it with food wrap. The objectives of this series of experiments
were to:
e Measure the air conditions inside the simulated void for known/controlled ventilation parameters. In
this case the ventilation parameter is the air flow controlled with a cluster of fans with known air flow.
e Test the response of the e-nose (sensors) when inserting and removing it from the space (or the
sampling probe) where it is known a human subject is present.
e Test the response of the e-nose (interface, indicators and alarm triggers) when inserting and removing
it from the space (or the sampling probe) where it is known a human subject is present.
e Validate the theoretical model calculations.
The closet’s volume was extended by keeping the doors open with appropriate support. The closet was
gradually sealed in order to control the fresh air entering. The procedure for closing the human subject in the
space is listed and is designed in such a way so that there is no chance of suffocation in the event the
mechanical ventilators do not work for any amount of time. Also, the materials for creating a closed space and
sealing the tube section can easily be removed by hand. The sequence is the following:
7. Place human subject in the space.
8. Seal the top half of the space with film.
9. Install the means of ventilation.
10. Test the ventilation installation.
11. Place one paper cutter inside the space.
12. Turn ON the ventilation fans.
13. Seal the bottom half of the space with film.
14. Seal the bottom and top sections so that the space is completely sealed. The experiment can now
commence, measurements should be acquired for all the monitored attributes.

During the experiment, the fans were switched ON or OFF to produce several different amounts of fresh air
flow circulations (different scenarios). Pairing these with the volume of the sealed cavity and the exhaled air
flow rate of the test subject is expected to alter the CO, and O, concentration in the cavity. These
concentration changes were monitored and recorded.
In this section, pictures illustrate the confined space used, the ventilation fan set-up used and the various tests
executed.
The following picture illustrates the air fan cluster to control fresh air flow rate. Each fan is controlled by an
ON/OFF switch and the total flow is assumed to be the sum of the flow of each fan that is enabled. The fans
present are:

e 1x50 liters per minute fan (LPM)

e 1x200 liters per minute fan

e 3 x500 liters per minute fans
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Figure 61. Air fans to control fresh air flow rate

The following pictures illustrate the tested configurations: different air flows and different sampling positions

via sampling tube:
— S ———

Figl.]re 62. Left: All fans OFF ventilation openings open. Right: All fans ON ~ 1750 LPM.
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Figue 63. Left to right: 4 fans ON ~ 1250LPM. 3 fans ON ~ 750LPM. 2 fans ON~ 250LPM

Figure 64. Left: 1 fan ON ~ 50LPM. Right: No fans ON, only 200cm opening.

Results
Following the training session, the obtained statistical data are the following:
Table 33: Data from the closet with fans experiment

CO; (ppm) 0. (%) 0; (mbar) NH;
thresh | signal 866.77629 20.39384 198.22583 | 0.81509
decr -0.36894 -0.00116 -0.00116 -
trend .
incr 0.36894 0.00116 0.00116 -

The threshold signal is the threshold above or below which a detected signal will enter the “signal zone”. This
signal zone is above the mentioned threshold for CO, and NHs; since both are expected to rise in the presence
of a human, while it is below for O, since this is expected to drop in the presence of a human. Likewise, due to
noise in the incoming raw signal, a “zero” trending zone is allowed between the “incr” to “decr” range. This
means that any filtered signal that does not change abruptly enough (i.e. line outside the decr-incr range), will
be considered as steady and the indicator will tag it as such. If it changes in the positive direction (> incr), then
it will be considered that the signal is increasing , while if the signal drops below “decr” the trend indicator will
register it as “decreasing”.

The experiment results are included in the following graphs. The first one includes the measurements of the
most importance to the user- the main sensors and various calculations. The second one includes the
measurements of other sensors not so interesting for the users, but important for system health monitoring.
The third one displays the CO, measurements with annotation regarding the phases of the experiment.
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sensor(°C)]} and pressure(mbar) sensor readings. Derivative of trend. Trends.
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Figure 67. CO, (ppm) concentration response during the closet with fans experiment. Both filtered
(CO2rawCV) and raw (CO2rawCVR) values are shown

The measurements can be analyzed in the following stages with actions at the indicated positions:

START: All fans ON. Sampling input placed near ventilation window of room. Range 800-900ppm. Semi
noise-signal

A: Moved sampling input to 20cm close to closet’s ventilation window. Range 900-950ppm

B: Brought sampling input in front of closet’s opening. Range 950 — 1000ppm

C: Moved sampling input into the closet at knee level. Raised to 1000 — 1080ppm

D: Turned OFF 1st 500It/min fan. Range 1060 — 1200ppm

E: Turned OFF 2nd 500It/min fan. Range 1250 — 1350ppm. Measurements rose from 1150 to
1300ppm. No action taken, but CO, slightly rose again, possibly as a result of the air mixing. The
unexpected change was undone.

F: Turned OFF 3rd 500lt/min fan. Measurements rose from 1300 to 1700ppm within 2 minutes, and
then rose again from 1800 to 2kppm after mixing. Measurements continued to rise, from about 2000
to 2400ppm over 4 minutes. Measurements fell back down to 2200ppm. Approximately steady.

G: Turned OFF 1x 200It/min fan. Measurements rose from 2200 to 3200ppm in 4 minutes, up to
4400ppm after 11 minutes.

H: Turned OFF last fan - 50It/min. Measurements started rising immediately.

I: Made large ventilation opening approx 20x20cm.

J: Turned ON all fans. After 8 minutes measurements reached 1050 — 1150ppm

K: Moved sampling input to large opening. No change

L: Moved sampling input outside the large opening (outside closet). Approx. 15cm. No change

M: Moved sampling input on chair. Approx. 30 cm. Measurements dropped from 1100 to 975ppm.
Range 950-1000ppm. Indicators calculate there is still a signal present

N: Moved sampling input out of the ventilation window of the room. Measurements dropped to
below 800ppm. No indicators triggered any more.

End

At the same time the CO, behaved as is shown in Figure 67, while the O, behaved in approximately the
opposite (mirrored) way. This is expected as the relative consumption of O, by the same human respiratory
sink will produce corresponding amounts of CO..
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Figure 68: O, (%) concentration response during the closet with fans experiment. Both filtered (0O2pctCV) and
raw (O2pctCVR) values are shown

At the same time, the NH; remained, as expected, almost at idle levels. Any minimal variations are caused by
the change in humidity of the exhaled air. This NH; change will be potentially present in a poorly ventilated
space, but will usually be negligible and unable to produce a valuable above the signal detection threshold.
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Figure 69: NH; (0.1ppm) concentration response during the closet with fans experiment. Both filtered
(NH3CV) and raw (NH3CVR) values are shown

. o .

Office storage closet test to verify the theoretical model

For the second test, a confined space was created by sealing an office storage closet with food wrap and adding
a cluster of fans with known airflow rate capability to adjust the incoming “fresh” airflow rate. Therefore, air
conditions inside the closet were expected to simulate a rubble void with controlled fresh air flow by switching
fans on and off and actually simulating a controlled wind effect. The office storage closet volume was extended
by keeping the doors open with appropriate support, Figure 70, and was then gradually sealed in order to
control the fresh air entering the interior of the space and a procedure was adopted for closing the human
subject inside the space, designed in such a way that there was no chance of suffocation. Also, the materials for
creating the closed space and sealing the tube section could very easily be removed by hand. First, the human
subject was placed in the space equipped with a paper cutter for an emergency exit. Next, the top half of the
setup was sealed with film, including the top section, and then an opening of 20 cm x 20 cm was created in the
installed film to host the fan setup. The installation and testing of the means of ventilation (fans), on the
already installed film, followed. After installing and testing the fans through a panel in the top half of the test
setup, the bottom half of the space was then also sealed with film without including the bottom section of the
setup that was facing the floor in order to create a way-out for the incoming air from the fans. Thus, we
created a sealed space that allowed airflow coming in from the fans and exiting from the bottom of the closet
setup.

The measurements of the gas concentrations inside the simulated void were related to known/controlled
ventilation values. During the test, the fans were switched ON or OFF to produce the required amounts of fresh
air flow circulations during different parts of the test. Figure 70 illustrates this closet test setup, including the
ventilation fan setup. On the top right of the closet space, the air fan cluster is positioned to control the “fresh”
air flow rate. Each fan is controlled by an ON/OFF switch and the total flow is assumed to be the sum of the
flow of each fan that was enabled. There were five fans in the cluster. Three of them had an airflow capability
of 2000 L/min, one of 1500 L/min and one of 75 L/min. The total air flow ideally was 7.575 m3/min.
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Figure 70. Left 2 fans ON~ 250lpm Right 4 fans ON ~ 1250lpm.

The office storage closet was placed in a large corridor and the test measurements started at 10:00. During the
preparation of the closet setup, “calibration” of the system with gas sensors took place by sampling the air in
the corridor and the measured concentration mean values were Ccg,)r = 866 ppm and Cg,)r = 20.39%,
with standard deviations stdevw = 23.57 ppm and stdevw = 0.0051%. Applying these values in (27)
and (28) and assuming that the concentrations in the exhaled breath are for CO2 40000 ppm (the minimum)
and for 02 16% (the maximum) [88]-[91], shows that that the fresh air flow rate should be Fr < 414 Fe to be
possible for the CO2 sensor to detect a human presence in the office storage closet and Fr < 215 Fe should hold
for it to be possible for the 02 sensor to detect a human presence. According to those measurements in part |
the dotted orange line in Figure 71, represents the fresh air oxygen average concentration-2stdev (20.38%),
measured by the 02 sensor and the light blue line similarly represents the fresh air carbon dioxide average
concentration + 2stdev (912 ppm) for the CO2 sensor. The oxygen sensor measurements must be below this
limit to detect entrapped victims in a cavity with enough certainty and without creating false alarms for the
rescue teams, and similarly, the CO2 sensor measurements have to be below the estimated limit. Figure 71
displays the CO, and O2 measurements with annotation regarding the phases of the experiment.

CO, and O, concentrations (Office storage cupboard test)
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Figure 71. Extended office storage closet with one person test measurements.

When the sealing of the closet was finished at 10:30, part Il of the test started. The volume of the sealed
created cavity was calculated as Vc = 0.93 m?3, and the exhaled air flow rate of the test subject (an adult male)
Fe = 8.4 L/min. It was calculated that with only the 75 L/min fan activated, and by using Equation (17), the
expected equilibrium concentration would be reached in 55 min and would be on average 4808 ppm for CO2
and 19.95% for O.. We decided to limit the duration of part Il of this test to 30 min, and according to our
estimations we could reach a concentration of about 4569 ppm for CO2 and 19.97% for oxygen. The actual
measurements during part Il of the test as may be seen in Figure 71 reached 4612 ppm for CO2 and 19.98% for
oxygen, verifying the theoretical expected values.

Part Ill of the closet test was planned to last for 15 min with all the fans switched ON (expected airflow rate on
average 7.575 m3/min), to clean the air going into the closet enough and force the concentrations to become
almost the same as the concentrations of the air in the corridor. The measured concentrations during part IlI
reached
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910 ppm for CO2 and 20.39% for oxygen, thus neither sensor detected a human presence because the high
airflow rate forced them under and over their limits respectively (both calculated in part | of this test).

Part IV of the test followed and lasted for another 15 min. We left just two of the fans switched ON to adjust
the airflow at Fr = 3500 L/min, thus, Fs = 417F (Fe = 8.4 L/min). According to our calculations in part | of this test
the theoretical “demand” from (27), for the CO2 sensor to detect a human presence is Fr < 414 Fe. For oxygen
similarly from (28) and the part | measurements, Fr < 215 Fe should hold. As can be seen in Figure 71, the
carbon dioxide sensor conclusively detected a human presence (values about 912 ppm over the threshold- light
blue dotted line). For the oxygen sensor, this was not possible since the result was still in the noise zone of
20.38%.

The last part of this test was part V with a duration again of 15 min. Just two of the fans were left switched ON
in order to adjust the airflow to Fr= 1575 L/min, thus Fr= 188F. (Fe = 8.4 L/min). According to the calculations in
part | of this test the theoretical “demand” from (28), for the Oz sensor to detect a human presence is that Fs<
215Fe should hold true. As can be seen in Figure 4, both the oxygen and, certainly, the carbon dioxide sensor
obviously detected a human presence. The value of the Oz concentration was 20.38% under the threshold
orange dotted line and the CO2, 1002 ppm, was over the threshold light blue dotted line.

Conclusion 2: The office storage closet test also fully confirmed the theoretical expectations

A special case

While constantly monitoring a human subject will produce a similar slowly increasing response in CO»
concentration and a correspondingly slow decreasing response in the O, concentration, a different set of
responses is expected when the e-nose approaches and moves away from a cavity containing a human. In this
case the width of the spike is in direct connection to the time the e-nose spent passing close to the respective
cavity, but will always have abruptly increasing and decreasing slopes.
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Figure 72: CO, (ppm) spike concentration response during the closet with fans experiment. Both filtered
(CO2rawCV) and raw (CO2rawCVR) values are shown. E-nose approaches victim, then goes away.
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Figure 73: O, (%) spike concentration response during the closet with fans experiment. Both filtered
(O2pctCV) and raw (O2pctCVR) values are shown. E-nose approaches victim, then goes away.
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Discussion

The measurement procedure and the results are fairly accurate for at least the lower half of the fresh air flow
rates. The high flow rates are probably not very accurate because parallelizing the fans in a sealed container
(even with relief openings) renders the flow characteristics different than “free flow” where the fan
specifications are valid. Nevertheless, it does not seem to have a considerable effect since the measurements
are not very different when the flow is eased with an additional large 20x20 ventilation opening. The actual
measurement values do provide indicative information regarding anticipated concentrations when there is a
considerable air flow refreshing the air in a void.

In all cases, when changing the air refresh rate, there was a detectable difference in the CO, concentration and
a corresponding difference in the mirrored O, concentration. In contrast, the NH; concentration did not alter
accordingly. This is to be expected since no NHjs is exhaled by human test subjects.

This experiment also indicates there is a chance the e-nose can detect CO, differences even outside the void,
but very close to the opening (detection near the opening is similar to scanning on the surface of the rubble),
though the conditions in this case were fairly favorable since there was no external air flow (the wind that
caused the fresh air flow in void at the first place). The experiment is considered successful. The operation of
the 2™ prototype is found to be sufficient for fulfilling the victim localization requirements from a sensor’s
capabilities perspective. The operation of the 2™ prototype’s user interface and mainly the calculation of
various indicators are successful. Additional work is required for the interface so that a combined view of the
indicators with the measurements is presented to the operator.

7.5.4. Guard post experiment with controlled opening(s)

Objectives and Method
The objective of this experiment was similar to the experiment in the closet with the main differences being
that

e Two human subjects were inside to increase the speed of gas concentration changes.
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e Two ventilation openings were tested, where unforced fresh air was allowed to flow through the room
(guard post) through the openings, with only environmental conditions determining its flow rate.
e Test variable filter sizes to identify optimal filters for the e-nose threshold and trend graphs.
The following pictures illustrate the test location (guard post):

Figure 76 Left: sampling fresh air. Right: different ventilation parameter via different window opning

Results with filter window of 240 seconds

Similarly to previous experiments, the two openings were open and gas concentrations were monitored to see

if human presence would be identified. First, a training session commenced which yielded the following results:
Table 34: Training session statistical data for guard post experiment with filter window size 240 seconds

CO, (ppm) 0, (%) 0, (mbar) NHs;
thresh  signal 1323.97540 20.49457 201.43168 | 2.59100
trend decr -0.35051 -0.00082 -0.00127 -
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incr

0.35051

0.00082

0.00127

Then human test subjects were brought into the room and with the openings closed, the gas concentrations
changed quickly. For CO; it reached a maximum of 4000ppm approximately, while for O, it dropped to almost
20.00%. Following that, the openings were opened to approximately one snake robot cross section width each
and fresh air was allowed for a long period of time to clear the air inside the room. As the following graphs
show, the CO, and O, threshold indicators correctly identified human presence (CO2rawTH, O2pctTH and
PpO2TH have a threshold value of 2) even after the signals CO2rawCV, 02pctCV and PpO2CV respectively had
settled into their final mixed free and exhaled air equilibrium.
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Figure 77: CO,, O, (%) and O, (partial pressure, mbar) columns showing the current value (*CV), threshold
(*TH) and trend (*TRD) indicators in three rows for the guard post large filter window experiment

Additionally, the trend indicators CO2rawTRD, O2pctTRD and PpO2TRD have followed closely the trend (slopes)
of the signals CO2rawCV, O2pctCV and PpO2CV respectively.
It is stated that the NH; sensor correctly did not track any NH3 presence as shown in the following graph by the
threshold indicator of the NHs (NH3TH), even though some increase in the NH; was registered.
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Figure 78: NH; (0.1ppm) concentration and threshold indicator for the guard post large filter experiment

Finally, the rest of the sensors including humidity, temperature sensors and barometric pressure produced
expected results that secured the operation of the e-nose free of/ unhampered by errors.

Results with filter window of 15 seconds
To test the practical difference a filter would make in the measurements, a fairly short filter size was selected in
order to test the result threshold and trend operator responses. It is noted that from filter theory, a smaller
sized filter will, compared to a larger one, offer:

e faster response to changes

e allow more noise to pass through
Again, a new training session produced the following statistical analysis:

Table 35: Training session statistical data for the short filter guard post experiment

CO,; (ppm) (03 (%) 0, (mbar) NH;
thresh signal 1125.13447 20.36532 200.24716 1.03805
Decr -3.81556 -0.00116 -0.00566 -
trend
Incr 3.81556 0.00116 0.00566 -

In this case the e-nose monitored (point A onward) the gas concentration changes with closed openings and at
some point (B) the air sampling tube of the e-nose was removed from a small opening of the guard post so as
to sample fresh air from outside of the guard post. At that point (B) gas levels dropped to a state the e-nose
correctly categorized as “no human presence”. Then the air sampling tube was reinserted (point C) where it
reached the maximum change (CO, peaked at almost 3000ppm, point D). Soon after the openings (point E)
were opened and fresh air mixed with the exhaled air in the guard post. After a while the air mixture settled at
a level at which the e-nose still indicated human presence.
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Figure 79: CO, (ppm) concentration response for guard post short filter experiment

Based on the measurements of the graph above, the data analysis plots can be generated (see following
graph). In this case, the threshold indicators in row #2, when the e-nose air sampling tube was placed outside a
small opening the indicator, showed a drop from signal — human presence value (2), to value 1 — denoting that
no human presence can be identified. In fact, the edge of the tube was only slightly extended from the guard
post opening so the value of threshold jumped from 1 to 2 and back, but remained mostly at value 2. However,
by extending the tube even further outside the guard post opening, a tendency to remain at value 1 most of
the time is shown. This discrepancy is observed mostly in the CO,, as the O, is more steady at a value of 1
throughout the time frame (points B — C) where the air sampling tube sampled air from outside the guard post.
It is noted that the effects of small filter sizes, as this one, produce rapid alterations of values in the threshold
indicators. These add confusion and do not allow the operator to quickly “see” where the indicator tends to
settle. The confusion is even greater with the trend indicators (3™ row in the following graph) where noisy
input is passed through and there are more spikes with trends (slopes), rather than firm indicators of the
general trend of each corresponding signal. Thus, a larger filter size is always preferable.
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Figure 80: CO,, O, (%) and O, (partial pressure, mbar) columns showing the current value (*CV), threshold
(*TH) and trend (*TRD) indicators in 3 rows for the guard post short filter window experiment

Discussion

In this experiment the performance of the e-nose was evaluated in a medium sized cavity with two human
subjects and two air openings. This configuration could allow fresh air flow paths and make it more difficult to
successfully identify human presence. The size of each opening was approximately 1 robotic platform cross
section so as to depict a situation where the robotic platform would enter from one opening and exit from the
other. More importantly, the air would, also.

From the analysis of the results it turns out that the e-nose can successfully identify human presence even in
scenarios where ventilation pathways are present, whereas it correctly identifies as “no human presence”
situations when air is sampled from the environment (and not from inside the space with the subject). This is
crucial for the correct operation of the e-nose in a large number of scenarios where the cavity will have
multiple air ventilation holes.

As far as the filter size is concerned, it is suggested larger filter sizes be used that will produce more stable
threshold and trend indicators. That is, there will be fewer fluctuations and less quick and repeated changes
between indicator levels. However, too large filter sizes may affect the responsiveness of the system. As a
result, a compromise must be made for the filter size. A suggestion that can conveniently be used with the e-
nose is approximately four minutes of filter size. This creates non-spike-like changes in the indicator states and
will also be able to respond timely in the chance that a human subject is found in the rubble. This response
time has been measured to be approximately five seconds which is deemed adequately fast for the estimated
robotic platform’s speed of travel.

Outdoor guard post experiment to validate theoretical model

The outdoor guard post with controlled openings (a door and three windows), allowed us to examine the
influence of fresh airflow rate on concentration measurements according to the equations presented in section
6.8.

The photographs in Figure 81 illustrate the guard post test location. The dimensions of the guard post were 1.2
mx 1.2 m x 2.3 m (Vc = 2.3 m3), simulating a medium-small cavity. The openings of the guard post were on the
north side.
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Figure 81. Left: guard post with door and windows. Right: detector device with the sampling tube and the
entire measurement setup.

Part I: As in the last test, the “calibration session” commenced by taking measurements with the air sampling
tube placed further from the openings of the guard post. The processed measurements yielded averaged

concentrations for CO2 and Oz, C¢o,)r =418 ppm with a standard deviation of 12.22 and Cg,yr = 20.75% with
a standard deviation of 0.006 (Figure 82). At the same time the air inside the guard post was refreshed by
leaving all the windows and the door wide open for 30 min, to let fresh air in and reset the concentrations
within the room. By applying the values in Equations (27) and (28) and assuming that the concentrations of the
exhaled breath are 40000 ppm for CO2 (minimum) and for 02 16% (maximum) [88]-[91], showing that the fresh
air flow rate should be Ff < 808 Fe for the CO2 sensor to detect a human presence in the room and Fs < 324F.
should hold true for the Oz sensor respectively.

Part II: This part of the test was performed with the door closed and with two human subjects inside the guard
post (adult males with an expected average F, = 16.8]/min). At the end of part I, the air sampling tube was
inserted into the guard post to start the measurements for part Il. The outdoor temperature was 21 °C and the
wind about 8 km/h, in a northerly direction (weather report on the day and at the time of the experiment). At
the beginning of the experiment, the temperature in the interior of the guard post was

Te=Ts= 21 °C, but at the end it had risen to 23 °C. With the openings of the windows adjusted approximately to
100 cm? (Ai = 0.01 m?), and taking into account the wind and temperature data, (26), (Agym = 0.01 m? g = 9.81
m/sec?, Z = 0.7 m, Cp = 0.35, Vyer = 2.22 m/sec, AC,=0.44 - 1.51, T = 21 °C, and T = 23 °C) was applied, and an
expected fresh air flow rate through the guard post of F; ~ 144 — 433 [/min and F; ~ 8.62 — 25.83 F, was
estimated. Then, it was calculated by using Equation (17) that the expected equilibrium concentration would be
reached in 37-102 min and would be, on average, 1895-4534 ppm for COz and for 02 20.26-20.57%. It was
decided to limit the duration of part Il of this final test to 30 min duration, and according to our calculations,
concentrations ranging between 1863-3570 ppm for CO2 and 20.36-20.58% for oxygen could be reached. After
30 min C(co,)c reached a maximum of approximately 2604 ppm, while for O, the concentration dropped to
almost 20.49% as shown in Figure 82, which was in accordance with our theoretical expectations.

Part lll: As in the first test there was a break of 15 min duration and the window openings of the guard post
were open to their maximum (expected airflow rate on average 0.84 m3/min), which almost completely cleared
the indoor air when the CO2 concentration was reduced to 433 ppm and the oxygen concentration became
20.75%, both concentrations reaching those of the fresh atmospheric air.
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Figure 82. Guard post test measurements.

Part IV: This lasted for 15 min. The windows were closed leaving an opening with an area of Ag,,,, = 0.6 m2. At
the beginning of this part of the test the temperature in the guard post was measured and was found to be Tc=
Tr= 21 °C, but it slowly started to rise and at the end of this part of the test it had risen to 21.5 °C. By applying
(26) (Agym = 0.6 M,

g =9.81 m/sec?, z=0.7m, Cp =0.35, v,ep = 0.83 m/sec, AC, = 0.44 - 1.51, Ty = 21 °C, and T.=21.5°C), it was
calculated that the expected fresh air flow rate at that point would be about 13.65 m3/min i.e., Ff = 812 Fe and
according to the theoretical expectations from (27) (Fr < 808 Fe), the CO2 sensor should identify a human
presence. In Figure 82 it can be seen that the CO2 sensor is clearly differentiated beyond its upper limit
indicating a human presence, which was theoretically expected from (28), with a value of 462 ppm. The oxygen
sensor is within its noise zone with an average value 20.75%, equal to the measured fresh air Oz concentration
(20.75%).

Part V: This once again lasted for 15 min. The window was adjusted by leaving an opening with an area of
Agyum = 0.20 m2, At the beginning of this part of the last test the temperature in the room was measured and
was found to be Tc = 21.5 °C, and slowly started to rise until at the end of part V of the first test it had risen to
22 °C. By applying (26) (Asym =0.20 m* g =9.81 m/sec?, Z = 0.7 m, Cp = 0.35, v, = 0.83 m/sec,

AC, =0.44-1.51, Tf =21 °C, and T = 22 °C), the expected fresh air flow rate at that point was calculated to be
about 4.89 m3/min i.e. Ff = 291 F. and according to the theoretical expectations from (27) and (28) (Fr < 808 Fe
for the CO2 sensor and Fr < 324 Fe for the O2 sensor), both the CO2 and O: sensors should identify a human
presence. In Figure 82, it can be seen that the CO: sensor is more clearly differentiated beyond its upper limit
indicating a human presence, as was expected theoretically from (27), with a value of 547 ppm. The oxygen
sensor also reveals a human presence, which was expected theoretically from (28), with an average value
20.73%.

Part VI: This third and last test had a sixth phase. For this last part, the openings remained the same as in the
previous part, but one of the two people inside the guard post left and the exhaled air flow rate decreased to Fe
= 8.4 L/min. At the beginning of this part of the test, the temperature inside was measured and found to be T =
22 °C, which then slowly started to fall and at the end, it had fallen to 21.5 °C. By applying (26)

(Asym =0.2m? g =9.81 m/sec?, Z = 0.7 m, Cg = 0.35, v,,r = 0.83 m/sec, AC,, =0.44-1.51, T, =21°C,and T =
21.5 °C), we calculated that the expected fresh air flow rate at that point would be about 4.55 m3/min i.e. Fr =
541 Fe thus Fr = 542 Fe. In Figure 82, it can be seen that the CO2 sensor is still clearly differentiated beyond its
upper limit indicating a human presence, confirming the theory in (27), with a value of 464 ppm. The oxygen
sensor does not however, show a human presence, which was expected from the theory in (28), since the
average value was 20.74%, within the noise zone of the specific sensor used in the system with gas sensors
used for these measurements.

Conclusion 3: This third and last test in the guard post confirmed the theoretical expectations and verified the
analysis presented in work.
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7.5.5. Controlled conditions urine detection test

The following test was performed to verify the urine detection concept. The e-nose’s NHs sensor capability to
detect and measure NHj; is tested in a different, simple test: exposure to an NH; mosquito pain relief stick —
and is successful. In this experiment, a confined space was created and conditions similar to human presence
were simulated. In brief, the urine detection is based on detecting the ammonia generated by the bacterial
decomposition of the urea contained in the urine. For this, real human urine was used. To simulate human
entrapment and create more favorable detection conditions, the experiment assumes that in entrapment
conditions the victim will have to excrete urine on his clothing, being unable to remove or unbutton anything.
This puts a large amount of the urine in the victims clothing. Even if the victim can remove clothing, it is very
possible that amounts or urine will reach the ground and then transfer back to the clothing of the victim. This
soaking in the clothing aspect of the experiment is crucial because it provides key elements for ammonia
generation:

1. Clothing will hold a large amount of urine and urea to “fuel” ammonia creation by bacteria.

2. Clothing in contact with human skin, especially near body cavities, is not sterile and could host the
bacterial species required for ammonia generation

3. The clothing soaked with urine on the human body is a humid and warm place - very good conditions
for bacterial growth

For these reasons, the test apparatus was configured to simulate these conditions as much as possible, without
having to entrap an actual human, since the process could take more than a day, and the conditions would be
very harsh and unpleasant for the test subject. The following characteristics of the apparatus mimic human
presence in the sense mention previously:

1. Acloth was used to hold the urine sample that was tested for detection.

2. The cloth was not sterile. It could be considered spiked with many types of bacteria.

3. The cloth was held on a small temperature controlled plate. The temperature setting configured was
36.6 but the layout allowed for a nonuniform temperature distribution (is considered a positive aspect
for acquiring a result, not ideal for determining the optimal conditions).

4. The cloth was not in contact with the metallic plate (heat distribution) but with a latex glove (semper
care latex powder-free) that covered the heated plate. This was performed so that the conditions are
more like that of human skin.

5. The ventilation conditions were reduced for the sake of reaching a detection result faster. The bag was
not sealed. A small opening was left so that air could be exchanged with the environment.

The following pictures illustrate the temperature controlled plate and the plate inside a glove covered by the
urine soaked cloth inside the bag used to create a confined space.

Figure 83. Heater plate with temperature controller, digital sensor, and heating resistor. Right: cloth inside
bag

The following pictures illustrate the test apparatus
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Figure 84. Left: Interface PC collel:ting raw measurements, 2" prototype of the e-nose, bag, and heated
plate. Right: The e-nose’s input interface is placed inside the bag to take samples/measurements.

The following pictures illustrate the heated plate inside a glove and the cloth after use.

-

Figure 85. Left to Right: Heated plate partially inside glove, glove after experiment, cloth after experiment

The methodology for testing was the following: The temperature controlled heated plate was inserted into a
latex glove, exposing only the power cable. The covered heated plate was placed in the bag. The urine soaked
cloth was placed on the heated plate and the bag was closed leaving a small opening for air exchange. The
progress of the air inside the bag was periodically checked by smelling (via odor). No signs of odor /malodor
were detected after two days. After the third day, some odor developed but was not considered significant at
the time. The cloth was re-soaked with fresh urine. After a whole week, the odor was not yet considered
significant but measurements were taken.

The following picture illustrates the results of exposing the sensor to the air contents of the bag that held urine
for a long period of time.
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Figure 86. Right to left: ammonia measurement and detection, system temperature, humidity levels

Note that the index is the sample number and it also corresponds to seconds. Also the ammonia (NHs)
measurements are in 0.1ppm units. The peak value measured is almost 20 = 2ppm. The actual concentration is
less because the sensor is operated in conditions that allow the electrochemical sensor to exhibit the largest
gain (high temperature indicated by iTe measurement). The humidity content of the bag was larger than that of
the environment.
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For reference, the following graph illustrates the results of exposing the sensor to the headspace air of fresh

urine (no PH alterations or heatlng performed)
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Figure 87. Headspace measurement of ammonia over fresh urine.
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No ammonia was detected or measured over fresh urine with the same sensor. Note that the humidity
measurements were not captured correctly (flat line) but this does not affect the ammonia measurement.
The effect of the humidity increase on the NH; sensor was tested by exhaling air into the air input interface of
the e-nose. The following graph illustrates the results:
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Figure 88. The increase of the relative humidity does not affect the NHs sensor significantly.

The momentary increase of the humidity does not affect the NH; sensor output significantly, thus the response
from the ammonia sensor when exposed to the atmosphere of the bag with urine was caused by one or more
chemical compounds.

Conclusions and Discussion: The e-nose measurement results of the ammonia sensor revealed that ammonia
was present and in detectable levels inside the bag and on the cloth. Testing via odor did not reveal a hint of
ammonia scent. This could be attributed to two factors. The first one is that the observer’s ammonia detection
threshold is higher than 2ppm, a very possible scenario since the average detection threshold for humans is
reported to be 2.6ppm. Another factor could be that ammonia was not the only compound produced and that
the sensor exhibits cross-sensitivity to the other compounds generated.

The e-nose’s capability to detect urine as described was verified with this proof of concept test. The
performance of the e-nose itself is considered to be very good. The urine detection concept with ammonia
detection in this particular experiment took too long to develop since the survivability of most of the entrapped
victim cases is within a smaller time frame. It is worth noting that, based on the smell testing (via odor) of the
bag, the odor on the seventh day was present on the fourth day, as well, but unfortunately was not considered
for measurement. Nevertheless, this was the first execution of this experiment and it was successful. Improving
the (time) performance of this experiment would not contribute any significant value. Ammonia-based
malodor can definitely be produced much faster (bathroom urine spills, diaper bin smell, people with urine
incontinence), but such conditions were not present in this test. Measurements from actual entrapment cases
should be acquired. In general, this detection concept relies on many uncontrollable factors. This is only one of
the reasons why, from the conception of the e-nose’s architecture, urine detection is not considered as one of
its primary victim localization factors. Among the most important reasons is the fact that urine presence does
not necessarily signify a live victim. Given the field of operation for the e-nose, the end-user and technical
requirements and the current state of the art for ammonia detection, this, for now, is the best solution that can
be provided. The limitations of the urine - ammonia detection method are clearly stated to the end-users, and
are part of the specifications of the e-nose.

7.6. VALIDATION - First field test P1

The electronic nose was tested in the first field test P1, that took place in the Agesta Rescue Centre, Sweden, at
a training facility of INACHUS partner SBFF. The location had a pile of rubble that could be configured according
to the needs of the tests. The objective of the e-nose test during the first field test P1 was to demonstrate its
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victim localization/detection functionality in favorable and realistic conditions. Such conditions are found in a
poorly ventilated, confined space. To demonstrate the detection and the increase of the indicator signals, an
access path was constructed leading to the confined space that contained a human. The electronic nose
sampling input was introduced in the rubble at the opening of the access path and moved progressively into
the confined space containing the human. The indicator signals increased when approaching the chamber
opening, mostly near the opening, affected by local wind conditions. In front of the chamber opening and
inside the chamber the indicator signals were the strongest and reached maximum. The indicator signals
decreased when moving away from the chamber opening. In the access path, both when approaching and
leaving the opening, the way the concentration was distributed depended on the wind conditions and was non-
linear. The same procedure was demonstrated when no human was present in the confined space to
demonstrate correctly the no detection scenario.

- RIS R O O Y
L Seal ) Chamber/ { Seal ?gflz[“;‘gm i Access/ ‘ Entry/}
_'I f____ \ Tube JRS | ) opening : L Tube \hopen )
|/ NS | / N, = Y N
/ | | |
V /] /o
‘y \
| 2 |
| / / |
| // |
| |
| L/ / |
A/ |
[
Cross;section Cross;section Crosssection

2 &

Cement tube /S/eélyﬁmrﬁ/ open

Figure 89: Confined space test site for the electronic nose during first field test P1

For this scenario the following spaces were created:

1) Chamber for the human/victim

2) Access path/tunnel to chamber

The chamber and access path were each formed within a long cement tube. The chamber had the following
characteristics:

- Sealed from external air flow influences. The one end was closed (achieved with a nylon sheet held in place
with a bicycle inner tube).

- An air opening of about 20x20 cm with the access path, an opening formed by a sheet of plywood.
The access path had the following characteristics:
- The connection of the chamber and the access path was sealed by using a single, long tube divided in two by a
plywood barrier.

Notes:
- The length and diameter of the access tube (in the described configuration) influenced the fresh air exchange
in the chamber, and reduced the effects of air flows (wind). The worst-case scenario for the e-nose is if there is
no access path and the chamber opening is directly exposed to the fresh air and wind (similar to the closet
experiment).
- The size of the chamber does not influence the detection because the saturation concentrations are
independent of the chamber size.
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- The size of the chamber influences only the time required to reach saturation concentrations.

- The size of the chamber opening influences the detection. Larger openings reduce the signal span between
environment and confined space.

- The seals mentioned above were not perfect.

The following picture illustrates the anticipated response of the sensors.

Dete le
Ideal response

Indicator levels

Actual response
Actual response with wind

Distance from chamber opening

Figure 90: Anticipated response of the electronic nose when moving close to the opening of the void

The following pictures illustrate the field test site for the electronic nose. This long tube section is separated
into two spaces by a wooden separator, loosely wedged in place without an airtight seal.

A person entered the tube section, and then he was “trapped” by the nylon sheet. In case of any discomfort,
the nylon could easily be pushed off by the person inside and he could exit on his own. The air sampling tube
(blue) was moved towards the opening and also placed inside the compartment with the human. The response
of the electronic nose was more like the one anticipated with windy conditions.

The following plots illustrate the actual response of the electronic nose during one of the tests. Reported
values, from left to right: CO, in ppm, O, in %, O, in mbar, NH;3 in 0.1ppm
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Figure 92: Inserting the sampling tube’s end in the void with a victim inside
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Figure 93: Blowing/exhaling in front of the sampling tube’s end
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Figure 94: First peak is 20cm outside the void's ventilation opening. The second peak is inside the void
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Figure 95: All the measurements of that demonstration + the response of the ammonia sensor to fumes
originating from a low concentration ammonia solution.

Discussion on first field test P1 results

The victim localization capabilities of the electronic nose were successfully demonstrated in non-laboratory
conditions. End-users were satisfied with that aspect of the electronic nose. The response time of some of the
sensors when listed as a specification troubled them, but explaining that the response would start to develop
almost immediately was adequate for their needs. End-users would have appreciated it more if the ammonia
test was performed with actual urine and not with a low concentration ammonia solution. The issues and
justification for not testing with actual urine are the following:

- Urine contains small amounts of ammonia, not detectable by the type of sensor utilized. The ideal
(based on detection performance) sensor candidate (AIMS) was rejected due to space, weight and
hazardous materials (beta particle — nuclear source) constraints.

- Urine can be detected indirectly when the urea contained in it is consumed/ decomposed into
ammonia by bacteria.

- The bacterial decomposition greatly depends on the conditions present at the site.

- Simply spilling urine in the rubble is not a representative test case for entrapment conditions and the
case of no detection would not have significant value. It most probably would fail for two reasons:

- Bacteria species that are capable of decomposing the urea must be present. These bacterial species
are more likely to be present on a human body. Examples of such cases are: the odor people with
urine incontinence might have or diaper bin odor. In both cases, the urine has been at least “spiked”
with bacteria of a person.

- Bacteria thrive in warm and humid conditions such as present on or very close to a live human.

- Thus, the experiment should be performed with an actual human that urinates on himself.

- The experiment (and the human entrapment) would have to last for many hours.

The end-users did not like the very early version of the user interface that was used for the tests because it was
considered too complex and too scientific but preferred the proposed mock-ups that were presented to them
and described the envisioned interface at the end of the e-nose development. Based on the user input
regarding the interface, the design of the control interface of the electronic nose was subjected to another
design cycle to further simplify it (see 3™ prototype).

7.7. Conclusions

The 2" prototype which was tested in non-laboratory conditions demonstrated its ability to detect human
presence in the specified operating conditions. The sensor selection and system configuration proved
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successful for victim localization purposes and was deemed a good basis for the 3™ and final prototype. The
logic (software) that processes the raw output from the electronic nose functioned properly and generated
helpful output providing good indicator signals. The presentation and control interface (software), that
accompanied the 2" prototype, which was not intended to be released in that form to the end-users, served its
purpose well by exposing all the system’s output in a structured and compact view. It facilitated the
development of the electronic nose, as well as the execution of the experiments and the quick and easy
analysis of the results in real-time.
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8. THIRD PROTOTYPE, VERIFICATION and VALIDATION TESTS

8.1. Overview

The latest e-nose system configuration was tested with the 3" e-nose prototype device developed and is
integrated in a robotic platform. The development of the robotic platform is not part of this work. Only the
aspects of the user control interface of the robotic platform were influenced by the e-nose GUI design. The e-
nose device is designed to include all the technically feasible requirements in the constrained space of the
robotic platform. For these reasons, a completely custom designed device was built using only a few off-the-
shelf components. The electronics and mechanical design were made from scratch. The design of the
electronics started before the mechanical design, but the completion of both of them required constant
exchange of information. The mechanical dimensions of the boards are a result of the allocated space and
mounting positions assigned from the mechanical design. The allocated size for the boards in the mechanical
design depends on the circuit complexity and the electronic component selection. Software design is relatively
independent of the hardware design with the exception of the low level firmware: its design requires a
completed schematic diagram and its implementation is most favorable when at least the assembled PCBs are
available. The control interface software of the electronic nose that is hosted on the control interface tablet of
the robotic platform is only proposed in this work. A stand-alone interface is available and used for testing
purposes which includes the implementation of a heuristic algorithm for providing simple output to the
operator.

The 3 prototype’s design is based on the sensor selection and system architecture of the successful
2" prototype and implements the nonmandatory requirements that deal with safety aspects. The safety
aspects that are implemented are the detection of some specific toxic and combustible atmospheres and
require the addition of three extra sensors, for CO, H,S and combustibles. The CO and H,S sensors are two
discrete sensors so that there is the flexibility, in the future, of building different configurations that can detect
other gases by installing different gas sensors. The implementation of the nonmandatory safety aspects is
considered to be added value for the electronic nose especially by the end-users. This added value comes with
a significant cost which can be understood by the end-users in many aspects of the tool: size, weight, volume,
training, operating, servicing and certification are affected. For the 3™ prototype, replacing the sensors in the
field is not an option. The storage of the e-nose does not require the presence of a power source to keep the
sensors biased. A combination of sensor selection and circuit design keeps the electrochemical sensors biased
even without power. Little or no recovery time is needed for the sensors to be operational after storage.

Some design features were included, mainly in the electronics that would allow for the configuration
of a stand-alone e-nose with the utilization of some additional modules. These features allow the connection of
external devices to serve as the user interface. A tablet could be connected to one of the serial communication
ports or a low-cost dedicated interface with buttons, LED indicators and a buzzer could be connected to the
exposed General Purpose Input/Output pins available at an expansion header and the extra actuator output
(speaker). The possibility of implementing a stand-alone e-nose sensor was investigated and a high level
solution was proposed, but it was partially implemented just for collecting data during hazardous gas
measurements.

A detailed description of the hardware and software of the 3™ prototype is included in the following sections.
The material is presented in the following order: Initially, the feasibility analysis of the requirements is
presented. Then, the hardware aspects are presented and after that the software aspects. Hardware is
considered to be the electronic circuit boards and the mechanical design and manufacturing. Software is
considered to be the low level firmware running on the circuit boards, the advanced logic unit (generating the
indicators) and the GUI running on the interface PC. Finally, the various tests are presented. These include
verification tests and field tests. The field tests are the validation tests because the functionality of the e-nose
was validated by end-users in realistic conditions.

Requirements feasibility analysis and implementation

Sensors and output

The system must detect oxygen levels to aid in indicating human presence, or the presence of hazardous levels
of oxygen (Mandatory). The e-nose includes an O, sensor that can measure in the range: 0-25%
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The system must detect carbon dioxide, to aid in indicating human presence or the presence of hazardous levels
of carbon dioxide (Mandatory). The e-nose includes a CO, sensor that can measure in the range: 0-20%. Higher
concentrations of CO, gas will not harm the sensor. In this case the sensor will return the maximum output
value.

The system must detect ammonia, to aid in indicating human presence related to body fluids (Mandatory). The
e-nose includes an electrochemical NHs sensor that can measure in the range 1-100ppm for indirect urine
detection: The urea in the urine has to undergo bacterial decomposition producing the by-product of NHs. The
effectiveness of the process has a strong dependence on the conditions inside the rubble.

The system must detect flammable gases (Interesting). The e-nose includes a combustibles gas sensor that can
detect both LPG and LNG and is sensitive to other combustible gases. To acquire reliable measurements, the
sensor must be operated as a typical combustible gas detector (calibration, bump testing, and search pattern).
The target gas must be selected by the operator so that the correct concentration is reported and the correct
alarm threshold is used. The electronic nose cannot name the type of combustible gas that is activating the
combustibles sensor’s output.

The system must detect toxic gases (like H.S and CO) (Interesting). The e-nose includes an electrochemical CO
gas sensor and an electrochemical H,S gas sensor. To acquire reliable measurements these sensors must be
operated as a typical toxic gas detector (calibration, bump testing, and search pattern).

The systems’ feedback must be presented in user-friendly format (Mandatory). The e-nose’s advanced control
logic provides plots of the measurements of the sensors up to the current time frame. It also features real-time
data analysis logic to generate indicators to assist in the search.

The system’s false alarms cannot be more than 10% (Important). The quality of the e-nose output signals
depends on the quality of the search pattern, the alarm trigger thresholds set by user and the operation in
specified conditions. This requirement is enforced by filtering the sensor outputs to smooth out noise. A single
sensor value exceeding the threshold will not trigger an alarm. Taking into consideration the nature of gas
sensing, alarm conditions occur when the concentration is above (or below) a threshold and maintains this
state for some consistent number of samples. Gas sensing alarms for safety reasons, from an instrument’s
point of view, are not an event that can be missed if the sampling rate is not fast enough. They are conditions
that are constant and observed over long periods in time. In some cases, though, there is a possibility of false
negatives meaning that the alarm is not triggered while the alarm condition is present in the void but not in the
sampled air. An example for this situation is when a gas leak of Liquid Petroleum Gas (LPG) does not mix with
the air because it is heavier and moves towards the ground. A good search pattern must scan/sample from the
ground to the ceiling, in the specified speed due to sensor response time, to properly clear the area.
Performing a scan by simply going through the void or even scanning the e-nose in the vertical axis too fast
might not detect the condition. Even if a slow scan is performed, there is still a chance of a correct negative
explosive atmosphere output when the atmosphere is completely filled with an otherwise flammable gas. This
is true because in most cases oxygen is required for combustion. Also, the sensors must be properly calibrated.
Before deployment in the rubble, a bump test should be performed. Failing to do so affects the validity of the
sensor outputs. Such cases are beyond the control of the e-nose and are not considered as false alarms.

The system’s accuracy must be in the range of one to two meters (Interesting). This requirement is not feasible
or applicable to the e-nose. Localization accuracy is not applicable to the e-nose because it can only provide
information about the air it samples like a search dog does. The localization information is inferred during/after
the search is performed, as is the case with the search dogs. The maximum (or minimum) concentration of a
gas can be detected and indicated. It is the operator’s responsibility to interpret the results into localization
information based on his understanding of the situation/conditions at the search site, again as is the case with
the search dogs.

The sensor data must be archived (Important). All the input/output to/from the electronic nose is logged in a
human readable format. The logs are maintained by the electronic nose’s Advanced Logic Unit software.
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Data format must be qualified for sharing (Important). The data output (measurements) format of the e-nose is
in a readable text format, although this is not required. Readings can be opened with spreadsheet software. All
the input/output to/from the electronic nose is logged in a human readable format.

The e-nose device must not contain flammable and nuclear substances, in order to avoid explosion in confined
spaces and transportation issues (Mandatory). This requirement is met by selecting sensing technologies and
sampling methods that do not involve nuclear or flammable substances. This has implications for the
performance. The suitable technologies do not perform the same, mostly affecting the sensitivity and limit of
detection for some gases/chemicals. More specifically, this technical requirement bans the use of AIMS
(Aspiration lon Mobility Spectrometry) because it has a beta particle emitter source, and narrows down the
target gases/chemicals that can be used as indicators of human presence.

The system must trigger an alert/alarm on the user interface when it detects air that is above/below a
particular threshold (Mandatory). The alarm thresholds according to literature and proposed to the end-users,

for various gases are listed in the following table.

Table 36. Alarm thresholds proposed to the end-users

Compound co CO, (o)} H.S Combustible
gas
Threshold > 50 ppm >1% <20% >5 ppm >10 %

The implementation of this general requirement is feasible. The advanced control logic of the e-nose is capable
of detecting the alarm conditions and triggering the appropriate user interface alarm mechanism.

Operational conditions and controls

The e-nose device must work in extreme temperatures (Important). This requirement is met by selecting
components that can work in extreme temperature conditions, at least the ones critical for start up. After start-
up, the e-nose has a heater and temperature sensors that operate in a closed control loop to maintain the
temperature at a constant set-point. The e-nose system can work in extremely cold conditions this way.
Maintaining a constant temperature at extremely hot conditions is not possible. All the components can
operate up to temperatures of 45°C with the exception of the NH; electrochemical sensor that is rated to a
temperature of 40°C. Sensors with a higher temperature rating exist but do not offer the same performance for
sensitivity and zero point stability. The electrolyte of the sensor is more hydrated and the filter more
permeable, rendering it more sensitive and, at the same time, susceptible to electrolyte evaporation if
operated for a prolonged period in high temperatures. Theoretically, the sensor can operate for a short time,
such as a USaR operation, in higher temperatures, but this requires negotiation with the sensor manufacturer
to determine its performance.

The e-nose device must be able to be remotely powered ON/OFF (Interesting). This requirement is fulfilled by
implementing various stand-by modes. In each mode, a number of functions within the e-nose are stopped. It
is implemented this way because completely powering OFF the e-nose might require the execution of many of
the start-up procedures performed before deployment inside the rubble.
The functions that can be powered OFF without causing too much interference are:

e The sampling of air by stopping the pump while sampling of sensors is active,

e The sampling of air by stopping the pump and the sampling of the sensors.
The functions that can be powered OFF but can cause a great deal of delays are:

e The temperature control loop by turning off the heating resistor. This will allow the sensor cluster to
cool down if the external temperature is low and will require some time before the sensor can
function after it is powered ON again.

Completely powering OFF can cause some irregularities in the output of some sensors because they contain
internal logic that has to settle/converge.

The e-nose is designed to be able to recover its operation if power is cut and then powered ON again. The
penalty in this case is a delay until the e-nose heats up and can safely sample air again and some irregular
sensor readings from some sensors.
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The e-nose device must be water resistant (Important). The e-nose has water protective filters on the air
interfaces to meet this requirement. The e-nose pump should not be operating when large quantities of water
are anticipated to splash the air sampling port, in order to avoid filter blockage. If a blockage occurs, the e-nose
is capable of detecting it, but it is not possible to resolve the issue without user intervention. If a blockage
occurs the filters should be changed.

The e-nose device must work in various types of USaR environments (Important). The e-nose cannot operate in
environments that have contaminants, because it samples air. If the e-nose is contaminated (0.2 Micron filters)
all the air components must be decontaminated or discarded. Components that can not be decontaminated
include the sensors and possibly the pump depending on the decontamination protocol required. The e-nose
can be operated in these conditions, but the operation cost could be high since all the air components might
have to be changed. This is not an issue because the cost is within acceptable limits (estimation). Such
environments are HAZMAT and CBRN environments that have contaminants. All the air components must be
changed in such cases so that any contaminants absorbed in one deployment are not released somewhere
else. Special handling and servicing procedures must be followed because contaminants can be inside the air
system. Operation in radiological and nuclear environments is not reliably possible because the electronics are
not radiation-hardened. Operation in environments with very low oxygen levels is possible but some sensor
outputs will not be valid. This condition will be detected and the operator will be informed. Operation in
environments with fires or smoldering fires is possible, but victim localization features will have reduced
performance. Operation in environments where oily substances are anticipated to flood the air sampling
interfaces is not possible. Also, the presence of fires, including smoldering ones, can interfere with sensors
directly or indirectly. Many of the sensors require the presence of oxygen for them to provide a correct output
because the principle of operation is based on the target gas being oxidized. The e-nose includes an oxygen
sensor and can detect when there are low levels of oxygen, indicating (with an alarm) that other readings are
not valid.

The e-nose device must be able to work in various weather conditions (Important). The e-nose operation should
be within specified temperature conditions. Operation of the sampling pump should be stopped when it is
anticipated that the e-nose air sampling interfaces will be submerged in filter clogging quantities of substances.
The e-nose will not be damaged in these cases, but its functionality will temporarily be impaired, until the
filters are changed. This condition is detected by the e-nose. Particles above 0.2um can be stopped by the
filters. Smaller particles cannot be filtered.

The set-up time of the e-nose system on the disaster site should be within 15 minutes, including sensor
calibration time (Important). The fulfillment of this requirement might not always be feasible in extreme
conditions. The e-nose requires time to warm up after it is turned ON. After it warms up, some time is required
to perform sensor bump tests, auto-calibration and reference measurements acquisition.

The warm-up time is required to heat the gas sensor cluster manifold from the environment’s temperature to
the preset temperature setting. The time required, where no user intervention is needed after turn ON,
depends on the initial temperature. In very cold weather this time is long, in warm weather this time might
even be zero. The warm-up time is also affected by some design choices (compromises) made. The heating
power is kept low to maintain the e-nose’s power requirements low. Another factor for this decision is the
stability of the temperature control loop.

After the e-nose has warmed up, the user has to perform bump tests of the sensors to ensure that the system
provides valid measurement readings. The e-nose’s air input sampling port has to be connected via a tube to a
sample holding chamber (or bag). For each sensor, a known concentration of the target gas is placed inside the
sample chamber and sampled by the e-nose. The target gas sample is provided by either breaking an ampoule
inside the chamber or flushing/filling it from a compressed canister (spray). The measurement observed for
each execution must be within the acceptable tolerance limits for the sensor. This time can be shortened by
omitting the bump test of some sensors if their output is not required.

The e-nose device should be serviceable. For example, access is needed to the dust filter of the e-nose sensor for
cleaning purposes (Mandatory). The e-nose provides field access only for changing the air filters. Access to the
gas sensors is not provided during deployment. All sensors are included in the e-nose and there are not any
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other sensor types that can be installed. Installation of new sensors (of the same type already installed) is
possible.

The e-nose system should be able to be transported on commercial flights (Mandatory). For the e-nose,
calibration gas mixtures in compressed canisters might not be allowed (depending on the target gas).
Ampoules for bump testing mixtures can be the solution, but the allowed quantity could be an issue.

The e-nose system should be developed to comply with INSARAG Guidelines (Mandatory). The system is a
research prototype development, not a commercial product. It does not hold any certifications but was
designed considering the requirements for ATEX certification.

Ethical Requirements

The e-nose system should be developed following privacy by design/by default (Mandatory). Privacy and data
protection issues were taken into account already in the design phase of the system. Data generated from the
e-nose does not contain private data or data that can be used to discriminate.

The e-nose system should have sufficient accuracy of the data on the victims (Important). Data to be collected
and stored on trapped victims (sensors, voice, pictures) should be accurate and detailed enough for medical
people to estimate the health situation of the victim, as well as for rescue people to take into consideration
cultural aspects of dignity (e.g. when rescuing Muslim women or dead people). No health information can be
provided by the electronic nose in the way it is used.

The features and restrictions of the system should be clearly stated (Mandatory). The system should provide
various users general information on its various features and restrictions (not only the information how to use
it). The feasibility analysis of the requirements clarifies the actual capabilities of the system and tries to
identify end-user expectations that could be misinterpreted.

Training Requirements

End-users require that there is training material for the e-nose system. This training material must be tool
specific, oriented to the role of the end-user it is intended for (Technical Search specialist), allow for training
delivery both in face-to-face learning in classroom setting, and as e-learning (on-line training), with different
types of training material, including instructional ‘how-to’ videos for training on the use of technical tools.
Training and user guides to be developed must be as simple as possible, with graphics, clear symbols and easy-
to-understand language. Pocket-sized instructions on the use of the e-nose must also be created. The training
material for Technical Search Specialists and Maintenance teams must include tool documentation (in order to
fully understand functionality, to be able to diagnose problems in case of malfunctioning and to be able to carry
out basic ‘instrument resets’ and/or repairs). Users prefer shorter training over longer training (such as half day
training instead of training that takes a week).

It is estimated that the required training for the e-nose system can fulfill most of these requirements with the
exception of the short training duration example of half a day. This is because of the requirement of training for
servicing and troubleshooting the e-nose system which is a complex system.

Feasibility analysis conclusions

The design and implementation of the e-nose has taken into account all the requirements and aimed at
fulfilling all of them, even the ones characterized as interesting. The fulfillment of all the requirements for the
e-nose was very difficult because many of the requirements are antagonistic and a working
combination/compromise has to be found. For the final e-nose system prototype, even though no cost/price
requirement is set, effort has been made so that the resulting designs and materials are manufacturable with
typical manufacturing processes and the assembly is not complex. The cost for operating the e-nose system
depends on the conditions. There are a number of consumables that have to be replaced, including some of
the sensors, as well as various accessories for bump testing and calibration. The e-nose is based on industry-
proven sensor technologies that mandate specific procedures in order to ensure readings are valid. There is no
way around these procedures, especially if the e-nose is also utilized for safety purposes, in addition to victim
localization. There is a trade-off between the capabilities and number of features on the one hand, and the
ease of use, training time and cost on the other.
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8.2. Electronics of the 3" prototype

The design of the electronics for the 3™ prototype was based completely on custom PCB boards because the
integration of off-the-shelf boards was not feasible; none exist that can fulfill the requirements. The design
approach for the 3™ prototype electronics was based on the following general requirements:
e Minimize the noise susceptibility of the analog signals — sensors so that the system can achieve the
performance goals.
e  Minimize the size of boards and at the same time
e Facilitate the overall size reduction by providing more easy-to-place board sizes for the mechanical
design.
e Place all the components of the electronic nose in a single compartment.
e ATEX compatible.
The resulting scheme involved breaking up the main functionality into two boards, namely Analog PCB and
Digital PCB (or control or microcontroller) PCB. It was also deemed necessary to design some other small
boards that host mainly sensors and provide mechanical support and electrical connectivity. Interconnection
between the various components is performed with ribbon cables when the power requirement allows for it.

Component selection

The selected CO, sensor is based on NonDispersive InfraRed (NDIR) technology, because of the several
competitive advantages of these sensors and taking into account the lenient sensitivity requirements. They are
small, in the low-medium price range, selective, have a very fast response, a good long-term stability, low
power consumption, and fair sensitivity. The CO2F-W from SST Sensing Ltd is a compact and high speed (20 Hz)
CO: sensor ideally suited for applications which require the capture of rapidly changing CO, concentrations.
This CO2 sensor requires on average less than 15mA of current at 3.3 V. It provides digital TTL output and
detects CO, levels in the range 0—-200,000 ppm (0-20%), with an accuracy of +50ppm @400ppm. Fluorescence-
based optical sensors are usually used for oxygen detection, are small in size, available in the low-medium price
range, have a good long-term stability and lifetime, exhibit low power consumption and negligible cross-
sensitivity to other gases. Other oxygen measurement sensor types exist but do not offer a digital interface,
faster response time, or long operating lifetime. The selected LuminOx LOX-02 O, sensor is a compact
Fluorescence-based Optical Oxygen Sensor. It consumes less than 7.5mA of current at 3.3 V, provides digital
TTL output and detects O2 levels in the range 0-25%, with a resolution of 0.01%. The NH3-3E-100-SE from City
Technology is an Amperometric electrochemical 3 electrode sensor cell designed for NH3 detection. It has a
sensitivity of 100-160 nA/ppm NHs, a bias voltage of 0 mV, and a resolution of less than 1 ppm is typical. The
H2S sensor is the AC200-800 3 terminal, 20mm diameter, electrochemical cell H2S 4H CiTicel gas sensor. It is
rated for operating in the 0-100ppm concentration range, can handle a maximum overload of 500ppm, has a
30s response time and a 0.1ppm typical resolution. The CO sensor is the 2112B2055R 3 terminal, 20mm
diameter, electrochemical cell, 4CM CiTiceL CO gas sensor. It is rated for operating in the 0-2000ppm
concentration range, has a 10s response time, a 90s recovery time, a 1ppm resolution is typical, and has an acid
gas filter rated for 20000ppm hours. The combustibles sensor is the PM493-000 PELLISTOR 4P75 combustible
gases sensor. It functions in the 0-100%LEL range for a variety of combustible gases and includes an H2S filter
rated for 1000ppm hours. For measuring humidity the Honeywell Humidlcon HIH8120-021 is used. It operates
in the 10-90% RH range and has a +2% accuracy. Its interface is an i2c digital output with up to 14 bits of
resolution and consumes 1 mA of current at 3.3 V. For measuring the temperature inside the device, NXP’s
PCT2075 sensor was chosen. It is capable of measuring temperatures in the range -25 °C to +100 °C with an
overall accuracy of +1°C. It has an i2c digital interface with 11 bits of resolution and consumes 70 pA at 5 V
when sampling and 1pA in standby. For the external air temperature measurement TI's TMP112A temperature
sensor was selected, featuring an accuracy of +1°C in the -40 °C -+125 °C temperature range. It has 12 bits of
resolution and the digital output is communicated via an i2c interface, consuming 10 pA at 3.6 V when
sampling and 1pA in standby. The air pump used to force air through the air filters and over the sensors is
Parker's T2-03 micro diaphragm pump, with a free flow rate of up to 2.5 LPM. It can operate in the 0-8.4 V
range with a current consumption in the range of 25-390 mA. The THS2518RJ 25 Watts 18 Ohm wire-wound,
chassis mountable, power resistor is used as a heater and is operated at 0-5V. The hydrophobic air filters used
to protect the sensors from dust, debris, and water are the Qosina 28213 17mm diameter 0.2 Micron PTFE
inline air filters. The barometric pressure measurement capability of the Oz sensor is also used to detect filter
blockage. The control microcontroller is the AT32UC3B0256 32 bit microcontroller from Microchip with 256KB

Page 139 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

flash memory and 32KB ram memory and a plethora of peripherals. Ethernet communication is provided by the
Lantronix xpp1003000-02r Ethernet to serial device networking module.

Electronics description

Block diagram of Figure 96 illustrates the main functional blocks of the electronics. Each rectangular block
represents a single PCB. The Microcontroller board hosts the control microcontroller (Figure 99), the Ethernet
module, the required power supplies and the power electronics for controlling the actuators (Figure 98). The
analog board hosts the analog gas sensor biasing and readout electronics (Figure 97). It also facilitates their
mechanical support. For the electrochemical analog gas sensors a potentiostat Analog Front End (AFE) IC is
used to bias each sensor. The combustibles sensor is pellistor-based and a fine tunable, via a multiturn
potentiometer, voltage divider is used as a reference voltage for the readout. A multichannel ADC is used to
read the output voltages of the readout circuits. AFE configuration is performed over the i2c bus while the ADC
communicates through the SPI bus. Interconnection between boards is achieved with flex cables and
connectors when possible (Figure 100). The analog board is used as a pass through path for the communication
busses of the digital sensors that are located inside the air manifold.

The following pictures illustrate the schematic diagram of the custom boards of the 3™ prototype:
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Figure 98: Schematic diagram of the power electronics located on the microcontroller board for the 3™ prototype
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Figure 99:

Schematic diagram of the microcontroller board for the 3" prototype
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Figure 101: Schematic diagram of all the custom sensor breakout boards for the 3" prototype
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Figure 102 illustrates the layout of the third prototype’s PCBs. The layout is a custom-made panel that includes
all the printed circuit boards combined into one. All the layers are visible including the mechanical/assembly
one. The PCB is a 4 layer PCB and was fabricated at Eurocircuits using the default 1.6mm PCB thickness layer
stackup with the “PCB proto” service and with a 6D classification. The two internal layers are used as ground
(return) plane and power plane. The component selection, their placement and their footprint were
intentionally designed so that the boards could be assembly by hand.

Figure 102: The layout of the PCB for the 3" prototype
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The electronics are built around a microcontroller which is responsible for managing the system. A number of
features are built in the electronics to make them more robust and expandable. A reverse polarity diode is
present at the power input. Also, a crowbar circuit is present to protect the system from an input overvoltage
paired with an input fuse. The purpose of this circuit is to create a short circuit when a voltage anomaly is
detected and burns the fuse. As is, the circuit is too sensitive to transient voltages occurring when installed in
the robotic platform and was not used. A surge suppressor, or stopper, that continues to provide power to the
load would be a more appropriate solution for the integrated device. Even without the crowbar circuit, the
electronics are adequately protected since the power supply modules used have a sufficiently large input
voltage rating.

The actuators control electronics are capable of providing ON/OFF functionality or low frequency PWM. A
single N channel power MOSFET is used for each actuator to close the circuit of power return (GND). A
(freewheeling) diode is placed across the load connection terminals so that inductive loads can be driven.

The board includes an i2c eeprom so that sensor calibration data and system configuration parameters can be
stored and retrieved from the e-nose device. This functionality has not been implemented in the FW but in the
software as this system is a research prototype.

The electronics also include an expansion header that exports multiple microcontroller GPIOs and system
voltage rails. There is also an extra actuator output. These provisions were made to support the potential
implementation and connection of the required interfacing components for making a completely stand-alone,
portable, or even hand-held, e-nose device. For more information regarding the control aspects of the
microcontroller, see the firmware sub-section under software section of this chapter.

8.3. Mechanical Design of the 3™ prototype

8.3.1. Manifold design

Architecture - Concept

The air manifold is the central block of the e-nose. It holds the e-nose sensor array and the necessary analog to
digital converter electronics circuitry. The sensors are mounted on a main (core) PCB and all together are
inserted in the manifold. The latter is a heat conducting enclosure, made of aluminum, for the sensors and
electronics so that they are kept at a relatively high temperature compared to the surroundings. The reason for
the elevated temperature lies in preventing environmental humidity from condensing in the sensors, an
outcome that would result in the quick deterioration of the sensor longevity and significantly affect the
accuracy of the measured values.

The manifold architecture implements a configurable air connection path. The sensors are grouped in two
categories, namely, human identification capability and hazardous gasses detection. The former group is
considered the core sensor group and it includes the CO,, 0, NHs; and humidity sensors. It works
independently from the other secondary, optional group of hazardous gas detectors. To achieve this goal a two
lane airway is implemented in the manifold. Each airway runs through one group of sensors thereby supplying
them with sampled air in order to perform gas concentration measurements. Each airway has independent
inflow and outflow orifices where flexible pipes can be mounted.

The independent inlets and outlets allow two different connection topologies to be realized. A series
connection of the two lanes is implemented when all sensors are present, where the outlet of the primary
airway is connected to the inlet of the secondary lane. The second lane can be completely bypassed when the
secondary set of hazardous gas detectors is not installed. A parallel connection of the two lanes is also possible.
To ensure that airflow is effectively diffused in the sensor drums, forced turbulence is created on top of the
sensors. This is achieved by changing the geometry of the airway on top of the sensors input interface.
Additional strengthening of the air flow through all sensors is achieved by sealing the airway so that sampled
air does not escape from the airway path and flow towards the outer bottom side of the sensor drums and the
main PCB. This is enforced by using elastomeric gaskets (~1mm thickness) that secure the sensors in place
when the sensors and main PCB are mounted in the manifold.

To design the two parallel airways in the manifold a number of as similar as possible sensors have been
selected. These have the same diameter of 20mm and, where possible, the same height. Irrespective of the
height, however, all sensor input interfaces have been designed to be on the same plane parallel to the surface
of the main PCB, thus avoiding unnecessary bending of the airways. With the sensors all set in place, the main
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PCB that is large enough to host all of them was designed. Consequently, the daughter PCBs are mounted onto
the main PCB using off-the-shelf standoffs, screws and nuts or extension cables. Extra care was taken to include
the outline of bulky components and identify the dead zones i.e. zones where no components are placed.
Finally, the manifold was designed to host all the components, whilst keeping the smallest footprint possible.

Main PCB, sensors, CO,, O, PCB and screw-washer-nuts
A representation of the layout and placement of the sensors on the breakout PCBs can be seen in the following

figures:

Figure 103: 3D view of the main, CO,, O, and humidity PCBs with the corresponding sensors. On the bottom
left corner the interface cable connector will connect the main PCB to the outside world.

Figure 104: 3D view of the main PCB accompanied by the daughter PCBs

== Bl ==

Figure 105: Side view (cross section) of the main and daughter PCBs.
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Manifold
The manifold consists of two parts. The part which simply acts as a cover for the bottom side of the main PCB
and the central and main manifold which:

- houses the sensors

- provides mount points (screw sockets) for the main PCB

- provides mount points for the bottom cover

- contains the air delivery system (air path) that directs sampled air onto the sensor drums.
Hangars and their wall thickness
The sensor drums are inserted in the sensor drum hangars. The hangars have a diameter of 20.9mm. This is
deemed the minimum adequate diameter taking into account sensor component manufacturing tolerances,
sensor sticker thicknesses and manufacturing (milling process) tolerances. The walls of these hangars should
have at minimum 2mm thickness in order to provide adequate heat capacity for transferring heat to the sensor
drums whilst maintaining their own. The hangar walls have a safety clearance of 1mm away from the top
surface of the main PCB.
Hangar Dome and airway
At the top end of the hangars a dome acts as a junction between the sensor top surfaces and the airway that
transports the sampled air across the sensors. The dome provides a “step” for the elastomeric ring to “sit” on.
The clearance between the sensor drum top and the dome’s step is 0.8mm. Additionally, the dome provides air
insulation and also has a 4mm circular opening that traverses the domes and implements the air path. A M5
thread is inscribed at the ends of the traversing airway. According to manufacturing requirements a M5
opening (depending on fitting) should have a diameter of 4.14 — 4.33mm. Such M5 openings are incorporated
at the inflow and outflow ends of the manifold and are used to connect the e-nose sensor array to the pump
and filtering system.

Air redirection walls for Domes

To improve air turbulence in the dome and thus increase the amount of air that travels into the sensor drum,
air redirection walls are implemented in the dome. These force the air to move towards the sensor drums
before going to the dome’s outflow orifice. The wall thickness is 2mm.

M5 screw holes at the top of the dome enable a screw to adjust the amount of turbulence.

Figure 106: Manifold cross section of the primary airway. Air-redirection walls are used to force air
turbulence above the sensor drums.

Assembled manifold

The complete manifold with the external components mounted is shown below. All the externally mounted
equipment is mounted with M2.5 screws. Caution has been exercised to prevent the external equipment
mounting screws from intervening with the main PCB and other internal equipment.
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Figure 107: 3D view of the manifold with the external components only attached (2x resistors, a temperature
relay (red) and the temperature PCB (green) with a temperature sensor mounted on.

Figure 108: Bottom 3D view of the manifold showing the sensor hangars.
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Figure 109: Rendered bottom 3D view of the manifold with all the internal and external components
mounted. Only the bottom cover has been removed.

The volume of the manifold (without the electronics, sensors and mounting screws) is approximately 156,848
mm?3. When aluminum is used for manufacturing the manifold, the expected weight of the manifold is 0.424kg
(aluminum density used is 2.7 x 10® kg / mm? [92]).

8.3.2. Enclosure design

Architecture - concept

The enclosure allows the e-nose unit to be portable, as well as be compatible for mounting it on the robotic
platform. Therefore, it was important to create a design suitable to work both as a stand-alone unit, but which
provides the necessary mounting points to be integrated in the robotic platform.

The main subsystems inside the enclosure are the

- e-nose manifold: which houses the sensors and the readout electronics

- pneumatic system: including air pump, filters and piping

- the microcontroller PCB

- the filter compartment: an easily accessible space that houses the two hydrophobic filters and allows
their easy replacement.

As far as the compartment design is concerned, it must fulfill the following requirements:

- Keep the filters separated from the rest of the electronics. This means air holes should be designed.
Alternatively, openings through which the pipe can go through can also be used.

- Allow easy access to the filters. Hatch access could be with screws. The hatch should ideally be similar
to those used in the battery compartments of remote controls. Alternatively, a screw-hatch can be
used.

- Provide all the necessary piping while avoiding abrupt corners for the pipes that could block
unobstructed air flow.

Enclosure dimensions

The external dimensions (170 x 130 x 70mm) of the enclosure are mandated by the allocated space of the
robotic platform for the e-nose. Depending on the material used, the internal dimensions vary. For example,
aluminum sheet of thickness 2mm may be used which is durable and thin enough to allow 166 x 126 x 66 mm
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internal dimensions. This solution would be relatively heavy, however, due to the widespread use of aluminum
material. Similarly a 3D printed part needs to be thicker (4mm) allowing slightly less internal dimensions, but at
the benefit of a lighter construction combined with more design freedom. To be on the safe side, the minimum
internal volume of 162 x 122 x 62 was assumed.

Enclosure parts

The enclosure is comprised of two parts: the bottom base and the top cover. The latter includes the four side
walls as well. The top part is mounted in the bottom part through a series of M3 screws (6x) as shown below:

Figure 110: The enclosure top and bottom parts. All internal mounting holes (for enclosure cover and
manifold stands).

Component placement - E-nose manifold

The e-nose manifold is the most important, complex and bulky part placed inside the enclosure. It has a
number of components externally attached to it: namely a temperature sensor, a temperature safety relay and
two heating resistors.

The combined part could be wrapped in thermal insulating material in order to avoid heat escaping to the
surroundings, thus improving the energy efficiency of the system. Overall, the dimensions of the manifold with
its external components is 115 x 85 x 41mm. 10mm of insulation on each dimension have been allocated.

Due to the large dimension of the manifold (115mm + 10mm) exceeding the 122mm inner dimension of the
enclosure, the manifold is placed along the large dimension of the enclosure.
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74
3=

L-shaped manifold stms\

Figure 111: 3D view of the enclosure with the manifold included along with its most bulky components.

Microcontroller PCB (sensor read-out board)
The microcontroller PCB gathers signals from the manifold main PCB and prepares them for transmission

through an Ethernet interface. Additionally, it controls the air pump and the external components of the
manifold directly.

The top left side of the PCB is intentionally cut out so that it can fit in a vertical posture in the enclosure whilst
using the available space efficiently. The overall dimensions of the PCB are 110mm x 53mm.
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Figure 112: 3D view of the microcontroller PCB mounted on the manifold with 10mm standoffs.

Pneumatic parts

The remaining available space in the enclosure is used to fit the air pump and air filters. These have no solid

mounting points and are secured in place by flexible means so that the pump vibrations are not fully

transferred to the rest of the structure.

Figure 113: 3D view of the pneumatic parts as fit in the available space of the enclosure.
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8.3.3. Assembly of the 3" prototype

The components of the third prototype were successfully assembled without encountering noteworthy issues.
In the following sections, pictures illustrate the most critical assembly steps. The assembly of the manifold is
mostly comprised of installing the sensors in it. Some sensors are installed separately on their own PCB while
others are first mounted on the analog readout PCB and then installed inside.

The following picture illustrates the machined aluminum manifold without components and the printed circuit
board panel for the 3™ prototype:

lIIIIIIllIIIIllII‘

G 5

Figure 114: Bottom view of manifold with sensor inérts visible (left) and the PCB panel (right).

The following picture illustrates the installed humidity sensor on its printed circuit board. The board provides
mechanical support as well as an airtight seal. The CO, sensor is installed near the humidity sensor and its
board covers the humidity board.

- s / e \
Figure 115: The humidity board installed (left) and the CO, sensor installed on top (right).

The following picture illustrates the installed components for temperature sensing, heating and over-
temperature cut-off:

Figure 116: From left to right: heater, thermal protection, temperature sensor and heater.
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The following pictures illustrate the analog sensor board, populated with the sensors, next to the manifold. The
sensors extend from the surface of the analogue PCB socket in the manifold.

Figure 117: The analog PCB populated with sensors (O,, NHs, CO, H,S, combustibles).

The manifold cover and the L shaped supports are screwed on. The control (microcontroller) board is installed
on the free long side (top in the pictures) of the manifold.

f l_' I,
Figure 118: The assembled manifold with the control board attached to it

Connecting the air pump, air filters and heat insulation concludes the assembly of the system required for the

e-nose to function.

Custom elbow air interfaces were built to connect the air tubing with the manifold. They were machined in two

pieces that were soldered together (PB free solder). In the following pictures part of the assembly can be seen.
2

» V4 5 y 4 % Y
Figure 119: From left to right: machined air interface parts, custom assembly jig, assembled interfaces.
The air system was completed by installing the air interfaces on the manifold and connecting the air pump and
air filters. The following picture illustrates the completed electronic nose without the electronic nose
enclosure.
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Figure 120: The assembled e-nose without the enclosure.

The following picture illustrates the electronic nose installed in a Plexiglas enclosure.
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Figure 121. The completed e-nose - 3" and final prototype

8.4. INDICATORS - Integrated interface concept

Detection scenario

The main detection scenario the e-nose is envisioned to operate in is the following. The robotic platform will
enter the rubble and start moving inside. The operator will be looking at the optical cameras of the interface
and the outputs of the IR camera and the e-nose. Periodically or whenever it is deemed necessary, the robotic
platform will be kept stationary and measurements with the radar will be taken. The e-nose will produce six
main outputs. Three of the outputs are for victim localization, two are for hazardous conditions detection and
one is about the electronic nose’s status. The victim localization outputs should be used in the following way:
the Human indicator indicates when Human presence indicators are at detectable levels in the air. The
Approaching indicator indicates when the Human presence indicators are getting stronger or weaker, thus
inferring that the e-nose is approaching or moving away from a victim. The Hot Spot indicator indicates when a
place with elevated human presence indicators was detected and from which the e-nose is now moving away.
The detection of a victim in a confined space is associated with high Human presence indicators. The actual
values cannot be determined in uncontrolled conditions and with unknown victims. This means that specific
values cannot be assigned as thresholds and maximum values. The operator of the robotic platform and the e-
nose has to find the maximum value by performing a search pattern. To assist in the execution of the search
pattern, the e-nose produces the Approaching indicator which informs the operator if he is moving in the
correct direction (when approaching) or in the wrong direction (when moving away). A maximum (local or
global) can be found by observing “approaching indicator” status followed by a “moving away” indicator status.
Since the e-nose is not the only system the operator has to attend to, there is a chance he might miss this
sequence. The Hot Spot indicator provides an output for such cases, indicating a maximum (local or global
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cannot be distinguished). Once a Hot Spot is indicated, the robotic platform has to backtrack to reposition itself
at the position of maximum signal strength and execute a more thorough search using the other available
sensors.

GUI Concept

This section provides information regarding the user interface (integrated GUI) of the e-nose that is integrated
in the control tablet of the robotic platform. The concept and design of the integrated GUI is substantially
different from that of the stand-alone GUL. This is because of the limited available space on the interface but
more importantly the reduced attention of the operator allocated for the e-nose, because it is just one of the
many instruments that have to be monitored and controlled by him. For these reasons the integrated GUI has
only one view: a view that is permanently visible but occupies a very small section of the screen and provides
alarms and indicators. These alarms and indicators facilitate the operator’s decision making. They also provide
general information which is enough for the operator to gain a good situation awareness (regarding the e-
nose).

In both cases, effort has been put in the design so that the interface is very easy to operate. The following key
design features lead to the fulfillment of that goal:

- The operator does not have to know measurement values. All the output from the e-nose is coded in
states. For example, for toxic hazards the states are coded to nothing toxic, low toxic, highly toxic,
based on defined thresholds (system provider, user modification is possible).

- The operator does not have to read (words or numbers) to gain good awareness of the situation since
information is color-coded. Stated values are color-coded. Green was selected for states that indicate
all good or no change, yellow for states that indicate some potential issue and red for states that
indicate problem or change.

- Color coding is universal. For all types of output the color coding is the same. In this way, just a
glimpse of the e-nose’s interface is enough to see if there is something that is interesting or requires
special attention. Any type of information can be spotted by color.

- Most important information for situation awareness is always visible. Just a glimpse at the always
visible view is enough. The view has output (color-coded states) that combine the output of multiple
sensors based on the output of the advanced logic unit of the e-nose. This way, the operator can focus
most of his attention on operating the robotic platform, evaluating output from other sensors,
coordinating with his team and filing reports.

Indicators and Alarms
The information provided to the operator, that is easily interpreted, is by Indicators and Alarms.

- Alarms are used to provide information about Safety (Hazards). Alarms are based on well defined and
known thresholds. For example, one of OSHA'’s criteria for a hazardous atmosphere in a confined
space is when the concentration of oxygen is outside the [19.5%-23.5%] range.

- Indicators are used to provide information about Victim localization. Alarms cannot be provided for
victim localization because no threshold can be defined. Indicators are not based on fixed thresholds.
Some thresholds can be produced on site with automatic training, but they alone are not enough to
provide the most helpful information for finding victims. A search pattern has to be performed to
determine the point where the indicators show a maximum — just like a search dog is trained to do.

The following Alarms and Indicators are provided:

- Human indicator: indicates if human presence signs are in detectable limits

- Trend indicator: indicates if the robot is approaching or moving away from human indicators- getting
“warmer” or “colder” while searching/moving

- Edge indicator: indicates if there is a point of interest- human indicators peaked

- Toxic Alarm: goes off if any sensor reads a toxic concentration

- Combustibles Alarm (Flammables): Alarms if the combustible sensor measures a combustible
atmosphere (based on the selected target gas. The type of target gas has to be configured by the user;
it is not determined by the electronic nose.)

- Status Alarm: indicates the system is properly set up and operational

Color coding

The indicators and alarms have the same color coding but a different style so that they can be distinguished.
Green is used to show that nothing is found, yellow is used to show something is found but it is weak and red is
used to show something is found and it is strong. The following table illustrates the concept.
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Table 37: Indicator and Alarm color coding - general

INDICATOR ZERO STRONG
ALARM WEAK

The following table shows the status words and color coding per indicator and alarm (preview view). Note that
all color coding and naming is debatable so that it is accepted and understood by the end-users. The general
idea is that when nothing is worth mentioning, every alarm and indicator will be green. When a condition is
detected, but it is not certain or it is wealk, it will be colored yellow. When a condition is detected with a level of
confidence or it is strong, it will be colored red. Actions could be associated with the color scheme: Green —
Nothing, Yellow — Could do something, Red — Should do something.

Table 38: Status wording and color coding per alarm and indicator (preview view)

No indicators ([zero(steady) |zero(steady)

strong indicators strong(point of interest)
* Colder and warmer color coding should be the same.

The following picture illustrates a mock-up of the robotic platform control interface with the e- nose’s GUI on
the right.

e -nose
Human Indicator

No indicators
Trend indidicator
Zero (colder)

Edge indicator
Zero (steady)
Combust. Alarm

Status Alarm

CAMERA

Figure 122: Mock-up of the interface of the robotic platform of the e-nose alarms and indicators

The operator can also control the e-nose. The available control operations are the following:
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- Enable/disable the air sampling pump (sleep mode 1). This could be desired when going through an
area that has an increased likelihood of clogging the air filters if the pump is ON. Another reason could
be to reduce noise sources in order for the two-way communication system to operate better.

- Enable/disable the heater (sleep mode 2). This could be desired when trying to minimize power
consumption when the working environment conditions allow for it. It could also be used for training
purposes in order to use the electronic nose, but not put the thermal (and cycling) stress on the
sensors. The downside is a reduced accuracy of the sensor readings.

- Enable/disable printing results (sleep mode 3).

- Auto-calibrate the sensors that support this function.

- Perform auto-training for the electronic nose to determine the thresholds of some of the sensors
taking into account the background concentrations at the field of operation.

- Select the combustible gas target for which the system will report %LEL results. Not selecting the
correct gas can in most cases lead to incorrect readings regarding the combustible environment
(DANGER).

Feedback from end-users about the integrated GUI
Feedback was requested from end-users of the system (USAR.NL, EPLFM, SBFF). The concept and information
displayed by the GUI to the operator was considered good and was accepted. Based on their
recommendations, though, the following changes were performed when implementing the integrated
interface:
e There is no distinction between alarms and indicators. All high level output is referred to as
“Indicators” and the color coding of the formerly named alarms is used.
e The naming of the alarms was changed. The Trend indicator was renamed to Approach indicator and
the Edge indicator was renamed to Hot Spot indicator.
e The color coding of the indicators was adapted to comply with the scheme that was utilized in the
robotic platform’s interface.

The advanced logic unit is responsible for converting the raw sensor readings into meaningful outputs for the
operator. This involves converting each numeric measurement value into the pre-defined and color-coded
sensor ranges. The most important functionality is that of evaluating the outputs of each sensor and generating
the general alarms and indicators. The logic for performing this operation is based on logic operations between
the sensor ranges. “APPENDIX: ADVANCED LOGIC UNIT - LOGIC TABLES” includes a portion of the logic tables
that are implemented. The states for each sensor value are defined in the section “INDICATORS - Integrated
interface” and details about their calculation can be found in the following section.

8.5. Software of the 3" prototype

The software of the electronic nose can be distinguished in three different modules: The firmware running in
the e-nose, the software running on the host platform that mainly implements the advanced logic functions of
the e-nose and the user interface. For the user interface, two versions are designed:
- A complete graphical user interface (GUI) for stand-alone system testing, training and possibly
deployment.
- Asimple and yet powerful interface integrated in the robotic platform’s control interface tablet.
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8.5.1. Firmware
The following flow diagram depicts the high level operation of the firmware running in the e-nose.
start ) .\/ Start timing ™
. / Get sensor \interrupt
- " Readings
Initialize board Update timing
Initialize readout - variables
Initialize sensors Process Readings
Initialize actuators , 2
/ End timing
Handle \_interrupt

Communications

Get command

Determine system
Y Control loops

o STATUS

't

. ?
Pending? Enabled?
Yes Jv/ No/\
~__Send Measurements? = Update actuators
Execute command ‘ “\-,\\ ///’/ For control |00ps

Ye SI

Send sensor
Measurements

Figure 123: Flow diagram of 3" prototype’s firmware
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The firmware runs on a 32bit microcontroller. It is a single program (stand-alone application) and runs without
an operating system.

Firmware operation

Serial communication from the O2 and CO2 sensors is managed by the DMA controller with little involvement of
the CPU when servicing the overflow interrupt service routines of the ping pong buffers. The output of the
device is also handled by the DMA controller to the appropriate output serial port and USB CDC port of the uC.
This allows enough time for the CPU to read the ADC channels and the other “slow” i2c temperature sensors
and perform basic arithmetic calculations/conversions on the acquired values to produce the human readable
output stream of data.

For the conversion of the analog sensor values, the datasheet sensitivity values are used (and also
incorporating the current to voltage conversion and the ADC configuration parameters) and a zero offset is
assumed since the sensor response is linear in the specified range. These values are corrected with 2 point
calibration. Calibration is not performed on the firmware of the e-nose device but on the higher level software
application named ENALU, analyzed in a following section. Readings from the CO2 and Oz sensors are provided
in human readable values and no conversion is required. For all sensor values, the values accumulated over one
second are averaged and packaged in the output stream.

At startup the complete e-nose device is initialized. The analog front end potentiostats for the electrochemical
sensors are configured with the biasing parameters of the connected sensors. The i2c connected temperature
sensors are also configured to output the temperature in the required resolution/accuracy. The GPIOs of the
microcontroller are configured in the correct direction (input or output) and for the outputs the correct value is
set. Initial values are applied to all state holding variables and data variables. Hardware peripherals of the
microcontroller are initialized and enabled. Finally all interrupts are enabled just before entering the main loop.
When in the main loop and a timing interrupt is triggered and served, the corresponding state variables are
updated. The appropriate action is performed in the main loop. The same principle is applied for servicing
control commands. The input data stream is monitored for valid commands and when one is detected the
corresponding state variable is updated. The execution of the appropriate action is performed in the main loop.
When the temperature control loop is activated, its execution is also handled in the main loop. Due to the large
mass of the manifold, which has a large thermal capacity, and the relatively small power available to the
heating resistors there is a slow response to input changes. Taking also into account the relaxed temperature
accuracy and stability requirements, a simple ON/OFF control mechanism with a small hysteresis is
implemented.
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Sampling the voltage output from the readout electronics of the analogue sensors is performed with a
multichannel ADC. This ADC has a single converter with an analog switch connected before its input for
selecting the ADC channel to be sampled and converted. Depending on the conversion accuracy, the required
time varies. The firmware in each loop execution monitors the status of the conversion (non blocking) and
changes the input channel when the converted value is acquired in order to sample the next sensor.

Output format
The output of the electronic nose is the following:

r co2 0 000980 pO2 0 020.39 nh3 0 +000.6 H20 0 042.18 iTe 0 +29.88 eTe 0 +27.00 002 0 0200.3 t02 0 +29.80
bO2 0 000982 COm 0 +005.4 H2S 0 +003.3 FLA 0 -004.1 STA 0 Ox00ae

The format has the following properties:

Starts with the character ‘r’.
Single line terminated with the character ‘\r’ (not \r\n or \n).

Has a fixed length if no errors have occurred.

Each measurement is indicated by a label that is followed by a valid character (not implemented yet,
always reads as zero ‘0’).
The measurement field is fixed length, even for value zero.

Output units and label definition
The output of the e-nose values has the following units:

i,c02,0, ppm,p02,0, %,nh3,0, 0.1ppm,H20,0, RH%,iTe,0, o0C,eTe,0, 0C,002,0, mbar,t02,0, 0oC,b02,0,
mbar,COm,0, ppm,H2S,0, ppm,FLA,0, %CH4,STA,O,
Table 39: Labels and units of e-nose output.

Label Gas name Units Comments
co2 CO; — Carbon Dioxide Ppm
p0O2 0, — Oxygen (percentage) 1%
Nh3 NHs — Ammonia 0.1ppm
H20 Relative Humidity %RH
iTe Internal Temperature °C
eTe External air temperature °C
002 0, — Oxygen (partial pressure) |Mbar
t02 Temperature of Oxygen sensor [°C

Barometric pressure — from
b02 Oxygen sensor Mbar
Com CO — Carbon Monoxide Ppm
H2S H>S — Hydrogen Sulfide Ppm

Flammables / Combustible
FLA gases %methane
STA Status In Hexadecimal format See following table for details

Table 40: Status — STA bit interpretation. Note that the status is printed in Hexadecimal (0x00xx)

bit 15 14 (13 12 11 10 9 8 7 6 5 4 3 2 1 0
#
Func
. 4 .
tion 3 - o S s o
rel w oM = o o n
© = w 4 = = = e —
c o a Ol »m ~ - o he] 2 Q 4 9] o 2 a
® & E >| o ) o a E 3 < 2 ® 58| E €
3 T g NI 4 4 4 I & z = I TS| & &
Val. 1=0K 1=0K | 1=0K | 1=On | 1=On | 1=0On | 1=On
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bit 15 14 (13 12 11 10 © 8 7 6 5 4 3 2 1 0
#

impl No No No No Yes No Yes Yes Yes Yes Yes Yes
eme

nted | No No No No

Not Gree

es Red [Orange |Yellow | n

An output example of the status (STA) is the value (0xOOae). The status value in binary representation is
10101110. The status indicates that:

- Humidity is within operational levels.

- Pressure.

- Voltage of the flammable / combustible gases is OK — valid output from the sensor.

- Theinternal temperature has not reached operational target; output should not be used for search.

- Heateris ON.

- Heating is enabled.

- Printing / returning measurements is enabled.

- Pumpis OFF.

Control commands

The following commands are implemented for controlling the e-nose via the serial (Ethernet) or USB (CDC
class) interface. Note that only the character has to be sent — pressed. Enter does not have to be pressed when
connected to a terminal.

Table 41: Control command for the e-nose firmware

Command Command description Operands Comments
‘P’ Turn Pump ON
‘v’ Turn Pump OFF
‘R’ Start printing Measurements
Only affects serial (Ethernet)
r Stop printing Measurements interface. USB is always on.
‘H’ Enable Heating
‘h Disable Heating
‘G’ Calibrate CO, to 400ppm
5 R Reserved

Start-up behavior

The start-up behavior when power is applied to the e-nose is controlled by the state of the GPO and GP1 input
switches located on the control PCB.

- When GPO is not pressed towards the PCB surface, then the e-nose will print measurements after power up. If
GPO is pressed, the measurements will not be sent to the output. The output can be enabled after power up
with the ‘R’ command.

- When GP1 is not pressed towards the PCB surface, then the e-nose will be set to reach operational
temperature when powered up. The heater will probably turn ON. If GP1 is pressed, the e- nose will not
attempt to reach operational temperature. The e-nose can be commanded to reach operational temperature
after power up with the ‘H’ command.

By default, after power up the air sampling pump is OFF.

The output can be sent to the Ethernet port when the switch is at the STD position or to the serial port (debug
port) when the switch is at the DBG position.

Calibration
The calibration options for the e-nose are two: single point calibration or zeroing and two point calibration, or
simply calibration. In one point calibration or zeroing, it is assumed that the gain of the sensor is correct and
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any discrepancies are due to a fixed error offset. In two point calibration, or calibration, it is assumed that both
the gain and the offset need to be determined. In practice, two point calibration is executed by performing a
zeroing of the sensors and then a calibration with a calibration gas (one for every sensor — worst-case). These
two steps provide the two required data points, but require only one calibration gas (per sensor) with the
assumption that clean air has a well-defined concentration value.
The calculation of the correct output of a gas detector that is meant for hazard detection must be performed
on the hardware. For this e-nose which is a research prototype and not a market ready device, the calculation
will not be performed on the hardware where the sensors are placed.
The calculation of the correct concentration value from the reported value is the following:

Gy(x) = Ay(x) + B (29)
Where y(x) is the concentration value reported by the e-nose, and G(y(x)) is the corrected concentration value.
For zeroing (1 point calibration), A = 1 and B are determined by solving the equation when substituting the
following values:
G(y(x)) is substituted with the assumed clean air value for the sensor. For example, the CO, value is 400ppm
and the H,S value is zero. y(x) is substituted with the actual value reported by the e-nose when exposed to the
assumed clean air. For example, the CO; value could be 501ppm and the H,S value could be 1pmm.
For calibration (2point calibration), values A and B are calculated by using the two known data points: one for
clean air and one with the calibration gas mixture. Note that both A and B must be calculated, the B value of a
sensor zeroing cannot be used.

A= (G(y(x2)) - Gy(x1)/(y(x2) — y(x1)) (30)
B = G(y(x1)) — Ay(x1) (31)

8.5.2. Advanced logic unit

The electronic nose’s advanced logic unit (ENALU or enalu) core software component is the data sampling,
processing, logical analysis and logging unit of the electronic nose. It can work independently of user
interaction using default or preconfigured values and will constantly report individual statistics for each sensor,
as well as monitor for human presence, flammable and toxic gases and even its own hardware’s good health. It
runs on an external from the e-nose computing platform.

Sensor
A “sensor”, in this context, is a software object representing the hardware equivalent present in the e-nose
manifold. It is the recipient of the sampled values from the specific hardware sensor and holds methods to
process them. Specifically, the sensor object:

- Stores incoming samples in an internal buffer.

- Performs calibration on the input samples.

- Performs training of the session thresholds based on historical data.

- Processes current and historical data to produce useful statistics and trends regarding the state of the

gas monitored by the sensor.

- Stores and recalls session thresholds, calibration data and other configuration data from file.
The last feature is especially useful as it enables full resumption of a terminated (but saved) session.
There are several sensors on the e-nose hardware and each has a specific identifier so that commands can be
used to update specific features of every one of them. These identifiers are listed in the following table:

Table 42: Gas sensor name identifiers as perceived by the E-nose applications

# Gas sensor name Description

1 “Co2” Carbon dioxide sensor

2 “O2PER” Oxygen sensor (percentage reading)

3 “PP0O2” Oxygen sensor (partial pressure reading)
4 “NH3” Ammonia sensor
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# Gas sensor name Description
> “TIN” Manifold temperature sensor (internal)
6 “TEX” Environment temperature sensor (external)
/ “HUM” Manifold humidity sensor (internal)
8 “HUMEX" Environmental humidity sensor (external)
3 “TO2” Temperature of the Oxygen sensor
10 “u ” 1
BO2 Barometric pressure sensor
11 “« ” H
CCO Carbon monoxide sensor
12 “ ” i
H2S Hydrogen sulphide sensor
13 “CMB” Combustibles (=flammables) sensor (methane % concentration reading)
13.1 “« ” H 0, H
Methane Combustibles - Methane % LEL reading
132 n n H i
Propane Combustibles - Propane % LEL reading
133 n n H 0, H
Butane Combustibles - Butane % LEL reading
13.4 " " . o .
Pentane Combustibles - Pentane % LEL reading
135 n n : 0, i
Hexane Combustibles - Hexane % LEL reading
136 n n H 0, i
Heptane Combustibles - Heptane % LEL reading
137 n n H i
Octane Combustibles - Octane % LEL reading
13.8 n n H i
Methanol Combustibles - Methanol % LEL reading
13.9 n n H i
Ethanol Combustibles - Ethanol % LEL reading
1310 n " H i
Isopropyl Combustibles - Isopropyl % LEL reading
13.11 " " ; i
Acetylene Combustibles - Acetylene % LEL reading
13.12 " S . . .
Butadiene Combustibles - Butadiene % LEL reading
1313 n n H i
CarbonMonox Combustibles - CarbonMonox % LEL reading
13.14 " " . .
Acetone Combustibles - Acetone % LEL reading
13.15 | " : ;
MethylEthylKetone Combustibles - MethylEthylKetone % LEL reading
13.16 n n H i
Toluene Combustibles - Toluene % LEL reading
1317 n n H i
EthylAcetate Combustibles - EthylAcetate % LEL reading
13.18 " n H i
Hydrogen Combustibles - Hydrogen % LEL reading
13.19 " . . . .
Ammonia Combustibles - Ammonia % LEL reading
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# Gas sensor name Description

13.20

"Cyclohexane" Combustibles - Cyclohexane % LEL reading

Please note that the whole family of combustible sensors that return a %LEL reading, as well as the external
humidity sensor, are virtual sensors that exist only in software. They return a modified result based on the
samples derived from sensors “CMB” and “HUM” respectively.

Input data stream
The core application has been developed to accept input streams from the e-nose hardware for either a serial
or an Ethernet port. In either case the data is delivered in a separate thread that stores input in the internal
buffer. The worker thread picks up the data and performs the necessary processing. The data have the
following layout:

r co2 0 001300 pO2 0 019.80 nh3 0 +001.1 H20 0 014.53 iTe 0 +39.88 eTe 0 +33.81 002 0

0196.1 t02 0 +39.50 bO2 0 000990 COm 0 +001.9 H2S 0 -000.0 FLA 0 -000.1 STA O 0x00b6

An update message with new values for all the sensors will always start with the letter “r”, while the separator
is a single space character. What follows is each separate hardware sensor, in turn, along with 2 values as
discussed in the following table:

Table 43: Layout of the input data stream basic element

Parameter Description
Co2 Sensor name
0 Validity of the value (0 = valid)
001300 The updated value (in unit described in the sensor manual)

All sensor elements follow this pattern. This includes the following sensors
Table 44: Layout and order of

Parameter Il Description

co2 ppm CO2 sensor

p02 % Oxygen sensor (% reading)

nh3 0.1 * ppm Ammonia sensor

H20 % Humidity sensor

iTe °C Manifold (internal) temperature sensor
eTe °C Environmental (external) temperature sensor
002 mbar Oxygen sensor (partial pressure reading)
t02 °C Oxygen sensor temperature reading

b02 mbar Oxygen sensor barometric pressure reading
COm ppm Carbon monoxide sensor

H2S ppm Hydrogen sulphide sensor
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Parameter units Description

FLA % Combustibles (flammables) sensor

Finally, the last parameter that is sent to the core ENALU application is the hardware status (“STA”) message. It
is a 2 byte value containing the status of all hardware parts. For a detailed view on this 2 byte value, please see

Table 40.

Sensor operation
In the main loop of execution the sensor simply receives samples for input (Ethernet or serial connection),

stores them in an internal buffer (a circular buffer suffices for time series data in this case) and performs
processing on that buffer according to the Sensor Indicator types (see chapter 8.5.3). At the end of the main
loop the sensor makes the results of this processing available upstream.

When training is performed the process differs slightly. The data are stored in a training buffer (rather than the
usual circular buffer). The reason behind that is that training time will always be larger than the observation
(detection) window that the circular buffer has been configured to operate upon. Additionally, sensor
indicators are not updated during training duration — this is to avoid reporting transient results to the user
interface.

Calibrate Sensors?

Calibrate
Sensor

Apply
calibration
(gain and

offset)

Training
State?

Append to training Append to circular
buffer buffer

Process Process time
training tim series data
series data according to
according to sensor type
sensor type

Evaluate
sensor
indicator
according to
sensor type

Figure 124: Main loop execution during training and normal modes

However, other commands may be required to be executed in parallel or instead of the commands of the main
loop. Specifically, it is possible that the user will request that a calibration is performed or even training.

Training
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For correct runtime operation the e-nose application must be trained every time, before performing gas
detection in the field. This happens so that a number of internal variables can be tweaked according to the
local conditions. Such conditions include not only local temperature and pressure, but also background gas
levels. For example, CO:2 levels vary during the day and from place to place (often this tends to be in higher
levels in densely populated areas).
To perform the training process the user must send to the core application the command
tr <training duration in seconds>

Which stands for “training”. When training initializes a similar procedure to normal main loop, execution is
followed (see Figure 124). However, there are two main differences, which need to be mentioned:

1) No evaluation of the sampled data is carried out.

2) A specific training buffer is used to hold samples.
Evaluation is not carried out because it could lead to reporting false results to the user during this transient
period, while a separate buffer secures that training can be performed in a much larger than the usual buffer
size used during normal operation.
At the end of the training cycle the training buffer is used by the sensor indicator types (see chapter 8.5.3) to
set the training values which will be used as references for the normal operation evaluation tests.

8.5.3. Sensor Indicator types

Useful information is expected to be extracted by processing the data in the sensor buffer. For example, a
noise-free version of the incoming signal, a trend about whether the signal (i.e. the gas concentration) is
generally increasing or decreasing, local (i.e. quick and intense) peaks in the gas concentration will help the
user determine the current gas state around the e-nose.
In order to provide different feature extraction functionality, several different sensor types have been
developed, all of which work with a set of values acquired from training or are user-defined. A mechanism has
been created so that the user is able to view all values related to sensor indicator types and set the user-
defined ones during runtime. The “view thresholds” command, which can be typed in directly during runtime
to the running session of the core e-nose application is

pr thr
which stands for “print thresholds”. Alternatively, to set one of the user defined values, one should type in the
command

upd <gas sensor name> <sensor type name> <threshold name> <new value>
All fields are necessary and each field should contain a value. For possible values see the following table:

Table 45: Explanation of the parameters accepted when setting a user-defined threshold

Parameter Value

Gas sensor name Please see Table 42.

“thres” = for threshold type,

“trend” = for trend (a.k.a. approaching) sensor type,
Sensor type name “edge” = for POI sensor type.

Please see individual “threshold” tables in each gas
sensor type in 8.5.5, because each sensor accepts
Threshold (i.e. value) name different thresholds.

New value A floating point value.

Please note that the thresholds will be saved to file along with other data during a saving operation, thus a
loading operation (or “recall”) will reinstate those thresholds that were previously saved in a file.

Threshold sensor indicator

The most important indicator type is the averaging sensor type. It works as time-series moving average filter
that allows suppression of the noise in the signal. Averaging works based on a preconfigured window size
which may be smaller than or equal to the input buffer size. It is always the latest data samples that are used in
the averaging process.
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Figure 125: Processing of Threshold sensor type on sampled data during normal execution

Once the average value has been determined, it is used along with the average calculated on the last training
session to determine the threshold range in which the current concentration lies. The thresholds that separate
the threshold ranges differ from sensor to sensor and can be either user-defined or calculated during training
or both. The entire set of user-defined thresholds is: "zero", "low", "signal”, "normal", "warning", "high",
"dangerous" and "toxic", but all sensors use a subset of this set (see the following chapter for details). The set
of training related thresholds are: “mid”, “midh” (for “mid - high”) and “midl” (for mid-low). Again, each sensor
only uses a sub-set of these if training is performed on the sensor. Ultimately, the current value of the signal
falls within one of these threshold “zones” (or ranges) and this is what is reported on output.
To set the threshold level, a user should send the following command to the e-nose

upd <gas sensor name> thres <threshold name> <new value>
Please note that even the training thresholds can be updated after a training operation (and thus be user-
defined).

Training of threshold sensor indicator type
The aim of the training period is to determine the average (mean) and standard deviation of the incoming
signal.

Calculate mean and
standard deviation of

the values in all
training data

Figure 126: Processing of Threshold Indicator Type at the end of a training cycle

This leads to a definition of the “range” of values which constitute the “noise” level, i.e. a level for which the
specific signal is considered to be at “quiescent” or background value. This range is normally calculated as

“Noise” threshold zone = Mean +/- factor * standard deviation
Where, the factor is set independently for each sensor and is user-defined. Using a factor of 1, means that
approximately 66% of the training sampled values will fall within the “noise” range and thus be considered as
such. Instead of trying to include more than 99% of the trained values in the noise range, a value of 3 is used as
a default. Using the minimum and maximum values to determine the noise range has been avoided in order to
ensure that any training spikes will not help determine the noise range.
Alternatively, on occasions where the standard deviation of a signal is expected to be very small or even zero
(such as the oxygen sensor and the barometric pressure signal), there is little use in using the standard
deviation as it will create a very thin noise range, which is practically useless. In such cases it is more useful to
have a fixed range and the calculation that takes place then is the following

“Noise” threshold zone = Mean +/- factor
That is, the range is set as 2 * factor and biased at the calculated “mean” level. To set the factor, a user should
send the following command to the e-nose

upd <gas sensor name> thres range <new value>
Where “range” is the value of the factor that needs to be set.

Trend sensor (a.k.a. proximity tendency, approach - move away sensor) indicator

The trend indicator is used to identify the gradient or “slope” of the samples within the detection window. To
do that “data fitting” is carried out in order to obtain a linear first order trend line (y=ax+b). Specifically, the
least square method is used from the GNU Scientific library (GSL) in order to carry out the tedious calculation.
Once the gradient has been obtained it is used, along with the trend levels calculated during the last training
session, to categorize the current trend to “steady”, “decreasing” (i.e. moving away), or “increasing” (i.e.
approaching).
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Figure 127: Processing of Trend sensor type on sampled data during normal execution

During training the training buffer samples are used to determine the average gradient across a moving
window that “runs” across all the data. This is possible as the training data sample number will always be more
(= has a larger buffer size) than the detection window size. Thus “many” detection windows will exist within the
training data set and the gradient in each of these windows is calculated. In the end, the average and standard
deviation of these gradients is calculated and this is what will be used as a reference during normal operation

Calculate slopes

(gradients) for all Calculate mean and

standard deviation of
the gradients

training data using
the detection window

Figure 128: Processing of Trend Indicator Type at the end of a training cycle

As in the Threshold indicator type’s case, it is again possible to have a normal or fixed range in which the value
of the gradient within the detection window is supposed to remain “steady”. These are calculated respectively
as
“Steady” trend zone = +/- factor * gradient’s standard deviation
“Steady” trend zone = +/- factor
Where the factor is again user-defined. One can observe that the mean is not used for trend calculation. This is
so as to avoid adding a bias that would disrupt the symmetry of the trend.

To update the trend range one can send the command
upd <gas sensor name> trend range <new value>

Obviously, a gradient value greater than +factor * std. dev. will be reported “increasing” or “approaching” ,
while a gradient value smaller than -factor * std. dev. will be reported as “decreasing” or “moving away”.

Point of Interest sensor indicator

When moving within a cavity in the rubble it is possible that the human presence will already have been there
for a long time. In such a case the exhaled breath may have saturated the cavity thus leading to the
approaching indications remaining at “steady” level. To continue to have a “close proximity” indication or
“point of interest” (“POI”) indication when the robotic platform passes close to a human in the cavity, the point
of interest indicator has been implemented. Its purpose is to detect transient peaks (or troughs in the case of
02 sensor) which last very little, but could help pinpoint a local gas source (or sink) even within a saturated
cavity.

Evaluate sensor
Find spikes and indicator to steady,
troughs in POI or noPOI
detection window according to
rangeFactor

Figure 129: Processing of point of interest sensor type on sampled data during normal execution

To do this the most recent maximum or minimum value (within the detection window) is checked against the
average value again within the detection window. Then any large deviations from the average are registered as
“POI” (“peaks” or “troughs”, depending on what the sensor considers as significant), or otherwise “no POI”.
Additionally, when signal is in “noise” zone, no transient peaks will trigger the specific indicator.
The actual calculation for “peaks” is

factor = recent maximum - average value
If “factor” is larger than the user-defined factor value then the algorithm produces the output of having a local
point of interest. The default user-defined value in this case is 2.
Similarly for the “troughs” the actual calculation is:

factor = recent minimum - average value
In this case the user-defined factor is a negative value and if the calculated “factor” is smaller than the user-
defined factor value then the “POI” indicator is triggered.
To update the value of the factor, the user must send the following command to e-nose:
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upd <gas sensor name> edge factor <new value>

8.5.4. Calibration

Calibration for the sensors aims to correct any drifts in the reported value due to aging of the sensors. It is
expected to be linear and attempts to calculate correction factors (offset and gain) used during normal
operation. Two calibration procedures are supported by the e-nose algorithm:
- Two point calibration, where both gain and offset are calculated and applied,
- Zero calibration, where only the offset is calculated and applied to the incoming data.
During normal operation incoming data are modified in the following way
Buffered value = incoming value * gain + offset
Where by default gain = 1 and offset = 0.
For “Zero calibration” the offset is calculated as
Offset = zero concentration - average value
Where the average value is just the average of the last 10 sampled values and zero concentration values are as
follows
Table 46: Zero concentration values for calibrate-able sensors

Gas Sensor Identifier Zero Concentration Value
co2 400 ppm [93]

O2PER 20.95% [94]

PPO2 213.32mbar [95]

NH3 0.0057ppm [96]

BO2 1013.25mbar

cco 0.1ppm [97]

H2S 0.00047ppm [98]

CMB 0.0001834% [99]

Note that the sensors that are not shown in table above are not able to be calibrated.

For “Two point calibration” 2 datasets are used to solve the equations, where the average value is once again
the average of the last 10 sampled values and the “known concentration” is provided at runtime by the user.
Equations:

Buffered value = incoming value * gain + offset
Two datasets for two point calibration:
Zero dataset:

Zero concentration = average valuel * gain + offset
Calibration gas mixture dataset:

User input value = average value2 * gain + offset
Offset = zero concentration - average valuel * gain (32)
Gain = (user input value - offset) / average value2 (33)

Substitute equation (32) in equation (33) and calculate gain.
With equation (32) and known gain calculate offset.

In order to perform a calibration the user should send the following command to e-nose
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cal <gas sensor name> <calibration type> [known concentration]

Where
Table 47: Calibration command parameters

Parameter Value

Please see Table 42.

“zero” = for zero calibration,

“2pt” = for two point calibration,

“none” = to reset to: gain =1 and offset =0

A floating point value. Required only if “calibration
type” above is “2pt”.

Gas sensor name

Calibration type

known concentration

Please note that if calibration is performed, the sensors will require retraining.

8.5.5. Gas Sensor Types

Especially for the thresholds (and partially for the trends) of each sensor smaller or larger variations needed to
be implemented. These are explained in the following section

CO: threshold sensor type:
The carbon dioxide sensor has the following three thresholds, which separate 4 threshold zones.
Table 48: CO2 Thresholds and threshold zones

Default User - Defined /
Threshold . zone .
Value obtained from zone Zone Description
name . color
(ppm) Training
. zero red Faulty sensor
zero 360 user - defined
noise grey training range
mid - both
signal orange CO2 source
toxic 5000 user - defined -
toxic red
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Figure 130: Graph depicting the CO: threshold levels

It is expected that after training the sensor concentration will remain in the “noise” zone until human presence
(or other CO2 generating sources) will let it go into “signal” or even “toxic” zone. Going into “zero” zone during
normal operation is considered as a fault condition.

O: threshold sensor type:
The oxygen sensor has the following 5 thresholds, which separate 6 threshold zones.
Table 49: 02(%) Thresholds and threshold zones

Threshold Default User . Defined / zone .
obtained from zone Zone Description
name Value (%) . color
Training
untrustworthy accuracy of
) zero red .
elecchem 194 user - defined readings
low red unsafe for human presence
low 19.5 user - defined
signal orange Oxygen sink
midl - both
noise gray training range
midh - both
warning | orange Oxygen source
toxic 23.5 user - defined -
toxic red
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Figure 131: Graph depicting the 0O2(%) threshold levels

In this case a lowering of the normal value (from noise level) will signify an oxygen sink (human presence or
otherwise). The user-defined “low” and “toxic” thresholds are provided. The warning threshold zone is never
expected to be visited unless an oxygen source exists in the vicinity.

Note than the Oz sensor has been set to have a fixed range due its low standard deviation value as obtained at
the end of a training session.

Similarly, for partial pressure oxygen sensor the threshold values are:
Table 50: Partial pressure Oz Thresholds and threshold zones

Default User - Defined /
Threshold . zone _—
Value obtained from zone Zone Description
name .. color
(mbar) Training
untrustworthy accuracy
) zero red .
elecchem 167.22 user - defined of reading
low red unsafe for human presence
low 178.23 user - defined
signal orange 02 sink
midl - both
noise gray training range
midh - both
warning | orange 02 source
toxic 238.9 user - defined -
toxic red

The default values have been determined by using the assumptions that:
- Theairis dry, thus at sea level 1 mm Hg =1.33322368 mbar
- 16% 02 corresponds to 122 mmHg

Then O2(mbar) = 02(%) * 122mmHg / 16%.

NH: threshold sensor type:
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The ammonia sensor has the following threshold which separates the following 2 threshold zones

Table 51: NHs Thresholds and threshold zones

Default User - Defined /
Threshold . zone —
Value obtained from zone Zone Description
name .. color
(ppm) Training
user - defined or low gray training range
signal - obtained from
training signal orange NH3 source

750 -

600

300

NH3 (0.1 ppm)

150 -

-150 -

-300 |

Figure 132: Graph depicting the NHs threshold levels

Due to the extremely low background value of ammonia in a normal environment it is possible that the trained
value will be too low and trigger “signal” indications often even though it is only noise. In such a case the user

can send the command

upd <gas sensor name> thres signal <new value>
Then this specific sensor will start using this new user-defined value as a “signal” threshold. If the user wants to

move back to using the trained value, then the command
upd <gas sensor name> thres sysValue 1.0

should be sent to the sensor.

Manifold temperature threshold sensor type

The manifold temperature sensor has the following 2 thresholds, which separate the following 3 threshold

zones
Table 52: Manifold temperature thresholds and threshold zones
Threshold Default Userj Defined / zone o
obtained from zone Zone Description
name Value (°C) .. color
Training
i low orange
low 38.5 user - defined
normal green
high 41 user - defined -
high red
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Figure 133: Graph depicting the manifold temperature threshold levels

During normal operation (and after the heating up stage during booting) the manifold temperature should be
around 39.9 +/- 0.25 °C.

Environmental Temperature thresholds sensor type

The Environmental temperature sensor has the following 3 thresholds, which separate the following 4
threshold zones

Table 53: Environmental temperature thresholds and threshold zones

Threshold Default Userj SISl zone _
obtained from zone Zone Description
name Value (°C) .. color
Training
] low orange
low 0 user - defined
normal green
high 40 user - defined
high orange
danger 45 user - defined
dangerous red
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Figure 134: Graph depicting the environmental temperature threshold levels

Normally the environment temperature should be between 0 and 40°C. The e-nose should never be used in
locations with a higher than 45°C environmental temperature.

Please note that if the e-nose is to be operated in environments where temperatures of 40°C are normal and
expected, then the high threshold may need to be increased to account for that.

O: temperature threshold sensor type
The O2 temperature sensor has the following two thresholds, which separate the following 3 threshold zones
Table 54: 02 temperature thresholds and threshold zones

Threshold Default User? Defined / zone .
obtained from zone Zone Description
name Value (°C) . color
Training
] low orange
low 38.0 user - defined
normal green
high 42 user - defined
& high red
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Figure 135: Graph depicting the O2 temperature threshold levels

The temperature of the sensor should be very close to that of the manifold temperature sensor and is generally
used as a secondary sensor.

Barometric pressure threshold sensor type
The barometric pressure sensor has the following 4 thresholds, which separate the following 5 threshold zones
Table 55: Barometric pressure thresholds and threshold zones

Default User - Defined /
Threshold . zone _—
Value obtained from zone Zone Description
name . color
(mbar) Training
] zero red
zero 900 user - defined
low orange
midl - both
normal green
midh - both
high orange
danger 1100 user - defined
dangerous red
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Figure 136: Graph depicting the barometric pressure threshold levels

The training range between midl and midh is used along with a fixed range factor of +/-3mbar to enable
detection of input or output of the pneumatic system of the e-nose, while the user-defined thresholds are used
to secure that the sensor operates within a sensible range.

Manifold humidity threshold sensor type
The manifold humidity sensor has the following 2 thresholds, which separate the following 3 threshold zones
Table 56: Manifold humidity thresholds and threshold zones

Threshold |Default Value User - Defined / .
. . zone zone color Zone Description

name (%) obtained from Training

low orange
low 3 user - defined

normal green

high 90 user - defined

high red
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Figure 137: Graph depicting the manifold humidity threshold levels

The manifold humidity is calculated by a sensor within the manifold and takes normal values between 3% and
90%.

Environmental humidity threshold sensor type
The environmental humidity sensor has the following 2 thresholds, which separate the following 3 threshold
zones

Table 57: Environmental humidity thresholds and threshold zones

Threshold |Default Value User - Defined / .
. . zone zone color Zone Description

name (%) obtained from Training

low orange
low 3 user - defined

normal green

high 90 user - defined

high red
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Figure 138: Graph depicting the environmental humidity threshold levels

The environmental humidity is calculated by applying a mathematical operation on the manifold humidity
reading. Based on [100] the external and internal humidities are related through the dew point which is
assumed to be common (this is indeed the case for low pressure changes). Calculation of the coefficient
gamma for T = manifold temperature and RH = manifold relative humidity, leads to the deduction of the value
of dew point Tdp for within the manifold in the following equations:

RH bT
T,RH) =In| — —_—
cy(T, RH)
po = 3
b—~(T, RH)

Where:
T = manifold temperature
RH = relative humidity in manifold
b=17.67
¢ =243.50C
Consequently, the Tdp can be used to determine the relative humidity of the environment by using the
environmental temperature and the above equations solved for RH.
Ultimately
Environmental RH = f(manifold & external temperature, manifold RH)

Carbon monoxide threshold sensor type
The carbon monoxide sensor has the following 2 thresholds, which separate the following 3 threshold zones
Table 58: Carbon monoxide thresholds and threshold zones

Threshold |Default Value User - Defined / .
. .. zone zone color Zone Description
name (ppm) obtained from Training
low green
low 25 user - defined )
signal orange
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Figure 139: Graph depicting the carbon monoxide threshold levels

As far as toxic gases are concerned, it is expected that “low” zone is the normal operating condition. Anything
above that condition is considered a hazard and is reported accordingly.

Hydrogen sulphide threshold sensor type
The hydrogen sulphide sensor has the following 2 thresholds, which separate the following 3 threshold zones
Table 59: Hydrogen sulphide thresholds and threshold zones

Threshold |Default Value User - Defined / o
. .. zone zone color Zone Description
name (ppm) obtained from Training
low green

low 1 user - defined

signal orange
toxic 5 user - defined

toxic red
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Figure 140: Graph depicting the hydrogen sulphide threshold levels

The hydrogen sulphide is also extremely toxic and thus even a 1ppm concentration will trigger it.

Combustibles and derivatives threshold sensor type
The combustibles and derivatives sensor has the following threshold, which separates the following 2 threshold
zones

Table 60: combustibles and derivatives thresholds and threshold zones

Default Value )
User - Defined /
Threshold (% . zone _—
. obtained from zone Zone Description
name concentration Trainin color
or %LEL) &
. . zero green
signal 10 user - defined -
signal orange
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Figure 141: Graph depicting the combustibles and derivatives threshold levels

The combustibles and derivatives sensor is simply a gate between normal (green) and signal threshold levels.
The incoming data are values for the percentage concentration of methane (methane % concentration). Based
on this value the derivatives are calculated and saved in individual virtual sensor objects. The derivatives are
the % LEL value for a number of flammable gases all of which are related to the value of methane %
concentration. The formula used is the following
Gas $LEL = (methane % concentration)*100/ (5*flammable gas coeff)
Where the “flammable gas coefficient” is the following for each gas
Table 61: Flammable Gas Coefficients for calculation of target gas %LEL based on methane % concentration

Derivative flammable | Flammable gas
gas sensor name coefficient[101]
Methane 1
Propane 0.65
Butane 0.65
Pentane 0.55
Hexane 0.55
Heptane 0.45
Octane 0.35
Methanol 0.85
Ethanol 0.85
Isopropyl 0.65
Acetylene 0.9
Butadiene 0.6
CarbonMonox 1.2
Acetone 0.7
MethylEthylKetone 0.55
Toluene 0.4
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EthylAcetate 0.55
Hydrogen 1.1
Ammonia 1.4
Cyclohexane 0.5

The derivate flammable gases are reported as individual sensors, but are only virtual representations that base
their values on the original methane % concentration hardware sensor, whilst having their individual
thresholds. It is noted that on every processing cycle, all the virtual sensors are updated along with the parent
combustible sensor.

8.5.6. Global Indicators — calculation

The direct statistical analysis of the incoming measurements provides a good indication about the state of each
sensor. It also helps to quantize time series signals into discrete states that are easier to comprehend by the
user. However, due to the large number of sensors, the information that needs to be processed by the user at
real time is still overwhelming. Additionally, identifying human presence should not be related to merely a
single sensor signal. To be more precise, the human expiration footprint contains not only increased levels of
CO., but also weakened levels of O2. What is more, indicators of human presence can be strengthened by the
presence of ammonia.
To aid in obtaining more reliable indications about human presence, approach, points of interest and others,
the global indicators have been created. The idea is to establish a combinatory logic that establishes
connections among the individual sensor indicators and resulting states that will be easily comprehended by
the end-user.
What is more, these connections should be easy to update by the user so as to improve user experience and
create sets of state connections for various scenarios. For example, the global human indicator should usually
take into account data from CO2, O2 and NHs sensors as they can all pick up the footprint left by humans. When
searching for human presence near known sources of ammonia, such as public restrooms, it may be useful to
quiet down the NHs sensor.
In order to create the connections, a simple table is proposed. The sensor indicator states are used as inputs to
the look-up table and their combination leads to specific output states. These are:

- Zero: means that there is no change of state, no indication of error or otherwise any cause for alarm.

- Weak: means that there is a change of which the user should be notified.

- Strong: means that there exist multiple non-conflicting sensor indicator states suggesting the same

thing. This depends of the purpose of the indicator.
Such a table can easily be created in a spreadsheet application and imported into the core application as a
simple “;” separated text file. The default tables are provided in APPENDIX: ADVANCED LOGIC UNIT - LOGIC
TABLES (appendix 13). The standard form of the table is shown in Table 62: Typical global indicator state table.
Table 62: Typical global indicator state table

Individual | Individual Individual State
. Indication Sensor Sensor Sensor Description
#indicator . . .

strength indicator indicator indicator

input #1 input #2 input #N
Human Zero Noise Noise Normal
Human Weak Signal Noise Low
Human Strong Warning low High

Each row on this table describes exactly one state. On the 1°t column one can observe the indicator name
which is used to verify that the state described indeed belongs to a specific indicator. On the 2™ column the
target output state is stored, while from column 3 onwards the input states (of the related individual sensors)
are given. Finally, on the last column an explanatory description is provided for the output target state. This can
be anything that the user wishes to see when the specific state is reached.
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Global Indicator operation

Global indicators are implemented in such a way so as to be easily adaptable, without having to recompile the
code. This means that on start-up each global indicator reads the corresponding table from the “.csv” file and
populates internal structures. Then during runtime the individual sensor indicators are used to update the
global indicator state which is reported upstream. The two phases of operation are described individually.

Start-up operation
In this stage the core application deals with reading the text file, performing sanity tests on the text file and
populating the internal state table.

Populate internal

iz o e table matching

indicators file line by
line and carry out
sanity checks

sensor indicator input
states to global
indicator output state

Figure 142: Global indicators start-up operation

On start-up the core expects to find a corresponding csv file; otherwise it will exit. Comment lines start with #
and will be skipped, but the 1% line must be a comment containing the titles for every column. Character “:”
should not appear in the states’ file because it can interfere with the inter-communication subsystem of the
core algorithm. Additional sanity checks are performed which include checking that both input states and
output states have the correct spelling so that there will no problem translating the text file into internal
variable names.

Once all sanity checks have been passed, the text file is split according to lines (one line per changed input

state) and the output state and related input states are populated in the state table.

Runtime operation
During runtime, and specifically after the individual sensor indicators have been updated, they are fed as input
to the corresponding global indicator. The latter uses the state table as a reference to match the given inputs
to an output state which is then reported upstream.

Match the input
states to an output

Update and report the
new output state of
the global indicator

state by look up in the
states table

Figure 143: Global indicators runtime operation

Please note that if no output state is given for the input states, the reported state is “invalid”. Please also note
that prior to training any indicators that need training to correctly report state will remain at “invalid” state,
thus reminding the user that they should proceed with loading earlier trained data or commence a training
operation.

Global Indicator types
A number of indicator types have been discussed and proposed by the developers and finalized with the end-
users so as to create a system that is both easy to comprehend and analytical enough to give detailed
information. To this extent six global indicators have been proposed which can be grouped in 2 categories

- 3global indicators are related to human presence indication.

- 3 global indicators are related to e-nose and environmental status.
The exact purpose, related inputs and outputs of each are discussed in the following sections

Human Presence Global Indicator

The most direct way to sense a human in the vicinity is to check the reported levels of CO2 and O2. The human
expiration footprint contains increased amounts of CO: and reduced amounts of O.. Either of these 2
indications is interesting enough to necessitate that the user be notified of the difference, causing a weak
indication to be raised. If both of them occur simultaneously then there is a strong indication that a human may
be present, and it is reported as such to the user.
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Unfortunately, one cannot be certain of all the scenarios and conditions that the e-nose may face. For example,
increased CO2 and reduced O2 may also be the footprint of a fire. The cameras will definitely help the user
analyze the situation better, but the e-nose will aid by using the temperature sensor to assess the situation.
Thus, while for normal temperatures the indications are set, for higher than normal temperatures the output
states are adjusted to account for that. Likewise, a low temperature in the manifold signifies that the system
has not reached operating level yet.

Additionally, NHs presence is a strong indication of urine and the latter is a substance related to life. As a result
its presence strengthens the human presence indication and it is reported as such.

In summary, the current states of CO2, Oz, NHs, manifold temperature and environmental temperature are
used to determine the state of the human presence global indicator. The corresponding state table can be seen
in Table 70.

Approach (a.k.a. trend, gradient) Global indicator

The movement of the robotic platform creates transient responses in the levels of the gases as it approaches or
moves away from sources in its path. These cannot be registered just by looking at the current level of the
concentrations. Instead, an observation into the past values will help realize the trend (i.e. the slope) of the gas
concentration.

A graph showing past values will give an immediate view of the general trend to the end-user. However a graph
is also an overwhelmingly feature-rich interface which is somewhat difficult to process in real time. The
approach global indicator solves this issue by looking internally into the past values and reporting their trend.
This happens for all monitored gases that are involved in human presence indication.

Specifically, the trends of CO2, Oz and NHz are included since these are vital for human presence tracking. Then,
intuition is used to interpret each state. For example, an increase in CO2 and/or NH3 means that the e-nose is
approaching a corresponding gas source. This may very well be a live subject (human, pet, etc.). If this increase
happens simultaneously with a decrease in O, then the user gets a strong indication that they are approaching
a live subject.

Apart from the main gas sensors, external humidity and environmental temperature are tracked. The reason
for that is because human exhaling contains increased moisture and may also slightly increase the temperature
of the cavity. If this happens, there are valid reasons to get a stronger indication that a live subject is in the
vicinity, should indications from one of the 3 main sensors (CO2, Oz, NH3) exist.

Of course, there may arise situations that go against intuition. For example, an increase in both COz and Oz is
not an expected state nor is an increase in humidity while NHs is dropping. Normally, either CO2 will increase
while Oz decreases or vice-versa and NH3 will not decrease with increasing humidity. Thus, the occurrence of
such states is reported as conflicting and should not occur for prolonged durations. However, they may appear
in the short run, as sensor response delay is different across the sensors (especially in the O; sensor) and can
lead to the appearance of transient states. Additionally, if the e-nose is to be used in “special” locations, then
the trend state table may need to be adjusted accordingly (such as catastrophic event near a location where
one or more of the tracked gases exist in abnormal quantities).

In summary, if any two of the main sensors (CO2, O2 & NHs) report non-conflicting trends, then a weak
indication of “approaching” or “moving away” is reported. If all 3 provide nonconflicting trends, then a strong
indication is reported. If on top of two main sensor nonconflicting trend indications at least one of the
secondary sensors reports a nonconflicting trend, then a strong indication is reported.

On the other hand, If any of the main sensors report conflicting trends then the global indicator will remain
quiet (state: zero). If the main sensors report non-conflicting trends, but at least one of the secondary sensors
reports a conflicting trend, then the reported state will be zero. That is, even though the secondary sensors do
not have the “strength” to set the output state of the trend global indicator to “strong” on their own, their
conflicting (against main sensors) reports can quiet down (to zero) an otherwise weak or string indication. The
corresponding state table can be found in Table 71.

Point of interest Global indicator

Point of interest global indicator is by definition a unique, short-lived trigger. If any one of the individual
indicators has triggered “POI”, then a weak indication at the global level will be reached. If two or more
individual sensors trigger “POI”, then this will be reported as a “strong” indication at the global indicator level.
The individual sensors that have point of interest sensor functionality are CO2, O2 and NHs.
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Please note that due to the simplicity of this indicator, no file is associated with it. The functionality is hard-
coded directly in the main loop execution.

Flammables Global Indicator

The flammables indicator belongs to the group of sensors that are not directly related to human presence, but
aid in identifying locations where it would be hazardous for people to be trapped, or rescuers to enter. It tracks
the current levels of the combustibles and O: sensors. The reason not only the combustibles sensor is
monitored is because oxygen is an oxidizer and can help fuels burn. Therefore, oxygen reaching a level of
“toxic” will trigger a weak indication to be reported to the end-user, while if any one (or more) of the
combustibles sensor detects a signal (i.e. reaches “signal” level), then a strong indication will be reported to the
user.

Please note that no explicit state table has been generated for this global indicator and all logic has been hard-
coded in the main loop.

Toxic Gases Global Indicator

The toxic global indicator monitors all sensors having the potential to reach toxic levels. This includes CO», O,
CO and HaS sensors. It does not include the NH3 sensor due to the extremely low range in which it can operate
(up to 100ppm). The indicator will be quiet until any of the monitored gases reaches “toxic” level, at which time
a strong indication will be reported.

E-nose environmental status Global Indicator

The environmental status indicator monitors the environmental and manifold temperatures, pressure and
environmental humidity of the e-nose hardware to make sure that the system operates under normal
conditions. All individual sensors should report “normal” level of operation for this sensor to remain quiet.
Otherwise, a strong indication will be reported to the users. In some extremely unlikely case (for example when
the environmental temperature is low, or the manifold temperature is only slightly higher than normal) a weak
indication that something requires the attention of the user will be reported instead.

Pressure changes, possibly caused by blocking of the pneumatic systems entrance or exit, operation in too hot,
extremely cold, or extremely humid environments, will all be monitored and reported to the user.

Hardware status Indicators
Apart from the environmental status indicator the e-nose also monitors and reports the state of the hardware.
This includes:

- If the system has been calibrated

- If the system has been trained

- The status of the heating elements

- The status of the air pump
These are indications related to the health of the system and are updated constantly by monitoring the state
flags of the e-nose (see Table 40).

Logging

The ENALU core application has been equipped with a powerful logging mechanism. The reason is twofold; on
one hand all decisions, responses to user requests and actions should be reported and stored for future
reference and, on the other hand, the entire session should be able to be played back for educational
purposes. To fulfill the first requirement the logging mechanism has been implemented so as to report
everything that is carried out in three outputs: the command line standard output, the user interface
notification board, and the log files. For the latter, two log files have been proposed where the first logs all the
notification messages as they appear in the command line stand output and user interface, while the second
logs the input from the e-nose hardware directly.
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8.5.7. Extended GUI of the 3™ prototype

The user interface of ENALU is an integral part of the system. The core application may continue to process
incoming information without a GUI, but the user will usually only interact with the e-nose through the
graphical user interface. It is important that the interface provides access to the information in a concise and
direct way. For this reason an easy-to-comprehend layout is essential and color coding has been used wherever
possible in order to provide a subconscious connection between specific states and colors. At the same time a
more elaborate graphical user interface would help developers and power users get a more complete view of
the situation. For this reason two separate GUIs were implemented.

Extended User Interface

The main graphical user interface presents all the information that is being processed by the core ENALU
application. Namely, it shows current values, historical values (as plots), information about all sensor types and
indicators for every sensor, as well as every global indicator. Additionally, it provides a configuration interface
so that the user can configure the core ENALU application quickly using a familiar interface of buttons and
drop-down menus (and minimal typing).

Main window
The initial view of ENALU GUI also happens to be the main window. It contains (from top to bottom):
- amenu bar,
- the graph widgets of the 13 main sensors,
- the notification board (where all the logged messages from core ENALU appear, just as they will be
saved in the enosestate.log)
- quick access to several important functions (buttons on the left) and status of the hardware (colored
labels on the right)
- the ssix global indicators
All of which can be seen in the following image:
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Figure 144: ENALU GUI main window layout

Menu bar

The menu bar provides access to all commands of the ENALU core application. Specifically, it gives access to:
- the configuration window (“Edit” -> “Configuration”)
- saving and reloading settings (“File” menu)
- changing the history buffer size that is viewable on each graph (“Set Graph Range”)
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Set Graphs Range  View Graph

Last 1 Minute Alt+1
Last 5 Minutes Alt+2
Last 10 Minutes Alt+3
Last 30 Minutes Alt+4
Last 60 Minutes Alt+5
Last 120 Minutes Alt+6

Figure 145: “Set Graph Range” menu allows time window of graphs to be changed

- allows switching between different graph “screens” (that is main screen, combustibles graph screen
and zoomed in view of each sensor)

coz
02 (%)
02 (Partial Pressure)
NH3
CME
co
H2S
Pressure
External Temp
Manifold Temp
Humidity

| External Humidity
02 Temperature

Flammables

View Main Screen
Figure 146: “view graph” menu, which allows zooming in on a specific graph

- the selection menu for %LEL combustibles sensor:
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Figure 147: Combustible selection graph, which allows selection of the primary flammables monitoring %LEL

gas

Please note that when a flammable sensor is selected from the list, the selected sensor name should appear in
the quick access and global indicators toolbar left of the “trained” status indicator.

Figure 148: Currently monitored combustibles gas indicator

Main sensors screen

The main window shows the 13 main sensor graphs. Each sensor is identified by the large letters with its sensor
name in the middle of the graph. The graphs have the following layout:

Table 63: Layout of the main sensors screen

Temperatures (manifold

COo2 02 (%) 02 (partial pressure) left and 02 sensor right)

Humidity

NH3 Pressure Humidity (internal) (environmental)

Combustibles main
sensor (methane % co H2S
concentration, not %LEL)

Environmental
Temperature

Notification board
The notification board reports all messages sent from the ENALU core application. Usually the user should
expect only informative messages tagged as “INFO”. These are reported in black colored fonts and on white

background.
-20:15:26.212 INFO: trend global indicator state changed from zero to weak
- 20:15:27.213 INFO: CO2 sensor trend state changed from decreasing to steady.
- 20:15:27.213 INFO: NH3 sensor trend state changed from decreasing to steady.
- 20:15:27.214 INFO: trend global indicator state changed from weak to zero

Figure 149: Notification board containing only INFO graded messages

Should a warning occur, the fonts will be colored orange.
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- 20:27:34.348 WARNING: HUMEX: calibration does not apply to this sensor

- 20:27:34.748 INFO: calibrated zeroing for CO2: New offset = -517.00000000.

- 20:27:34.748 INFO: calibrated zeroing for O2PER: New offset = 1.06600076.
Figure 150: Notification board containing WARNING (orange) graded messages

And if errors occur the messages will be colored red.
- 20:22:59.413 INFO: Hydrogen sensor threshold state changed from zero to signal.
- 20:22:59.413 INFO: Ammonia sensor threshold state changed from zero to signal.
- 20:23:06.258 ERROR: receiving on socket failed.
- 20:23:06.258 ERROR: connection to server is lost

Figure 151: Notification board containing ERROR (red) graded messages

When warnings or error messages appear, the background color will also be painted accordingly. The reason is
so the user will not miss a warning or error message that has been quickly scrolled up because, in the
meantime, many messages have appeared.

Once the user has scrolled up and viewed the warning/error messages, they can press the button “Clear
Colors” in order to color the background of the notification board white again. Finally should the user require
to clear the notification board, they can press “clear log” button.

Commands: | Clear Log | |_Clear CO|0LIFSJ

Figure 152: Buttons to clear log messages, or clear the background color of the notification board

Quick access buttons and global indicators

|C0mmand5: Clear Log Clear Colours Activate Heater Activate Pump ibrate Se Train Sensors | | | sec [ Methane - - - -

Figure 153: Detailed view of the quick access button and global indicators

The quick access buttons are shown in the top left corner and they include (from left to right):
- button to clear the messages in the notification board (“clear log”)
- button to clear only the background colors of the notification board (if non-white)
- an “activate-deactivate heater” toggle button
- an “activate-deactivate pump” toggle button
- a“calibrate sensors” button which performs zero calibration on all sensors
- a “train sensors” which can be used in the field on the right of this button contains a valid training
duration (1-3600 seconds)
- abutton with “...” which provides access to the configuration window
The indicators of the top row include:
- anindicator of the selected combustible gas %LEL virtual sensor (currently “methane”)
- anindicator for the training state of the system (green = trained, red = not trained)
- an indicator for the calibration state of the system (green = two point calibrated, orange= zero
calibrated, red = not calibrated)
- pump status (green is ON, red = OFF, pressing “activate pump” button should turn this led green)
- heater status (green is ON, red = OFF, pressing “activate heater” button should turn this led green)
- color coded: trained, calibration and hardware status are shown on top right corner
Then, on the 2™ row, the 6 global indicators are shown (again from left to right), all of which have the following
color code: green = zero (no indication), orange = weak indication, red = string indication:
- the human presence global indicator
- the approaching indication
- the point of interest (Hot Spot) indicator
- thetoxic indicator
- the combustibles indicator
- the environmental status indicator

Enlarged window
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The zoomed-in window refers to an enlarged version of the graph of any one of the sensor graphs from the
main screen. The user can right-click on any of those graphs and the selected graph will occupy the whole main
sensor graph screen. This way the user can get a clearer view of the specific sensor graph. It also possible to
navigate to “view graph’ menu and select the sensor desired to get the same effect.

Enlarging is available for all the sensors of the main screen.

To return to the main sensors screen the user can right-click on the enlarged graph or navigate through “view
graph”

menu, or even press “m” on the keyboard.
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Figure 154: Enlarged sensor graph

Sensor graph widget
At the heart of the GUI the sensor widget contains all the information related to a single sensor. This includes:
- The current instantaneous value (CVR) and blue line in graph
- The current average value (CV) and red line in graph
- The units of values for this sensor
- The calibration state of the sensor (color coded on the units’ label. Red=non calibrated, orange= zero
calibrated, green=two point (fully) calibrated)
- The training state of the sensor (color coded on the CVR label: red= not trained, green = trained)
- The threshold sensor type indicator (bottom left)
- The approach sensor type indicator (if applicable to specific sensor, empty otherwise)
- The point of interest sensor type indicator (if applicable to specific sensor, empty otherwise)
- The threshold levels related to the specific sensor (shown as colored horizontal strips in the graph).
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24000 Average
Threshold Instantaneous (red) value
18000
— zones strips (blue) value
E 12000 F
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§ Color: CoI.or.
0F Training Average Calibr.
Instantaneous tat status
Threshold | Approach | POI value status value
indicator indicator indicator : ]
20:13:00 20:13:15
Timg since Epoch (sec) l l l
BN Foungsis RPOMMMN o eso0 @M 000 N

Figure 155: Typical sensor widget

Especially for the threshold horizontal in the graph above, the user can see that there are 4 levels as expected:

“Zero” : with red color at the bottom
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- “Noise”: with grey

- “Signal”: with orange/yellow

- “Toxic”: with red at the top

- The extremely low or high values (that are never expected to be travelled by graph lines are white
The user can hover with the mouse over the graph to see specific value of the graph exactly under the x-axis
value of the mouse cursor as shown in the following figure. The graph values will appear in correspondingly
color-coded boxes at the bottom left:
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440
400
360

€02 (ppm)
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C1533.00) . ! :

\00:09:45700:10:00 00:10:15
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noise Stéad AORE CV: 450.00 | MRy 523.00 ppm

Figure 156: Hover with the mouse to find the current values at the x-axis location of the mouse

Color coding

Extremely important for the user is to understand the color coding of the graphs because ultimately this will
help accelerate the process of quickly identifying if something is wrong. As a result, each color that appears on
such a sensor widget has a certain “meaning” attached to it:

- Green: means “normal” , or that no hazardous levels have been reached for flammable and/or toxic
gases

- Grey: means “uncertain if anything here”. This is because vales that have appeared during training as
“non-significant” cannot be identified differently at a later stage by the e-nose.

- Red: means “(potential) hazard”, whether it is for the trapped subject, the rescue crew or even the e-
nose electronics. This is different from the global indicators where red may indicate hazard, or strong
indication that a trapped subject is present and e-nose has picked his/her signal up.

- Yellow/orange: means “operator attention is requested”. This is either because one of the human
presence tracking indicators has spotted someone (or its threshold level is “signal”) or because one or
more of the sensors are in “warning” state.

Viewing a different window size
By navigating to the menu “Set Graphs Range” , the user can view a variety of historical graph data. Available
time ranges are: 1, 2, 5, 10, 30, 60 and 120 minutes.

Panning and zooming

By default the graphs track the latest value which appears at the right-most side of the graph and is updated
every second (in real time). If the user wishes to view some part of the graph that has moved out of view, they
need to first “disengage” the auto-shifting of the graph. To do that the user should double (left) click on the
graph to disengage the graph auto-sifting. Pan (by left mouse dragging) and zoom (by mouse wheel) are now
enabled. To return to auto-shifting state the user should double-click again on the graph.

In order to avoid forgetting when graph auto-shifting has been disabled, the x-axis of the specific sensor graph
is painted yellow.
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Figure 157: Disengaging the auto-shifting of the real-time graph in order to manually pan and zoom

Internal Communication (E-Nose, Advanced Logic Unit, GUI)

The e-nose follows a modular design in order to implement requirements. As a consequence, different systems
must be connected and communicate. Different parts of the information path have different technical
requirements, which in turn lead to different technologies being used. This is discussed briefly in the following
sections

E-nose hardware to ENALU communication

Communication between the hardware and the core ENALU application is implemented as a “fire and forget”
transmission from the e-nose point of view; the core ENALU is constantly listening for new data. The firmware
on the hardware sends data to the core and expects that it will be received. A good communication channel is
vital. Its absence means that no processing can be performed. It is thus important to maintain an open and
established connection for the entire duration of a rescue operation. If the connection gets dropped, the e-
nose will immediately be notified and will try to reconnect. Additionally, it is useful to secure the data
transmission so as to avoid receiving erroneous values.

For these reasons it seemed preferable to use TCP protocol rather than a connectionless one. The established
connection offered by the protocol ensures that the core application can “sense” the potential absence of the
e-nose and report it immediately to the user. Simultaneously, it can continually try to re-establish the
connection so that when the hardware becomes available again, it can continue from where it left off.
Additionally, error checking that is inherent in this type of protocol will ensure that the correct data reaches
the core ENALU application.

Moreover, the length of cabling that is necessary to provide enough “freedom” to the e-nose hardware renders
the serial connection inadequate. To this extent a serial to Ethernet device (xport) has been used which buffers
and translates serial streams into Ethernet ones. It provides full duplex communication and is permanently
attached to the embedded system of the e-nose hardware.

ENALU to GUI communication

The connection between the ENALU core application and the user interface follows a radically different
philosophy than the one between the core and the hardware. In this case, the requirement is for one-to-
multiple communication receivers scheme where the source is the core ENALU application while the
destinations can be one or many user interface units and one or more central storage facilities. These
destinations may, or may not, exist for the full duration of the rescue mission, and even when present, they
may appear and disappear as communication to those receivers may take place over wireless channels.

It was decided to use a connectionless protocol, namely UDP, which enables simple broadcasting of the data
while closing the connection at the end of the transmission. To be more precise, the open sound control (OSC)
protocol has been selected which offers a library (“oscpack”) that can be used to send primitive data types and
strings over a UDP stream. The version of the library used (which has been compiled dynamically as a shared
object) is 1.1.0.
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8.6. Electronic nose testing (verification)

The following tests are performed to evaluate the hardware platform mostly and some aspects of the software.
For this reason, the raw measurement values (CVR) and the filtered values (CV) are displayed in graphs (Y-axis
in a volume concentration unit). The X-axis is time, a time stamp is used, but it also corresponds to seconds and
sample number. In some tests, the sensor output was not zeroed so that a better understanding of sensor
performance could be gained.

8.6.1. Victim localization tests

Breath-based detection Test 1 (approaching test)
This confined space test is the most realistic test performed in controlled, but close to realistic scenarios (from
the perspective of air conditions). The test utilized a closet that was sealed with food wrap with a human test
subject inside it. For safety reasons, a ventilation opening was always present that ensured adequate amounts
of fresh air and no chance of suffocation of the test subject. The test subject was constantly under supervision
and was provided with instructions and the means to escape any time he deemed it necessary. The setup and
test procedure were very similar to the experiments carried out with the second prototype of the e-nose, with
the following changes:

1. The Third prototype intended to be integrated in the robotic platform was used.

2. The completed graphical user interface was used (the version that provides full functionality and is

intended for development, testing and training purposes)
3. The ventilation opening of the closet was connected to a ventilation tube (20cm diameter and about
90cm in length) to simulate the access path of a survival space under a pile of rubble.
The e-nose was operated in the full power mode (heater enabled), and a sampling tube was connected to the
input interface to facilitate scanning. Prior to carrying out the measurements of the test procedure, the e-nose
was left to warm up and reach the operational temperature of the full power mode. When warm, the sampling
input was placed outside the window and the system was calibrated (1 point calibration — assuming the air
outside the building had nominal concentration values). After completion, the sampling input was brought
inside and the electronic nose was trained for three minutes (180 seconds) to automatically determine the
noise and signal thresholds of the current location.
The following picture illustrates the setup.
Cl

\

Figure 158. The confined space and breath-based victim localization test for the 3™ prototype of the e-nose

The experiment goals were the following:
1. Verify the victim localization capability of the e-nose.
2. Verify the functionality of the auto training.
3. Verify the functionality of the victim localization indicator signals, for individual sensors and the global
indicators.
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4. Measure the response of the e-nose in various positions inside a ventilation shaft (tube) of a confined
space when a human is inside.
5. Measure the response of the electronic nose when crossing in front of a ventilation opening.
A summary of the experiment results when moving the sampling tube from the environment into the closet
through the ventilation shaft are collected in the following table:
Table 64. Results summary for the experiment of going into a confined space via a ventilation tube

Location = Outside | 10cm inside tube | 50cm inside tube | 80cm inside tube Inside closet
Output | tube
CO, (ppm) 472 523 545 702 2081
0, (mbar) 213.30 213.23 213.20 213.16 212.16
[0,] (%) [20.95] [20.94] [20.93] [20.93] [20.82]
Weak: CO2...
Human indicator Normal Normal Normal
Weak:
Approaching ind. Zero Zero Zero approaching
Hot Spot ind. Zero Zero Zero Zero Zero

The following picture illustrates an interface caption when the e-nose sampling tube was moved from 80cm
inside the tube to inside the closet. Global indicators are on the bottom (left to right: human presence,
approaching, Hot Spot, toxic, combustibles, status); individual indicators are on the bottom of each sensor’s
measurements plot; thresholds are displayed on the plots with different color coverage of the background.
Color coding is the following: global indicators zero = green, weak = orange, red = strong. Thresholds —
background color coding is the following. OK = green, noise or nothing = gray, signal = orange, hazard = red.
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Figure 159. Human presence and approaching indicator triggered when moving inside the confined space

The ventilation tube was removed and a single ventilation opening was present on the closet. The sampling
tube was passed slowly in front of the opening. A summary of the experiment results when moving the
sampling tube in front of the closet opening are collected in the following table:

Table 65. Results summary for the experiment of crossing a ventilation opening

Location = At At end of After After After
Output | Opening Opening Opening 1 Opening 2 Opening 3
CO, (ppm) 421 508 1211 471 458
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Location = At At end of After After After
Output | Opening Opening Opening 1 Opening 2 Opening 3
0, (mbar) 213.40 213.39 212.25 212.73 213.13
[0,] (%) [20.94] [20.94] [20.83] [20.87] [20.91]
Human indicator Normal Normal Normal Normal
Weak: moving Weak: moving

Approaching ind. Zero Zero away away

Hot Spot ind. Zero Zero Zero Zero Zero

The following picture illustrates an interface caption when the electronic nose sampling tube had reached the
end of the ventilation opening.
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Figure 160. E-nose system output when crossing the ventilation opening of a human-occupied confined space
with the electronic nose.

Conclusions

The victim localization capabilities of the electronic nose were successfully verified for the 3™ prototype. The
response of the e-nose inside a ventilation shaft is not linear as also observed in other experiments. This means
that the e-nose might not always register human presence indicators at the beginning, or even at the middle of
the access path to the void. To have conclusive results, the e-nose must be placed inside the cavity of interest
where the conditions allow for the maximum response to be generated. The auto training functionality of the
e-nose performed very well since the individual sensor indicators did not produce false positives and they
correctly produced positives when they were expected to. The global indicators performed satisfactorily. The
human presence indicator performed very well, always pointing out conditions where human presence signs
were within detectable limits. The approaching indicator performed well for longer approaching events (when
the human presence indicators rise for more than 20 seconds) correctly indicating weak and strong status. For
short approaching events (when the human presence indicators rise for less than 20 seconds) the approaching
indicator did not produce the strong status due to the underlying latency — response time of some of the
sensors and the filter delay. The e-nose did not produce any Hot Spot indicator signals for the very short
approaching events (passing fast in front of a ventilation opening) since it is configured not to do so when the
human presence global indicator is not triggered. As a general rule of thumb, the human presence indicator is
adequate for most situations. For situations where the human presence indicator is triggered in a large void or
the access path towards a void, the approaching indicator will help determine the correct direction for
movement. The Hot Spot indicator further assists the search pattern and localization by providing the
detections of peaks of human presence. Another alternative would be to retrain the e-nose inside the system
and only use the human indicator.
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Breath-based detection test 2 (Hot spot test -with balloon)

This breath-based test is configured in such a way that the victim localization indicators, and especially the Hot
Spot indicator, can be tested without having to place a human subject in a confined space. For this, the
following apparatus is created. A balloon is inflated with exhaled air and is mounted on a tube that has a
configurable flow control vane and an output nozzle. The vane and nozzle are configured so that a small
amount of exhaled air is steadily released into the atmosphere, creating a small increase of the human
presence indicators near the nozzle’s output. This setup simulates the entrance of a confined space with a
victim inside. The following picture illustrates the apparatus.

Figure 161. Apparatus for creating a small, steady and controlled exhaled air flow.

The experiment procedure was the following: The electronic nose was operated in the full power mode (heater
enabled), and a sampling tube was connected to the input interface to facilitate scanning. Prior to carrying out
the measurements of the test procedure, the e-nose was left to warm up and reach the operational
temperature of the full power mode. When warm, the sampling input was placed outside the window and the
system was calibrated (1 point calibration — assuming the air outside the building has nominal concentration
values). After completion, the sampling input was left outside and the e-nose was trained for three minutes
(180 seconds) to automatically determine the noise and signal thresholds of the current location (the external
fresh air). It was performed this way so that when the sampling input was brought inside the office where
people were present, the human presence indicators would be triggered. The goal was to have the human
presence global indicator permanently triggered and test the Hot Spot indicator when increased human
indicators are present momentarily by applying a more concentrated breath sample via the balloon. This was
achieved by opening the valve controlling the air release from the balloon and momentarily bringing the e-
nose’s sampling input close to the nozzle and then moving it away. A summary of the experiment results when
moving the sampling tube in front of the valve nozzle are collected in the following table:
Figure 162. Results summary for the experiment of detecting a Hot Spot

Location - Outside Inside Close to Away from Away from
Output | Office Office Nozzle Nozzle 1 Nozzle 2
CO, (ppm) 412 861 1054 1121 1159
0, (mbar) 213.44 212.45 212.33 212.19 211.96
[02] (%) [20.96] [20.86] [20.85] [20.84] [20.82]

Human indicator Normal

Weak: Weak:
Approaching ind. Zero Zero Zero: approaching approaching approaching
Hot Spot ind. Zero Zero Zero Zero

The e-nose produced the indicator signals when close to the nozzle as illustrated in the following picture.
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Figure 163. E-nose system output when momentarily exposed to high human presence air conditions.

Conclusions
The Hot Spot indicator tested with the balloon setup performed well, indicating the position of the maximum

human indicator signs (works on raw values —CVR). The human indicator performed as well as anticipated. The
approaching indicator in this case performed as expected, indicated a weak approaching signal while the
sampling input tube was moved away from the Hot Spot because it is based on the filtered values. This should
have not been the output for the ideal response of the system which is to produce a moving away signal. This
behavior, though, can be anticipated by the operator when he has knowledge of the operating topography that
is provided by the optical cameras of the robotic platform. Also, this scenario is not the typical scenario and
represents the most difficult case for victim localization (for the e-nose when human presence signs are
elevated in a large cavity. This issue can easily be overcome by retraining the e-nose inside the confined space
and using the e-nose with the human presence and approaching indicators. Another option, but not for the
typical user, would be to monitor the raw values (CVR) of the sensor measurements in such difficult cases.

NH; detection test
A test of NH3 gas detection was performed with the following procedure: A solution containing a small

concentration of ammonia was brought close to the input interface of the e-nose. The ammonia solution used
was a “15ml Salkano mosquito stick”. The e-nose was operated in the full power mode (with the heaters turned
ON and the temperature of the manifold at the set point temperature). The sampling pump was operated for a
while before momentarily exposing the electronic nose to the ammonia fumes. The following graphs illustrate
the results.
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Figure 164. CO, H,S and NH; sensor response to ammonia gas (mosquito bite stick)

Figure 165. Ammonia containing product used for testing

The sensor responds well to the ammonia fumes contained in the product. No cross-sensitivity is noticed in this
experiment with other sensors of the system. The sensor also exhibits a good and fast recovery to the base
signal levels after the excitation source is removed.
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8.6.2. Hazardous conditions in the air detection tests

Carbon Monoxide (CO)

A test of CO gas detection was performed with the following procedure. The input interface of the e-nose was
connected to a sampling tube so that air from a sampling bag could be directly fed into it. The e-nose was
operated in the low power mode with the heaters turned OFF and the temperature of the manifold at the
environmental temperature. A sampling bag (volume of approximately 1 liter) was filled with the exhaled
smoke of a smoker (a puff of smoke originating from an unfiltered cigarette with aromatic tobacco). The e-nose
was operated for some time (pump enabled) and then the sampling bag was connected to the sampling tube.

The following graphs illustrate the results.
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Figure 166. Left to right: Response of the CO, H,S and Combustibles sensors to exhaled cigarette smoke
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Figure 167. Left to right: Response of the CO,, O, and NH; sensors to exhaled cigarette smoke

The figures illustrate a good response and exhibit the expected behavior. The CO sensor detects a large
concentration of CO and, at the same time, the H,S and NHs sensors show little cross-sensitivity. The H,S sensor
has a CO capturing filter for this purpose so that CO and H,S can be distinguished. The NH3 sensor’s response to
the CO is negative compared to the positive response to NH; gas and is not an issue for the system. The CO,
and O, sensors correctly respond to the exhaled air.

Combustibles

A test of combustibles gas detection was performed with the following procedure. The e-nose was operated in
the low power mode with the heaters turned OFF and the temperature of the manifold at the environmental
temperature. A cigarette lighter was triggered to emit gas, without igniting it, directly into the air sampling
input of the e-nose while the pump was active. The following graphs illustrate the results:
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Figure 168. Left to right: Response of the CO, H,S and Combustibles sensors to cigarette lighter gas
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Figure 169. Left to right: Response of the CO,, O, and NH; sensors to cigarette lighter gas

The figures illustrate a good response of the sensors to the gas (5% methane is 100%LEL) and expose the cross-
sensitivity of the CO, sensor to the combustible gas used. This is not a problem for the system because the
advanced logic unit can detect this case and report the correct output indicators.

Hydrogen Sulfide (H;S)

The concept with these tests is to show the capability of detecting the target gases, but not necessarily in
hazardous concentrations. The H,S detection case required the e-nose to be portable so that a scan could be
performed in various sewer/ gutter openings. A long sampling tube, an Android tablet, and a battery pack were
connected to the e-nose. Only raw values were acquired, but this was not an issue for the type of experiment
and operator/ developer. The user interface and advanced logic unit were not ported, and will not be, on this

type of tablet.

The following picture illustrates the portable configuration for this test:
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The scanning of various potential areas was performed, but no H,S was detected with either the e-nose or with
the operator’s sense of smell (H,S has a rotten eggs odor). For this reason “stink bomb” vials (H,S based) were
used instead.

H,S detection via stink ampoule

The tests with the stink ampoules were conducted outdoors for obvious reasons. The particular ampoule

purchased (www.clevermarket.gr) contains a solution of ammonium sulfide.

www.kristofer.gr

STGONB N

Figurel. Ampoule with ammonium sulfide for H,S testing

When the ampoule is broken, the release of ammonia and hydrogen sulphide is expected. The following
procedure was followed for conducting the experiment:

The e-nose was used in the portable configuration to acquire measurements. The pump was operated
constantly — ON. A 1.5 liter water bottle was cut so that a deep cup (gas chamber) was formed. A flat stone was
placed on the bottom of the cup. The ampoule was placed on the stone. Another stone was used to cap the
ampoule. The cup with the ampoule and stones was forced on the ground and the ampoule broke releasing its
contents. The e-nose’s sampling interface (extended via long tube) was brought close and was placed in the
cup chamber.
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Figure 172. H,S detection test apparatus

The following picture illustrates the measurements:
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sulfide solution)

The H,S measurement was not as high as expected compared to the ammonia sensor output. The other
sensors did not exhibit any significant sensitivity. The release of H,S was boosted by exposing the ammonium
sulfide to a weak acid. A piece of orange was squeezed on the spot directly into the cup (orange juice) and the
cup was covered by hand to momentarily increase the concentration. The following figures illustrate the

results:
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Figure 175. The CO, H,S and NHj; sensors response from exposure to a stink ampoule (ammonium sulfide
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Figure 176. The CO;, H,S and Humidity sensors response from exposure to a stink ampoule (ammonium
sulfide solution)

The sensor performed as expected, both ammonia and H,S sensors produced a significant response. At very
high H,S concentrations, it seems the CO, sensor shows some sensitivity. This is not an issue for the system
because detection of such high levels of H,S indicates a very dangerous atmosphere and the survivability of
trapped victims, especially for prolonged durations, is very unlikely. The carbon monoxide sensor did not
register any noteworthy response. This experiment is considered successful and verifies the capability of the e-
nose to detect and measure hydrogen sulfide gas.

Conclusions
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The detection and measurement capability of the electronic nose for the specified hazardous gases was
successfully verified with practical methods and off-the-shelf materials.

Power consumption in various modes of operation
The e-nose, without the Ethernet module installed, was tested to determine the actual power requirements in
the available operating modes. The voltage applied was 12V in order to determine the requirements for a
battery pack in case of making the device independent from the robotic platform. This configuration was used
to power the e-nose for the H,S tests. The following table lists the results:

Table 66. Power consumption in various operating modes

Condition Voltage(V) Current (mA) Power (W)
Idle 12 90 1.08
Pump ON 12 150 1.8
Heater ON 12 210 2.52
Pump and Heater ON 12 270 3.24

According to these measurements, taking into account the AA energizer battery*, the e-nose could operate for
at least three hours, in full load, until cell voltage reached 1.2V and the power supplies crossed the under
voltage threshold and turned OFF (when using eight cells).

*http://data.energizer.com/PDFs/E91.pdf

8.7. Second field tests P3 — End-user Validation

The e-nose system was tested in a field test that took place in Weeze, Germany at a USaR training facility [102].
Here the system was tested stand-alone, as a physical device, and integrated considering its data
intercommunication with the other higher level systems. In this work, only the detection and results
presentation aspects of the stand-alone e-nose system are presented. The victim localization aspects were
validated by searching for victims from the surface of the rubble pile. The e-nose system was stationary and a
long air sampling tube was used to scan the openings in the rubble for human presence indicators. Figure 177

seal | | Chamber/ Seal with a 20x20cm
Tube opening

| ' .
Cross section Cross:section

Cement tube
Seal - cardboard

Opening

Figure 177. The victim's survival space used to test the
e-nose victim localization capabilities.
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illustrates the victim’s placement. A large diameter concrete tube was used as the survival space. One end of
the tube was sealed, while the other had a cardboard seal with an opening of about 20cm x 20cm that could
easily be removed for the volunteer victim to enter and exit the space. The e-nose’s air sampling input was
connected to a 4m long air tube so that a scan could be performed on the surface of the rubble. The following
picture illustrates the actual location.

Figure 178. The volunteer "victim" while entering the confined space 20 minutes before
demonstration.

$ -

the e-nose test and

Placing the sampling tube in the opening of the chamber should trigger the e-nose victim detection indicator.
Figure 178 illustrates the survival space and the volunteer victim entering it approximately 20 minutes before
the demonstration. Figure 179 illustrates the presentation and demonstration configuration for the victim
localization and hazardous detection tests. The e-nose system is the yellow block placed on the edge of the
table seen in the centre of the picture. Next to it, on the right, is the control interface laptop. In front of it is a
bottle with an orange cap used for H2S gas testing. The confined space can be distinguished in the background
behind the e-nose. The air sampling tube was used to scan the area of the rubble pile around the e-nose.
Hazardous condition detection was performed with test gasses contained in air sample containers. No confined
space had its air converted to a hazardous composition of any kind. The same approach was used for ammonia
detection. H2S was generated from a stink ampoule by breaking it inside the bottle with the orange cap. A
combustible atmosphere was created with a gas cigarette lighter, and CO was tested with exhaled cigarette
smoke. NH3 was sourced from a mosquito bite stick that includes a small concentration of ammonia. The
following picture illustrates the presentation/demonstration location.
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Figure 179. The e-nose demonstration for victim localization and hazardous conditions detection capabilities.

The interface presented to the operators was the one for development and testing purposes (the same
interface could be used for training and maintenance purposes) with the explicit directive to focus their
attention on the global indicators portion of the screen and ignore the individual gas concentration plots.
External, to the laptop interface, labels and viewing blanks were introduced in order to guide the observers to
view the correct portion of the display.

Test scenario
The test and demonstration scenario had 7 distinct cases. These cases are the following:

Case (1) Before deployment into the rubble the calibration parameters were applied and the e-nose
trained to local conditions.

Case (2) A search was performed near the area where the victim was entrapped, monitoring the output
from the e-nose. The e-nose air sampling tube was placed near and inside the space with the
trapped victim. Signs of human presence were detected. The e-nose was removed from the
void.

Case (3) The e-nose sampling tube was placed at the opening of a bottle containing a gas mixture of H2S.

Case (4) The e-nose sampling tube was placed at the nozzle of a cigarette lighter containing a
combustible gas.

Case (5) The e-nose sampling tube was blocked to simulate filter blockage.

Case (6) Exhaled air was blown over the sampling tube to acquire toxic concentrations of CO».

Case (7) Exhaled cigarette smoke was blown over the sampling tube to acquire toxic concentrations of
Co.

Measurements and description

The following picture illustrates the measurements of the complete test and demonstration which includes all
the aforementioned cases after their completion as seen in the e-nose interface. The timeframe was selected
so that all events are displayed. Because of the large span of the measurements it is not very easy to distinguish
detection events, especially those with a small gas concentration. Following the complete test and
demonstration measurements are more detailed captions of the interface for each of the aforementioned
cases of the scenario, indicated on the graphs as numbers in parenthesis (#), corresponding to case number.
The interface includes the measurement plots, the individual indicators, the current value, the average value
bellow each plot. On the bottom of the interface are the global indicators. For all plots, the most recent
measurement is the rightmost value. Individual indicators are calculated based on the most recent data for the
type of indicator. Global indicators are calculated based on the values of individual indicators at the current
moment. For the human detection case, multiple interface plots are shown in order to illustrate, as much as
possible, the actual response of the system while being tested without “knowing/seeing” future measurements
in an effort to recreate the operator’s experience during the test. Table 67 summarizes the measurements and
the ENALU output of the test.

Page 209 of 256



An e-nose system for victim localization
and hazard detection in USaR Operations

EnoseWindow

File Edit Set Graphs Range View Graph Monitored Flammable Help
! 23,2 ! 234 F T T
18000 | 1 ] ] 40,08 [ 1 39.4 F ]
224 28
12000 |- 5 g 7 b ol N b
(1) (2) z - | ~ 39.3
— 6000 | 5 > 216 7 8 ] 15
8 3992 = L
g \ 2 E a6l s g 392
2 oF - 5 208 z £ 8
8 g 5 210 g 3984p O 391}
O A < = L
-6000 - (6) 4 ~ o = 1
° o e 204 | 39.76 | 30l
-12000 - i 4
L 39,68 |
. 19,2 198 389 L
-18000 [ 20 ] ] ]
lo.ol, i i i i i i i i i . . 39,6 . . i . I i i i
15:53:20 16:00:00 16:06:40 16:13:20 15:53:20 16:00:00 16:06:40 16:13:20 15:53:20 16:00:00  16:06:40 16:13:20 15:53:2016:00:006:06:406:13:20 15:53:2006:00:0006:06:4M6:13:20
Time since Epoch (sec) Time since Epoch (sec) Time since Epoch (sec) Time since Epoch (sec) Time since Epoch (sec)
noise |[BMiAG AOPOIN| Cv: 408.33 [EWRI 446.00 ppml noise |SEEEEY| RGPOI CV: 2095 [CWRE 2098 B noise |EppioE|ABPOIN cv:  213.34 EWR 21352  fbaE  fAeRm [ |cv: 39.86 |EWR 39.75 oC | |fGm| [ |cv: 39.14 |EWRY 39.10 oC
T T 1040 T T T 22,89 . . .
=T 1032 22,875 322
8r F
- 1024 {5} 22,86 | & 3185
—_ . E - —_ e >
S 2 £ g
= = 1016 > 22,845 E 315f
e O g s Z
T 4t & 1008 § maesl T 3L15[
= Bl £ e T - g
sl 1000 22,815 & 3s08f
-12f 992 228 [ 30,45 |
L . . . . L L . L . I L L L I L
15:53:20 16:00:00 16:06:40 16:13:20 15:53:20 16:00:00 16:06:40 16:13:20 15:53:20 16:00:00 16:06:40 16:13:20 15:53:20 16:00:00 16:06:40 16:13:20
Time since Epoch (sec) Time since Epoch (sech Time since Epoch (sec) Time since Epoch (sec)
noise |GiEE@Y| ABPON Cv: 002  (EWRY  -0.47  DWppW fGrmal | [Cv: 1013.25 |EWRE 1013.25 [filiaF fdiimel | SEesdy| |cv: 2284 |EWRE  22.84 % | icfmali| SESHENNN [cv: 31.37 CVR: 3118 %
T T 240 T 135 F T
3F 1 ] ] 344 F 1
T of 1 160 ] 9 1 343 F ]
<
£ =
g 4t 1 a0 i 45 18 32t
§ E £ § 34,1
= A E
7 s g2 o0 g ot Aty Al || E
2
2 8 § 2
] s
gt (4) : -80 (74 -45F (3) 1| &
2 — 339F
£
s 2L
o 7 -160 ] -9 - ] 338
3L
. . . . ] -240 . . i f ] -135 1 L . 1 ] BITE . . . . ]
15:53:20 16:00:00 16:08:40 16:13:20 15:53:20 16:00:00 16:06:40 16:13:20 15:53:20  16:00:00 16:06:40  16:13:20 15:53:20 16:00:00 16:06:40 16:13:20
Time since Epoch (sec) Time since Epoch (sec) Time since Epoch (sec) Time since Epoch (sec)
zero | [ [Cv: 000 [EWRY 000 PEMESHRERE [GWIN [cv: 174  [EWRE 128 ppm oW [ [cv: -003 [EWR -002  ppm AGFMAININ SEEdyIN [cv: 34.06 CVR: 34.06
| .
Commands: = Clear Log | Clear Log BG| | |Activate Heater! I Activate Pump I I Train Sensors | |120 sec I I { Methane I - { - -

HUMAN zero: nomal state (no human exists in the vicinity)
Figure 180. All test scenario measurements are illustrated in this e-nose interface screenshot.
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Case (1) — Application of calibration calculation to raw measurements. The sudden change (step response) of
the measurements is a result of printing the corrected values after the uncorrected values. A large step
indicates a large correction was applied to the raw sensor measurements. After loading calibration data, the e-
nose can be retrained on the local air conditions to determine the detection thresholds that are not fixed
values.

Case (2) - Victim localization captured progression is illustrated in the following pictures. The gases of interest
for victim localization are CO2, Oz and NHs. For a detailed description of the user interface and the calculation
of the indicators see 8.5.6 Global Indicators — calculation and 8.5.7 Extended GUI of the 3™ prototype.

In Figure 181 the e-nose sampling tube was used to scan over the rubble pile where no victim was present. No
indicators are triggered while the e-nose is properly configured and active. The interface’s timeframe was
configured to be 1 minute so that only the measurements of the last minute are displayed and affect the
autoscaling of the vertical axis (concentration).

In Figure 182 the e-nose air sampling interface is brought close and then is inserted inside the cavity with the
victim. A weak (global) approaching indicator is triggered, driven by the CO: (individual) approaching indicator.
No human presence indicator is triggered yet because none of the human presence gases have reached the
signal threshold levels indicated by the orange color section of the plot. To trigger the Human indicator the
filtered-average value of the measurements indicated with the red line/trace must be in the orange region of
the plot. The interface’s timeframe was configured to be 1 minute.

In Figure 183 the e-nose sampling interface continues to sample air from inside the victim-occupied cavity. A
weak human indicator is triggered, driven by the CO: signal indicator. The (global) approaching indicator
continues to register a weak state. The Point of interest (global) indicator is triggered driven by the CO2
(individual) POl indicator. The interface’s timeframe was configured to be 1 minute.

In Figure 184 the e-nose sampling interface continues to sample air from inside the victim-occupied cavity. The
human indicator continues to hold a weak state driven by the CO2 signal indicator. The (global) approaching
indicator continues to register a weak state. The Point of Interest (global) indicator continues to register a weak
state driven by the COz (individual) POl indicator. The interface’s timeframe was configured to be 1 minute.

In Figure 185 the e-nose sampling interface continues to sample air from inside the victim-occupied cavity. A
strong human indicator is triggered, driven by the CO2 and O signal indicator. The approaching and POI global
indicators are cleared indicating that the air conditions inside the cavity are steady and that the sensors have
settled/converged. The interface’s timeframe was configured to be 3 minutes.

After this, the indicator states remained steady. The e-nose air sampling tube was removed from the victim-
occupied cavity in order to proceed with the Hazardous condition detection tests. At this point the priority
(validity) of the global indicators should be relisted: First, with the highest priority is the status indicator. If the
e-nose for any of the mentioned conditions is not in optimal status, the e-nose outputs might not be valid.
After the status indicator follows the combustibles indicator because high concentrations of combustible gases
although cause only a small cross-sensitivity can create false positive human indicators. After the Combustibles
indicator follows the Toxic indicator since high levels of some of the toxic gases can affect the human presence
indicator. Last, with the lowest priority, are the Human presence indicator, the Approaching indicator and the
Point of Interest indicators. Some of these priorities can be programmed in the indicator calculation logic as
part of the Human indication text displayed to the operator.
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Table 67. Summary of results for case (2): Searching outside the cavity and then moving inside. NHs readings
did not measure significant change.

Summary of victim detection results when entering inside an occupied confined space

Location— Away f_rom Entrance of opening 1 Inside survival space 2 Inside survival space 3 Inside survival space
opening
Output |
Detailed measurements | Figure 181 Figure 182 Figure 183 Figure 184 Figure 185
CO; (ppm) 445 531 655 2050 2100
0(%) 20.97 20.97 20.97 20.93 20.88
[O2](mbar) [213.55] [213.52] [213.5] [213.06] [212.55]
Human indicator Normal Normal Weak: Transition state... | Weak: Transition state...
Approaching indicator Zero Weak: Approaching Weak: Approaching Weak: Approaching Zero
Hot Spot indicator Zero Zero Weak Zero Zero
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Figure 181. Case (2). Scanning far away from the survival space
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Figure 182. Case (2). Scanning the entrance and then inside the survival space. Approaching indicator is triggered
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Figure 184. Case (2). Sampling inside the survival space. Human presence indicator is still weak but the O sensor is converging. This maintains the Approaching indicator
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Figure 185. Case (2). With the sampling tube inside the survival space, a strong Human presence indicator is triggered.
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The following pictures illustrate the detection of hazardous conditions of case (3) to case (7).

In Figure 186, case (3) is illustrated. The e-nose sampling tube was inserted in a sample bottle that contained a
mixture with H>S and was removed after about 10 seconds. The timeframe of the plots was set to 5 minutes.
The main plot of interest is that of H2S. A strong (global) Toxic indicator was triggered driven by the H2S sensor
(individual) toxic indicator. A small increase in the measured NHs concentration can be observed which could
be attributed to cross-sensitivity of the sensor, or that there was an actual presence of NH3 in the sample
mixture —stink ampoule. A small decrease of the 02 concentration measurement with a small increase of the
CO: can also be observed which caused the triggering of the (global) Human presence indicator and associated
(global) Point of Interest and (global) Approaching indicators. This condition is not detrimental for the e-nose
functionality. It is desirable to have knowledge of potential false positives which can be provided with this
configuration. A solution for resuming the search for human presence signs in a space with a hazardous
condition would be to retrain the e-nose in that space in order to recalculate the signal thresholds considering
the background concentrations as noise. This strategy allows the continuation of the search for signs of human
presence, but with a reduced “sensitivity”.

In Figure 187, case (4) is illustrated. The e-nose sampling tube was placed over the nozzle of a cigarette lighter
that provided gas for about 10 seconds. The timeframe of the plots was set to 5 minutes. The main plot of
interest is that of Combustibles. A strong (global) Combustibles indicator was triggered driven by the
Combustibles, (individual) indicator. The Combustibles indicator was configured to monitor for the 10% Lower
Explosive Limits LEL of methane. A small decrease of the O2 concentration measurement with a small increase
of the CO:z can also be observed which caused the triggering of the (global) Human presence indicator and
associated (global) Point of interest and (global) Approaching indicators. This condition is not detrimental for
the e-nose functionality. It is desirable to have knowledge of potential false positives which can be provided
with this configuration. A solution for resuming the search for human presence signs in a space with a
hazardous condition would be to retrain the e-nose in that space in order to recalculate the signal thresholds
considering the background concentrations as noise. This strategy allows the continuation of the search for
signs of human presence but with a reduced “sensitivity”.

In Figure 188, case (5) is illustrated. The e-nose sampling tube input is blocked with a fingertip for about 20
seconds in order to simulate filter blockage. The timeframe of the plots was set to 5 minutes. The main plot of
interest is that of pressure. A strong (global) Malfunction status indicator is triggered driven by the low
pressure reading of the Oz pressure sensor. With this state, the e-nose output cannot be considered valid. No
remote action can be performed to rectify this issue. The e-nose filters have to be changed to restore proper
operation.

In Figure 189, Case (6) is illustrated. The e-nose sampling tube was placed in front of a person’s mouth when
exhaling, for about 20 seconds. The timeframe of the plots was set to 5 minutes. The main plots of interest are
those of 02 and COa. A strong (global) Toxic indicator is triggered driven by the hazardous levels of CO2 that
triggered its (individual) Toxic indicator. The (global) Human, Approaching and Point of interest indicators are
also correctly triggered.

In Figure 190, case (7) is illustrated. The e-nose sampling tube was placed in front of a person’s mouth when
exhaling cigarette smoke for about 10 seconds. The timeframe of the plots was set to 5 minutes. The main
plots of interest are those of CO, CO2 and 0. A strong (global) Toxic indicator is triggered driven by the
hazardous levels of CO and CO: indicated by their (individual) Toxic indicators. The (global) Human,
Approaching and Point of interest indicators are also correctly triggered. Unfortunately, the case where the
high levels of CO2 and low levels of Oz are not caused by exhaled breath, but fire, cannot be distinguished when
there is CO. Although this is not ideal, again the condition in which a false positive can be produced is detected
which is very important. Table 68 summarizes the measurements and the ENALU output of the test scenario.
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Table 68. Summary of detection results for cases 3-7.

Summary of detection results for cases 3-7

Case #— Case 3 Case 4 Case 5 Case 6 Case 7
Output |
Detailed Figure 186 Figure 187 Figure 188 Figure 189 Figure 190
measurements
CO; (ppm) 632 975 574 10422 6769
0,(%) 20.77 20.88 21.04 20.42 20.53
[Oz](mbar) [211.44] [212.63] [212.64] [207.68] [208.83]
NHs (0.1ppm) 7.9 0.91 0.90 1.2 051
CO (ppm) 1.02 0.47 0.06 4.29 59.58
H.S (ppm) 8.68 0.01 0.06 0.38 0.38
Combust. (%) 0 0.77 0 0 0
Human indicator _ Weak: Transition state Zero Weak: High CO, low O, | Weak: High CO, low O,
Approaching indicator | Weak: moving away Zero: Conflicting Zero
Hot spot indicator Weak Weak Zero Weak
Toxic
Indicator A0 A
Combust.
Indicator Zero Zero Zero Zero
St_atus Zero Zero Zero Zero
Indicator
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Figure 186. Case (3). H2S detection with the Toxic indicator being triggered.
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Figure 187. Case (4). Combustible atmosphere detected, with the Combustibles indicator being triggered.
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Figure 188. Case (5). Air input sampling/Filter blockage detection with an error status indicator being triggered.
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Figure 189. Case (6). A Toxic indicator being triggered by high levels of CO2 from undiluted exhaled breath.
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Figure 190. Case (7). Toxic indicator triggered from CO gas originating from exhaled cigarette smoke.

Page 224 of 256



An e-nose system for victim localization and
hazard detection in USaR Operations

Conclusions

The e-nose system was tested in near real conditions with actual human (controlled) entrapment. The e-nose
system was successful in detecting signs of human presence. The e-nose device operated successfully without
any malfunctions or loss of performance in an outdoor environment for at least 2 full working days. The
heuristic algorithm for generating (global) indicators performed well. The e-nose user interface was essential in
verifying and validating the aforementioned research goals. A number of different end-users from different
countries and with different roles and backgrounds were also present during some of the tests and
demonstrations of the e-nose. Most of them were able to understand the instructions given regarding the
interface and the location of the key information. They were convinced of the functionality of the e-nose
regarding its victim localization capabilities and also its hazardous detection capabilities. Some users
commented on the complexity of the interface that presents the output of the e-nose. Experienced end-users
specifically trained in operating under the rubble and proficient in using gas detectors and other assistive
technologies clearly understood the benefits of using this e-nose system. They even comprehended the more
complicated aspects of the information presented on the interface. The research goal to generate simple
outputs and a good interface was achieved. Another very important outcome from the interaction with the
end-users during the live demonstrations was the understanding, from our side, of the importance of training
and relevant training material. Although training cards were handed out during the demonstration, there was
not enough time for the information to “sink in”. Users already familiar with similar technologies focused on
the extra capabilities and functionality available. As with any technology and tool, proper training is required to
understand the principles of operation, capabilities, and limitations in order to maximize the potential benefits.

8.8. Third field tests P4 — Final Validation

The e-nose system was tested in a field test that took place in Roquebilliére France at a temporary USaR
training location. The following figure illustrates the location.

\

/ /- i - Roqugbllllere \ Eraina i ‘\- \
Bl - - AR { w1 \

e |\ 3 ;/’,V “
= A v $ A\ N © L:jﬁenStlEEthﬁap contributors. Tiles courtesy of Andy Allan. Website and API terms
Figure 191. The location of the training site — Gordolon Worksite marked with a black X on the bottom centre

of the map.

Here the system was tested as part of the sensor payload of a robotic platform. In this work, only the detection
and results presentation aspects of the e-nose system are presented. The victim localization aspects were
validated by searching for victims from inside/under the surface of the rubble pile. The field test location
(worksite) was near the riverbed which is between two hillsides as can be seen on the map of Figure 191. The
field test took place during a mildly cold and very humid day. The e-nose tests started in the morning and were
performed until the afternoon. There was a mild, but constant, south — south east wind flowing at the test site
and the temperature was not more than 10°C. Figure 192 illustrates the test location with the picture taken
with a south view orientation. The worksite has a number of rubble piles where various volunteer victims are
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hidden simulating entrapment. On the bottom right, the e-nose mounted on the robotic platform is halfway
inside the rubble pile while the victim is located in the rubble pile seen on the bottom left.
3 ’ * 8

¥ 4

~ gt AN
3 P el - 2 - S
‘ r V’l" P ” .
Figure 192. The test location with various rubble piles with hidden “survivors”. On the bottom right, the
robotic platform is entering the rubble with a goal of reaching the area seen on the bottom left.

-~ - L

A better view of the robotic platform while entering the rubble pile can be seen in Figure 193. In this figure, the
e-nose is on the middle compartment of the e-nose. The two air interface ports can be distinguished on the
visible side of the compartment. The 2 light yellow squares which include the air interface ports can be
removed by unscrewing the 4 screws so that the air filters can be changed on site. The input port is the one
closer to the front of the robotic platform. A tube can be inserted in the air input sampling interface to
facilitate scanning from the surface before entering the rubble. During the demonstration, the robotic platform
travelled under the rubble pile and reached the area near the victim.
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- g .

Figure 193. The search location. Entering the rubble pile, the e-nose is located on the central compartment.
The air input and output interfaces can be distinguished on the side of the e-nose compartment.

The e-nose successfully indicated signs of human presence as can be see in Figure 194. In this picture, the e-
nose Indicators have been integrated in the control interface of the robotic platform. The e-nose interface is
located on the right side of the tablet. From top, where the finger is pointing, to the bottom, the following
indicators can be distinguished on the e-nose section of the interface: Human indicator, Approaching indicator,
Hot-spot indicator, Toxic indicator, Combustibles indicator, Status indicator. The Human presence indicator is
red indicating strong signs of human presence. In this case the e-nose detection is also confirmed with the help
of the (visible spectrum) camera seen on the centre of the interface and also by the infrared camera seen on
the bottom right of the screen which detected the warmer face and hand of the victim. No confined space had
its air converted or filled with a hazardous composition. For performing hazardous condition detection tests,
sample gases were fed directly into the e-nose air input interface which was extended with a sampling tube.
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Figure 194. The robotic platform's control interface. On the right is the output of the e-nose, from top to
bottom: Human indicator (red = strong indicator, person detected), Approaching indicator, Hot-spot
indicator, Toxic indicator, Combustible indicator, Status indicator.

The detection of a combustible atmosphere was performed by placing a cigarette lighter in front of the
sampling tube while the pump was sampling and pressing the gas release trigger without igniting it. The e-nose
interface was capable of detecting this indicative hazardous atmosphere and the Combustibles indicator was
triggered.

The detection of a poisonous atmosphere was performed by exhaling cigarette smoke in front of the sampling
tube while the pump was sampling. The e-nose interface was capable of detecting this indicative hazardous
atmosphere and the Toxic indicator was triggered. Figure 195 on the left illustrates the demonstrated scenario
and Figure 195 on the right illustrates the interface output indicating the Toxic indicator. The Hot spot indicator
was also activated. This is a correct output since two people were working over the sampling interface and the
CO is included in exhaled breath.

Figure 195. Carbon monoxide detection test.

Human presence test scenario

The test and demonstration scenario had only one distinct case for victim localization under the rubble. It was
orchestrated in such a way so that all sensor systems on the robotic platform could demonstrate their
capabilities. This work focuses on the e-nose related test for human detection.
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Measurements and description

Figure 196 illustrates the measurements of a complete human detection test and demonstration after its
completion as seen in the development and testing e-nose interface. This interface was not demonstrated to
the users during the field test. This interface is only used to show the detailed measurements and outputs that
resulted in showing the output seen in Figure 194.

Table 69 summarizes the Global indicator states during the development of the scenario. The interface includes
the measurement plots, the individual indicators, the current value, and the average value bellow each plot. On
the bottom of the interface are the global indicators. For all plots, the most recent measurement is the
rightmost value. Individual indicators are calculated based on the most recent data for the type of indicator.
Global indicators are calculated based on the values of individual indicators at the current moment. For this
human detection case, multiple interface plots are shown after this one in order to illustrate, as much as
possible, the actual response of the system while being tested without “knowing/seeing” future measurements
in an effort to recreate the operator’s experience during the test. The only outputs available to the operator of
the robotic platform are the global indicators seen on the bottom. The first peak illustrated in the measurement
plots is the application of the calibration parameters to the data. The second peak is the human detection event
when the robot reached directly in front of the victim’s face and then was removed. Another peak is developing
at the end as part of another test that followed, a combustible gas detection test which is not presented as it is
similar to other tests already presented.

In Figure 197 the robotic platform has already entered the rubble and is moving toward the victim. The time
frame of the measurement plots is 1 minute. The plots of interest are those of CO2 and O2. A weak (global)
Approaching indicator is triggered driven by the (individual) Approaching indicators of the CO2 and Oz sensors.
In Figure 198 the robotic platform is getting closer to the victim. The time frame of the measurement plots is 1
minute. The plots of interest are those of CO2 and O.. A weak (global) Human presence indicator is triggered
with the (global) Point of interest indicator. The Approaching (global) indicator is still in a weak state. The output
of the Point of interest (global) indicator is driven by the fast response of the CO. sensor.

In Figure 199 the e-nose is close to the victim. The time frame of the measurement plots is 1 minute. The plots
of interest are those of CO2 and O:. A strong Human (global) indicator is triggered driven by the newly triggered
(individual) O2 signal indicator and the existing CO: (individual) signal indicator. The Approaching (global)
indicator remains at a weak approaching state while the Point of interest (global) indicator is zero.

In Figure 200 the e-nose has moved in front of the victim. The time frame of the measurement plots is 5
minutes. The plots of interest are those of CO2 and Oa2. A strong (global) Human presence indicator state is
maintained driven by the Oz and COz individual indicator outputs. The Approaching indicator holds a zero state
correctly indicating the e-nose being stationary in front of the victim while other sensor systems are being
tested. The Point of interest global indicator was correctly not triggered because the movement of the robotic
platform was relatively slow and the measurements did not change rapidly. From this point the e-nose is slowly
moved away from the victim.

In Figure 201 the e-nose has moved away from the immediate vicinity of the victim. The time frame of the
measurement plots is 1 minute. The plots of interest are those of CO2 and 0.. A weak moving away (global)
Approaching indicator is triggered by the CO2 and Oz sensors. The (global) Human presence indicator remains at
a strong level.

In Figure 202 the e-nose is relatively far away from the vicinity of the victim. The time frame of the
measurement plots is 1 minute. The plots of interest are those of CO2 and Oz. The (global) Human indicator has
transitioned to a weak state as the Approaching (global) indicator remains at a weak moving away state. Beyond
this point, both Human and Approaching (global) indicators transition to a zero state after the e-nose exiting
the rubble. Table 69 summarizes the measurements and the ENALU output of the test scenario.
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Table 69. Summary of victim detection results when inside an occupied confined space.

Summary of victim detection results when inside an occupied confined space

Moving to

Location— o 1 Closer to victim 2 Closer to victim In front of victim Moving away Far away
victim
Output |
Detailed Figure 197 Figure 198 Figure 199 Figure 200 Figure 201 Figure 202
measurements
CO2 (ppm) 490 810 1701 2184 1549 1093
02(%) 20.95 20.94 20.91 20.86 20.90 20.91

02](mbar

Human indicator

Approaching
indicator

Hot spot indicator

Toxic indicator

[212.91]
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Figure 196: Human detection data with the e-nose mounted on the robotic platform. The robotic platform moved under the rubble to and then away from the victim.
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Figure 197: Human detection data with the e-nose mounted on the robotic platform. A weak approaching global indicator is triggered.
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Figure 198: Human detection data with the e-nose mounted on the robotic platform. A weak Human (global) indicator is triggered, the weak Approaching (global) indicator
is active, a weak Point of interest (global) indicator is triggered.
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Figure 199: Human detection data with the e-nose mounted on the robotic platform. A strong human (global) indicator is triggered while the approaching (global) indicator
is still weak.
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Figure 200: Human detection data with the e-nose mounted on the robotic platform. A strong human (global) indicator is active while the approaching (global) indicator is

zero.
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Figure 201: Human detection data with the e-nose mounted on the robotic platform. A strong Human (global) indicator is active while the Approaching (global) indicator is
weak - moving away.
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Figure 202: Human detection data with the e-nose mounted on the robotic platform. A weak Human (global) indicator is triggered while the Approaching (global) indicator

is weak - moving away...
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Conclusions and discussion

The e-nose system was tested in near real conditions with actual human (controlled) entrapment. The e-nose
system was successful in detecting signs of human presence when transported inside the rubble as part of the
sensor payload of a robotic platform. The e-nose device operated successfully without any malfunctions or loss
of performance in a harsh outdoor environment for at least 2 full working days. The heuristic algorithm for
generating (global) indicators performed well. The performance of the Approaching and Point of interest global
indicators was very good at typical search/scanning speeds. At fast scanning speeds their performance was
satisfactory; namely, a delayed response was noticed in relation to the actual human position. Their delayed
response can be attributed to the very fast scan speed the robotic platform achieved in the prepared and
practiced path to the survival space.

The performance of the victim localization capabilities of the e-nose when hazardous conditions are present
inside the rubble are estimated to be similar with that when tested outside the rubble; small cross sensitivity of
the victim localization sensors with high concentrations of hazardous gases trigger false alarms. By retraining
the system with those conditions present the e-nose can resume searching but with a reduced “sensitivity”.
There are some poisons and contaminants that affect some of the e-nose sensors’ performance and longevity.
See 14. APPENDIX: ELECTRONIC NOSE SENSOR POISONS AND CONTAMINANTS for indicative precautions.

The e-nose’s victim localization capabilities were also demonstrated to interested end-users. The simple
interface was considered successful in fulfilling its purpose in conjunction with all the other sensor technologies
available on the robotic platform. End-user feedback commented on the lack of information about exactly
which gas triggered a toxic indicator on the robotic platform interface. Regarding this remark, as a future
development, this information is available from the advanced logic unit of the e-nose and only needs to be
changed in the text message implemented in the global indicator look-up table.

9. Alternative uses of the e-nose

9.1. Fixed position stand-alone e-nose system

The utilization of the e-nose as a stand-alone module for search and rescue operations was examined. A stand-
alone e-nose could be placed at a fixed location to monitor the status of a specific void in the rubble. A
sampling tube would be placed in the cavity through a natural or drilled hole. The following block diagram
illustrates the required components for implementing the core functionality. The picture on the right illustrates
the approximate volume and position of the various components

|
Air input 2 Temperature| . Air output
% I A port &l\" fiter1] | “Sensor 1 Air filter 2 port Stand alone
@ 10 Electronic Nose
E
o [Temperature Humidity | =
2 PumpC‘L IR Sensor 2 Sensor | £ — — @
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Figure 203. The system implementing the basic functionality but independently from the snake robot
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From a hardware perspective, only an extra component containing a battery pack and a wireless
communication module are required, not including the interfacing device, most possibly a laptop or tablet.
From a software perspective, a program running on the interfacing device would have to be developed to
substitute the robotic platform’s operator interface for the e-nose.

9.2. PORTABLE STAND-ALONE ELECTRONIC NOSE

The e-nose is designed to operate in the robotic platform and utilize the provided resources. To obtain a
functional stand-alone version of the e-nose (requested by the end-users), the resources provided by the
robotic platform must be somehow provided or integrated in the e-nose itself. These resources are:

1. A powersupply,

2. Auserinterface,

3. Anplatform for the Advanced Logic Unit to run on.
The e-nose and the robotic platform are both designed so that it is possible to detach the e-nose from the
robotic platform while maintaining a sufficiently protective cover, exposing only the interfaces for
communications and power and air sampling.

9.2.1. Power supply

The e-nose is designed so that it can operate from a wide range of Direct Current Voltage rails (10V-28V), but it
is optimized to operate in the (18V-24V) range. Operating in the low voltage range (10V-18V) without any
configuration/optimization will only induce an increased start-up time. Circuit protection will still be within
operational limits but closer to the upper/ over current limit. It is therefore possible to provide the required
power from an external battery module, or even a battery pack that is electrically connected to the e-nose. The
battery module could be physically attached to the e-nose from the same mounting points used for the robotic
platform, or could be placed somewhere more convenient like in a backpack. Since the e-nose is meant to be a
portable device for searching by executing a search pattern, a low weight battery pack would make more
sense, with battery cells of choice being disposable alkaline cells or rechargeable NiCad - NiMH cells. Lithium
based batteries are not advised because of travelling restrictions on commercial airlines. For practical reasons
and with this guideline in mind, the battery module voltage would be around 12V. In the configuration for 12),
a battery pack with ten batteries connected in series should be used to cover both alkaline (cell voltage ~1.5V)
and rechargeable (Cell voltage ~1.2V) configurations. Expected Battery life (with AA size, 1000-2000mAh)
would be more than one hour but not more than three hours, depending on usage and environmental
conditions. Since in this configuration it is not anticipated that the e-nose will get very close to survival spaces
with victims, where the humidity might be around 100%RH, the device can be operated with the heating
disabled to reduce power consumption. In the stand-alone use of the electronic device, the operator will be
more attentive to the operation of the device so the pump function could be controlled by him and used only
when actually scanning, thus conserving power and prolonging battery life.

9.2.2. User interface and Advanced Logic Unit

There are two possible configurations for a stand-alone user interface of the e-nose intended for the field. The
first solution is very similar or almost identical to the user interface integrated in the robotic platform. In this
configuration a Windows tablet is used as the interface. The modifications required include porting the
Advanced Logic Unit software to the tablet and adapting it to accept the measurement stream from a different
source, a USB (or emulated serial over USB) connection. This configuration could be a completely stand-alone
solution and at the same time be compatible with the INACHUS framework

The second solution is more suitable for creating a truly stand-alone and rugged e-nose device. In this
configuration though, certain compromises have to be made so that the interface is robust and at the same
time functional. The interfacing would be achieved through a small number of actual buttons for sending
control commands and the outputs would be provided via a combination of light indicators and audible signals
via a buzzer/speaker. A small backlight LCD could also be used. The operation would be similar to that of a
Geiger counter, but the output sound would be coded to provide more information. The main reporting
function is audio so that the operator can use his eyes to navigate the terrain and stick the air sampling probe
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into the rubble. Audible output would be created based on the CO, measurement. Scrolling through the other
sensor values would be possible by pressing the corresponding button. It would also be possible to
automatically cycle and audibly report all the measurements’ values. The combined outputs (Human presence
indicator, Trend indicator and Edge indicator) will not be ported to the microcontroller since there is not such a
need; the operator is dedicated to the e-nose. The output coding of the results of each sensor will be a periodic
sweep of two values of concentration, the reference value and the current value. The values will be converted
into frequencies with an exponential function so they are separated enough and can easily be distinguished by
the operator. When the first frequency is lower than the second one, the current value measured was larger
than the reference measurement. The higher the frequency, the larger the concentration is. Hazardous alarms
would interrupt this audio reporting with a different single tone. The sensor that triggered the alarm will be
indicated with a light indicator or printed on the screen. The screen used should be a single color numeric or
alphanumeric LCD type with a backlight so that it can be visible both under the bright sun and in the dark.

The implementation of the second configuration of the interface requires some HW development and
also plenty of low level firmware development. The advanced Logic Unit software cannot be easily ported to
the microcontroller but that is not a problem since most of it will not be used. Its functionality is tasked to the
operator of the device. Training requirements for this configuration of the tool will be more demanding, but
this will be a more powerful tool in the hands of a capable operator. Getting the feel of the tool and the output
can be achieved indoors, by using in parallel, the complete full version interface developed for testing purposes
of the prototype device and the stand-alone field interface.

9.2.3. Suitable components

The following list contains the components that could be utilized to build an add-on module for operating the
e-nose as a standalone device.

1. Battery Holder: Bolayu New 10 AA 2A Battery 15V Clip Holder Box Case Storage With Wire Leads Black
(https://www.amazon.com/Bolayu-Battery-Holder-Storage-
Leads/dp/BO1FRXZX20%3FSubscriptionld%3DAKIAILSHYYTFIVPWUY6Q%26tag%3Dduckduckgo-d-
20%26linkCode%3Dxm2%26camp%3D2025%26¢creative%3D165953%26creativeASIN%3DB0O1FRXZX20
)

2. LCD Display: MIDAS MCCOG21605D6W-SPTLYI Alphanumeric LCD, 16 x 2, Black on Yellow / Green, 3V
to 5V, I12C, English, Japanese, Transflective (http://export.farnell.com/midas/mccog21605d6w-
sptlyi/lcd-cog-2x16-stn-y-grn-b-l-i2c/dp/2063205)

3. Light Indicators: CML INNOVATIVE TECHNOLOGIES 192D1001 LED Panel Mount Indicator, Black
Chrome Bezel, Green, 12 mm, 2.2 VDC, 20 mA, 40 mcd, IP67 (http://export.farnell.com/cml-
innovative-technologies/192d1001/led-indicator-8mm-green/dp/1139529)

4. Control Buttons: MULTICOMP MCAK304NWWB Keypad, 20 mA, 24 V, 3 x 4, Matrix, 12
(http://export.farnell.com/multicomp/mcak304nwwb/keypad-3x4-array-plastic/dp/1182235)

5. Power Switch: TE CONNECTIVITY / ALCOSWITCH AV1911P524Q04 Illuminated Pushbutton Switch,
Alcoswitch, AV19 Anti-Vandal Series, SPDT, Push On-Push Off, 3 A(http://export.farnell.com/te-
connectivity-alcoswitch/av1911p524904/pb-switch-spdt-yel-250v-quickconnect/dp/2565073)

6. Speaker-buzzer: Headphones could be used or a dedicated waterproof speaker: VISATON 2912
LOUDSPEAKER, MINI, WATERPROOF, 8 OHM (http://export.farnell.com/visaton/2912/loudspeaker-
mini-waterproof-
8/dp/1675520?0st=16755208&selectedCategoryld=&categoryNameResp=All%2BCategories&searchVie
w=table&iscrfnonsku=false)

The following pictures illustrate the selected devices:
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Figure 204: From left to right, battery holder, keypad, speaker, LCD screen, LED indicator, ON/OFF push
button.
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9.3. People detector

The e-nose can be used to detect people in poorly ventilated and confined spaces other than building rubble.
An area where this could be realized is in international cargo transportation for the detection of hidden people
trying to cross borders without the required documents. Another case is in the field of road transportation of
goods in trucks. There are two configurations the e-nose can be adapted for, fixed applications and portable. In
the fixed position configuration the e-nose would be permanently installed in a truck while in a portable
configuration it would be used to test different trucks at a check point.

9.3.1. Fixed position people detector

The e-nose can be installed in fixed positions in buildings or in transportation compartments for goods where
people are normally not supposed to be located. The owners or people in charge of those spaces would install
the e-nose-based people detector in order to avoid any legal ramifications in case someone is able to slip
through security and occupy one of those spaces. The utilization of the e-nose in such a case would be similar
to that of the installation in the robotic platform. Not many changes are required in order to use the e-nose in
such situations. The e-nose could be used to monitor multiple positions near the position where it is installed.
This could be achieved with a network of low-cost, low profile sampling tubes connected to the e-nose via a
sample tube selector. This selector would be a cluster of valves opening the path to a single space at a time
enough to sample air and take measurements. The control of the sampler could be implemented in the e-nose
logic. For this type of application, all the capabilities of the e-nose would have to be utilized except for the
aspect regarding hazardous gas detection. The following block diagram illustrates the components to be
utilized:

e-nose based fixed point people detector with loT capabilities

/ electronic-nose for snake robot \ i Source sample ; !
: i selector P
: ) ) /—\ Trmmemsesmsesanens i
= p—
i Gas ¢ s
: Gas Sensor Control i Interface PCB !
: Sensor —® Cluster ___p| COmmunication | | g - Alarms : :
: Cluster Readout Computation i - Display i
H > Electronics LU, vrries, : - Keypad i
] { 10T capabilities : 1 - Power supply :
il N e } - Actuator cont. } |

\ Auxiliary components J Mg
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Figure 205. Block diagram of a fixed point people detector with 1oT and multi-source capabilities based on
the e-nose.

The following diagram illustrates a 6 source sample selector based on 2way solenoid valves
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e-nose 6-source selector valve cluster based on 2way solenoid valves
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Figure 206. Block diagram of the implementation of the multi-source sampling solution for the fixed point
people detector based on the e-nose.

The control of the source selector can be implemented in the e-nose control logic and the driving electronics
can be placed in the interface PCB. A 6 source valve cluster device could fit in one of the generic instrument
boxes.

9.3.2. Portable people detector

The e-nose can also be used as a portable people detector in cases other than building rubble. Such a scenario
could involve testing cargo trucks for undocumented human passengers hidden in the cargo area of the truck.
The e-nose could be used for this type of search with few modifications and additions. Since the device would
not be used as a hazardous detector, some safety design aspects would not have to be followed. The e-nose
could be paired with a mobile phone as the user interface and a battery pack as a power source. The e-nose
sampling port would have to be connected to a small probe to be able to more easily facilitate the sampling of
air from specific high value air samples, close to doors when they are just slightly open. A different type of
probe could be a large one to facilitate the sampling of air far inside the cargo hold of a truck. This large
sampling probe would essentially be a long flexible tube suspended by a means to support it a fairly long
distance from just one end. This could be a mechanical support like a fishing rod. For this configuration, all the
components of the e-nose are required. Also, the sampling pump function could be boosted to 100% to
increase the transfer of the sampled air as fast as possible through the long sampling tube to the e-nose so the
result could be available shortly.

9.4. Smoking detector

The e-nose can be used to detect the presence of smoke from a cigarette, by detecting some of the
constituents of cigarette smoke, CO and CO:. This functionality could be included in any of the other devices
listed in other sections of this chapter as long as the necessary sensors are included. In a simple fixed position
gas detector installation in an office building a unique alarm tone could be triggered to indicate smoking in a
non-smoking area was detected. If the controller has loT capabilities, management could also be informed to
handle further action. If the device has control over a ventilation actuator, it could be enabled to clear the air
or if the device is connected to an advanced inverter actuator, it could increase the output to speed up the air
renewal and remove the disturbance according to pre-programmed timeframe parameters.

9.5. Capnography

Capnograghy is a breath-based metabolism monitoring method. It monitors the amount of exhaled CO2 which
indicates metabolic activity. The e-nose could be adapted to function as a capnography instrument with the
following two modifications/additions. First, a suitable sampling mask would have to be adapted to the e-nose
sampling input. Second, the CO2 sensor readings would have to be filtered and processed differently. Absolute
CO2 concentration value is important so 2 point calibration is mandatory. A different interface would be
required for implementing the capnography specific interface requirements.
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10.CONCLUSIONS

The main objective and goal of this research work was to improve the methods and tools used in the detection
of trapped victims during Urban Search and Rescue (USaR) operations from an air-based detection perspective
that is implemented with e-nose systems. The e-nose system and detection concept for victim localization and
air related hazard detection in confined spaces presented in this work was successfully tested in realistic
conditions. The performance of the e-nose system indicates that it can be used as part of USaR operations
inside a relatively poorly ventilated, confined space to determine human presence and hazardous conditions in
the air. The volume, weight, simplicity and power consumption of the system are considered contributing
factors for its adoption. The device can operate in a wide range of environmental conditions. The presence of
the carefully selected sensors for measuring the concentration of typical hazardous conditions improves the
victim localization capabilities of the system. It indicates survivable atmospheres and also detects conditions
that cause interference with the victim detection sensors and indicates that potentially false positive
detections might be displayed. This thesis improved the state of the art by introducing a low-cost and mobile e-
nose system capable of searching for signs of human presence from the surface, but most importantly from
inside the rubble when transported on a robotic platform as part of its sensor payload. User interface aspects
were also thoroughly investigated. To this end, a heuristic algorithm was formulated for producing simple
output combining all the sensor readings. The output also includes information that assists the operator in
performing the search during a rescue operation. Methods and practices for reducing false output (positive and
negative) were conceived and implemented. Also included in the implemented system is the detection of
hazardous conditions in order to improve the working conditions of the rescuers from a safety perspective, and
at the same time improve the victim detection aspects regarding the survivability in a space. The implemented
system was tested and verified in controlled and near real conditions. The e-nose system performed very well
in the intended environment inside the rubble pile. The heuristic algorithm for generating simple outputs
performed very well. Scanning speed can be drastically increased at the expense of noise immunity
performance if such a need arises. The capabilities of the final system were also demonstrated to end-users
and its capabilities were validated by them, too. End-users provided useful feedback regarding the usability of
the interface and the system which will be considered in (potential) future work. The resulting e-nose system
can be said to have reached, according to the European Union’s (EU) Technology Readiness Level (TRL)
definitions, TRL 7 — “System prototype demonstration in operational environment”. The system proposed in
this research work, could be commercially manufactured and certified (CE and ATEX), if another design cycle is
performed.

The findings of the theoretical analysis and its validation quantify the influence of the studied parameters,
concerning the concentration of CO2 and Oz inside a rubble void and estimate the expected human presence
detection limits of a system with gas sensors with specific sensor characteristics. It shows that a system with
gas sensors can indeed detect human presence in a plethora of scenarios. It also theoretically shows that a
system with gas sensors is not the ideal human detection system and cannot detect human presence in all
scenarios, but the basis for determining such cases was established. This work could be the foundation for the
development of a tool that evaluates the expected performance of gas sensor-based systems. This can be in
the early conception stages of a system as a feasibility study or real-time at a USaR operations worksite.

In a future work the output messages for the global toxic indicator could be made more informative. A study
and test implementation for evaluating the priority of the global indicators and their cross-correlated status
should be performed. In such a study the possibility of implementing a single (global) output could be
examined. Even though the start-up procedure for the system is simple, considering all facts regarding
hazardous conditions, the warm-up time of the 3" prototype system which depends on the initial temperature
of the e-nose device could be improved. A future research activity could be to train an Al system for updating
the indicators and compare the performance with the current configuration of the system.
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12.APPENDIX: ATMOSPHERIC AIR CONSTITUENTS —SUPPLEMENTARY DATA

12.1. Conversion factors for converting parts per million for some
constituents

In the referenced work, conversion factors for converting parts per million to ugm-3 at 0°C can be found. The
weight is that of the total molecule, except where marked otherwise. These conversion factors can be
corrected for different temperatures by multiplying K by 273/T, where T is the absolute temperature [103]

The general form to convert between volume concentration and mass concentration for gas mixtures is the
following

ppm = (mg/m3 value )(24.45)/(molecular weight)

mg/m3 = ( ppm value)(molecular weight)/24.45

24.45 is a conversion factor that represents the volume of one mole of gas.

To determine the molecular weight of a particular substance, add the atomic weights (look at the MSDS of the
particular substance) of each atom present in the chemical formula of that particular substance.

Note: This calculation assumes a temperature of 25°C (77°F) and a pressure of 1 atmosphere (760 torr or 760

mm Hg).
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13.APPENDIX: ADVANCED LOGIC UNIT - LOGIC TABLES

The advanced logic unit’s task is to generate the alarms and indicators. The alarms and indicators that are
presented to the user are limited to those requested by the end-users. Other conditions or states are detected
and can be distinguished by the logic. The classification of the measurements is based on logic operations that
would be performed by an experienced scientist when investigating the available measurements. The
methodology has similarities with fuzzy logic in the sense that the measurements are organized in ranges, for
example- Zero, Low, High. A range description value is assigned to each individual sensor. For every alarm and
indicator, the range description of the sensors that can provide information about that alarm or indicator are
evaluated. The evaluation is based on deterministic logic functions and the output of the evaluation is also a
range description for that alarm or indicator. The logic provides an output for all the possible combinations of
inputs which affect that alarm or indicator. The logic is designed to anticipate not optimal operating conditions,
and detect when sources of interference are present. The logic can be changed without having to recompile
the code (Human indicator only) since some cases are ambiguous. No training or optimization procedure is
required for new sensors other than initial calibration (standard procedure for gas monitors). Training of the
system is required at the site of an operation just before deployment in the sense of collecting enough
measurements to determine the background levels. This sampling is automated and relatively quick. The
thresholds for most of the description values for the zero range are determined this way. The typical criteria is
average + 3*standard deviation.

The advanced logic unit implemented logic is listed in the following tables:
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The following table lists a sample of the Logic implemented for the Human presence Indicator.

Table 70: Implemented logic for generating the Human Indicator

Indication CO; 0, NHs co H,S Combusti | Humidity | Pressure | Tempera- Temperature - | Comments
strength (noise, | (zero, (zero, (low, (low, bles (normal, | (low, ture Environment
(zero/weak/ | signal, signal, signal) | toxic) toxic) (zero, high) normal, System (low, working
strong) toxic) noise, signal) high) (low, conditions,
warnin normal, high = above
g, high) 40(°C)
toxic)
Zero noise noise noise X X X X normal X normal state (when no human exists in the vicinity we should be here)
Weak signal noise noise X X X X normal X transition state. CO, is more likely to react faster than O, to a change
undefined combination (unlikely high concentration of CO, in an
Zero toxic noise noise X X X X normal X otherwise normal environment)
Weak noise signal noise X X X X normal X undefined combination
Strong signal signal noise X X X X X normal X indication for human presence from both CO, and O,
high CO, with reduced O,. slight chance of human and/or fire far from
Weak toxic signal noise X X X X X normal X the e-nose
Zero noise zero noise X X X X X normal X undefined combination
Weak signal zero noise X X X X X normal X undefined combination
Zero toxic zero noise X X X X X normal X if human presence exists, then they wouldn't be alive due to O, and CO,
Zero noise warning noise X X X X X normal X likely to occur only near O, generators
Weak signal warning noise X X X X X normal X undefined combination (unlikely high concentration of CO, and O,)
undefined combination (unlikely high concentration of CO, and O, in
Zero toxic warning signal X X X X X high X heated environment)
Zero noise toxic signal X X X X X high X undefined combination
Weak signal toxic signal X X X X X high X undefined combination
Zero toxic toxic signal X X X X X high X undefined combination
Zero X X X X X X X X low X manifold is warming up. Human indicator is silenced during this time.
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The following table lists a sample of the Approaching (Trend) Indicator logic.
Table 71: Implemented logic for generating the Approaching (Trend) Indicator

Indication | CO» (0]} NHs co H,S | Combusti | Humidity | Pressure | Temperatu | Temperature - | comment / scenario (approaching or moving away)
strength (increasing, (increasi | (increasi | (low, | (lo bles (increasi | (low,nor | re - | Environment
(zero/we | steady, ng, ng, toxic) | w, (zero, ng, mal, system(lo (increasing,
ak/strong | decreasing) steady, steady, toxi | signal) steady, high) w,normal, | steady,
) decreasi | decreasi c) decreasi high) decreasing)
ng) ng) ng)
zero steady steady Steady X X X steady X X steady no change (near victim/in victims cavity OR nowhere near any victim)
zero increasing steady Steady X X X steady X X steady approaching
zero decreasing steady Steady X X X steady X X steady moving away
zero steady increasing Steady X X X steady X X steady moving away
zero increasing increasing Steady X X X steady X X steady conflicting
weak decreasing increasing Steady X X X steady X X steady moving away
zero steady decreasing Steady X X X steady X X steady approaching
zero Increasing increasing decreasing X X X decreasing X X decreasing conflicting
strong Decreasing increasing decreasing X X X decreasing X X decreasing moving away (strongest possible insurance)
strong Steady decreasing decreasing X X X decreasing X X decreasing moving away
zero Increasing decreasing decreasing X X X decreasing X X decreasing conflicting
zero Decreasing decreasing decreasing X X X decreasing X X decreasing conflicting

The following table lists the hot spot (Edge) Indicator logic.
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Table 72: Implemented logic for generating the Hot spot (Edge) indicator.

Indication | CO» (no |0 (no | NHs (no | CO H,S | Combusti | Humidity | Pressure | Temperatu | Temperature - | comment / scenario (approaching or moving away)
strength peak, peak) crest, peak, (no (no | bles (no | (no peak, | (no peak, | re — | Environment
(zero/we crest) peak) peak, | pea | peak, peak) peak) system (no | (no peak,
ak/strong peak) |k, peak) peak, peak)
) pea peak)
k)
zero no peak no crest no peak X X X X X X X
strong
(peak) Peak X Peak X X X X X X X either sensor that gets a peak, triggers the edge alarm
strong
(crest) X crest X X X X X X X X the only sensor that can get a significant crest is the O,

The following table lists the Toxic Alarm logic.
Table 73: Implemented logic for generating the Toxic Alarm

Indication | CO, (noise, | O, (zero, | NHs; (¢[0] H,S | Combusti | Humidity | Pressure | Temperatu | Temperature - | comment / scenario (approaching or moving away)
strength signal, toxic) | signal, (zero, (zero, | (zer | bles (normal (low, re — | Environment
(zero/we noise, signal) low, o, (zero, ,high) normal, system (low, normal,
ak/strong warning, toxic) | low, | low, high) (low, high)
) toxic) toxi | signal) normal,
c) high)
strong Toxic toxic X toxic toxic | x X X X X if any sensor reports in the toxic zone, the indicator is triggered
if any sensor reports in the weak (warning or low) zone, the indicator is
weak X warning X low low X X X X X triggered
non- non-
zero non toxic non toxic X toxic toxic | x X X X X
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The following table lists the Combustibles Alarm logic.

Table 74: Implemented logic for generating the Combustibles Alarm.

Indication | CO, (noise, | O, (zero, | NH; co H,S | Combusti | Humidity | Pressure | Temperatu | Temperature - | comment / scenario (approaching or moving away)
strength signal, toxic) | signal, (zero, (zero, | (zer | bles (normal (low, re — | Environment
(zero/we noise, signal) low, o, (zero, ,high) normal, system (low, normal,
ak/strong warning, toxic) | low, | low, high) (low, high)
) toxic) toxi | signal) normal,

c) high)
zero X zero X X X zero X X X X
zero X signal X X X zero X X X X
zero X noise X X X zero X X X X
zero X warning X X X zero X X X X

flammable indicator is not triggered but there is high O, concentration

weak X toxic X X X zero X X X X (>30%)
strong X X X X X signal X X X X flammable indicator is triggered
weak X signal X X X low X X X X flammable indicator is triggered
weak X noise X X X low X X X X flammable indicator is triggered
Weak X warning X X X low X X X X flammable indicator is triggered
Weak X toxic X X X low X X X X flammable indicator is triggered
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14.APPENDIX: ELECTRONIC NOSE SENSOR POISONS AND CONTAMINANTS

Sensor Poisons and Contaminants

Several cleaners, solvents and lubricants can contaminate and cause permanent damage to sensors. Before using cleaners, solvents, and
lubricants in close proximity to the device, read the following caution and table. Caution: Use only the following products and procedures
recommended:

. Use water-based cleaners.

. Use non-alcohol-based cleaners.

. Clean the exterior with a soft, damp cloth.
. Do not use soaps, polishes, or solvents.

The following table lists common products to avoid using around sensors:

Cleaners and Lubricants Silicones Aerosols

Brake cleaners Silicone cleaners and protectants Bug repellents and sprays
Lubricants Silicone based adhesives, sealants, and gels Lubricants

Rust inhibitors Hand/body and medicinal creams that contain silicone | Rust inhibitors

Window and glass cleaners Tissues containing silicone Window cleaners

Dish soaps Mold releasing agents | Mold releasing agents

Citrus-based cleaners Polishes

Alcohol-based cleaners

Hand sanitizer

Anionic detergents

Methanol (fuels and antifreezes)
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15.APPENDIX: A COST ESTIMATION FOR THE e-nose DEVICE

The cost of a single electronic nose is calculated based on the estimation for the cost of the individual
components when having low volume manufacturing in mind (<100). The following table lists the component
categories and their cost. The labor and cost of procurement is not included in the following estimation.

Table 75. e-nose cost estimation

Component Category Cost Units [Notes

TOTAL (Materials) 3500 € IAssembly labor not included

Assembly 7 Days [1 person (can be improved)

Testing (LAB) 1000 € More data points than simple Calibration requires
Licenses (commercial use) 300 € License for software module - per device

These components are acquired from multiple manufactures and suppliers (more than 10). Better prices could
be achieved if larger quantities (100+) were to be manufactured.
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