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Abstract

Many agricultural sensors, which play a critical role in smart and precision agriculture, are
used to provide redime sensing information for better control of agricultural production and
saving of freshwater. There are preharvest and posttarprocesses in agricultural
production. In preharvest, soil water sensors are heavily used to detect soil water in vast crop
farmland, which requires a wireless sensing feature and large numbers of distributions of the
sensors. In postharvest, a huge amoof fresh produce is disinfected by disinfection and
wash processes to ensure food safety before being sold in the supermarket, which requires an
in-situ realtime monitor of the disinfectant. Based on these two needs, we developed two
passive wirelessensor platforms to detect soil water for the preharvest process and new
dielectric sensing and analyzing methodology to monitor the disinfectant for the postharvest
process.

First, a wireless sensor platform, i.e., a magnetostrictive particle (MSP) seased by a
layer of the watesensitive polymer was developed. The polyM&P sensor was a lewost
passive wireless freestanding sensor to detect humidity, which had the potential to be used to
in-situ wirelessly monitor soil water in the soil. Moreoyvtwo wateisensitive polymers were
coated on the MSP sensor platform to measure their overall humidity sensing performances.
Cellulose nanofiber (CNF), which was an environmefrtahdly material, was used to
develop the polymeMSP humidity sensor. Asther wateisensitive polymer, polyvinyl
alcohol (PVA), which was originally vulnerable to water, by crosslinking, turned out to be
waterresistant without losing its watsensitive capability. An issue came out that, as the

polymer gained water resistanby crosslinking, the wateensitive ability was gradually



decreased. To obtain watesistance capability while retaining its high water sensitivity, a
fundamental study to optimize the crosslinking ratio for the PVA was conducted.

Second, a high dielectric permittivity ceramic was discovered to make a humidity
capacitance sensor, due to that the sensorahadique humidity sensing feature and a
potential to be used to develop an inductaceyeacitance (LC) resonant sensor tesiin
wirelessly monitor soil water in the soil.

Third, dielectric sensing and analyzing methodology tesittn reaitime monitor the
disinfectant was developed. This research determined a characteristic frequency, which was
changing with the disinfectant coentration in the water. As this dielectric methodology had
many advantages, such assitu realtime detection, lowcost, and simple handling, over
other sensing technologies, it had the potential to be used in the disinfection and wash
processes of frasproduce production. Water quality influence on sensing of the disinfectant
concentration was studied. Moreover, the influence of contamination from sand/soil on

dielectric sensing was also studied.
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Chapter 1 Introduction and research objectives

1.1 Agriculture and water

According to statistics, guicultural production is the largest consumer of fresh water,
accounting for about 70% of the fresh water supply worldwide [1,2]. Many agricultural
sensors, which play a critical role in smart and precision agriculture, are used to provide real
time sensing informtion for better control of agricultural productionsgB Agricultural
productions involve both preharvest and postharvest processes. In preharvest, soil water
sensors are heavily used to detect the soil water content in vast crop farmland [6]. The
sensos are distributed in the saak different depths of the farmland to obtain detailed soll
water dataat all depths, where a wireless detection capability of the sensors is required. The
aim is to help manage the crop growth with saving of irrigation water and beneficial to an
improved harvest. In postharvest, a huge amount of fresh produce, ssjinah,lettuce
tomatoesset.al., is disinfected by disinfection and wash processes before being sold in the
supermarket each day. During the disinfection and wash processes, the sensors to detect the
disinfectant concentration are required to increase thefetsion efficiency and enhance the
food safety of the disinfected fresh prodyice., avoid/minimizdoodborne illness outbreaks
related to fresh produgg7]. In summary, the sensors for smart and precision agriculture are
heavily in need for both prehasst agriculture and postharvest agriculture to promote food
production efficiency, food safety, and saving of fresh water.
1.2 Soilwater sensors

1.2.1 Soilwater content sensors

Soil water contensensor isto measurkletectsoil water content, such as tirdemain
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reflectometry (TDR), frequency domain reflectometry (FDR), grepedetrating radar
(GPR), neutron scattering, gamma attenuation, etc. T@&Rbe used to detect soil water
content based on thime delayon reflectel waveforms due to the interaction between
transmitted electromagnetizaves andthe watercontentin thesoil. A schematic image of the
measurement of volumetric soil water content by TDR is shown in FigureAhé&n the
water content increases, the tighelay on the reflected waveform increases. TH2R a fast
detection speed whicban achieve redlme sensingand it is more accuratihan theFDR
method that the influence of soil texture and salt contesmalker thanthat of theFDR
method $,8-10]. However, TDR is costly aa high-frequency pulse signal is required to
improve the accuracy, which usually requires expensive devices. Whereas, FDR, which is
based on frequency domain analysis, is less costly than TDR so that more data points can be
recordel for a given area dhe field. Both TDR and FDR measurements need to either use
long wires to connect the probeaooutside interrogator or dataloggBlowadays, a wireless
detection requiremerdf the sensor has been rais@tiere are threeeasons: 1. Aoattery,
which is considered pollution sourceneeds tobe embeddedn the sensoilas a power
moduleand placedn the soil. 2. Many TDR/FDTprobes need time to be placedthe soll
carefully and properlywhich is timeconsuming 3. For tle currently used TDR/FDR, the
gaps between the probes and soil may generate large &femting the sensing accuracy of
the soil water contenRecently,interestingly,a radatbased method, i.ethe GPR method,

can detect soil water content of largeeagraphical area[11l]. It measures dielectric
permittivity from either reflected wave velocity, ground wave veloatysurface reflection

coefficient. It is a nofinvasive measurement that can be used to detect soil water content for
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a large areaof subsurface ground. The disadvantage of GBRhat it is inconvenient to

obtain valid interpretations due tbe surface morphologyf the groundand the signal
attenuationinfluence ofsaline soilson the detectiorresult. Neutron scattering and gamma
attenwation always have safety concertigt greatly limit their agricultural applications

[12,13]. Gamma attenuations a relatively accurate measurement method for soil water
content. However, it cannot be used in real applications due to its risk of radiation
summary, each soil water content serfsas its advantages and disadvantages concerning the
cost, the sensing accuracy, the unique sensing features (such as the wireless sensing feature),

and the influence factors.

TDR Cable Tester

Figure 1.1TDR cable testewhich shows the wavefornwith athreerod probe embedded

vertically inthesurface layeof soil to detect volumetric soil water conteStB. Joneset. al.

[8].

1.2.2Soil water potential sensors
The il waterpotential sensor, which defigéhe ability ofthe soil to absorb water, is used

to measure the matric potential of the soithe unit ofpressure-1500kPa ~0 Pg rather
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than thevolumetric soil water content [4-16]. Some values of the soil water potential are
importantfor the management of crop growtfhe soil water potential 033 kPais the field
capacity, whichis defined agshe amount of soil moisture or water content held in the soil
after excess water has drained away and the rate of downward moveméetreasefl7].

The soil water potential 01500 kPais the wilting point, whichs defined as the minimum
amount of water in the soil that the plant requires not to [B{. Atmospheric water
potentialis much more negativanda typical value foair is -100 MPa whichis not possible

to befoundin the case othesoill.

Figure 1.2(a)shows a commonly used electrical resistance seosnotaining water
absorption materialsuch as fiberglass or gypsumwith a known relation between its
resistance and soil matric potentid4]. Some relations between the resistance of the
materials and matric potentials are measured by some researchers, as shown in Figure 1.2(b).
However, this method still suffers from a small detection raNggeover,in relatively dry
soil conditiors and water flooded soil conditionsmight bebeyondthe measurement scope
of the electrical resistanceensar Furthemore it is required to either use long wires to
connect the probe tan outside reader or to use a batteryttessensod power moduleto
obtaina wireless detectioability, However, placing long wires in the fields for many sensors

is inconvenient and these of a battery can causeeveregpollution issuen thesoil.
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Figure 1.2 Hectrical resistanceatric potentiasensoicontainingwater absorption material
with known relation between resistance and matric potential (a), and some relations between
the resistance of different materials and matric potentials tested by some researcBeéRs (b).

Scanlon et. al.[14].

The fundamental of theumidity sensoris the same as the water potential sensor. The
humidity sensomeasures the humidity ithe soil and the relative humidity has a direct
relatiorshipwith the soil water potentialvhich can be described Belvin Equdion [19]:

r —3divyo (@11
wherey is soil water potential (1Pa); R is gas constant, which is about 8.314AM); T is
theabsolute temperature (K)w is the density of watgrwhich isnormally 1 g/cn?; My, is the

molecular weight of water (g/mol).

Table 1.1Comparison betweethe soil water potential and RH

Water potential -100 MPa  -83.18MPa -6924 kPa -1500 kPa -33 kPa

Relative humidity (RH)  47.68% 54% 95% 98.90% 99.98%

From calculations by Kelvin Equation, Table 1.1 lists some values of the soil water
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potential and their corresponding RH for amuitive comparisorbetween the soil water
potential andRH.

The benefit ofthe humidity sensor is that, similao the water potential sensor, itan
ignorethe influence of soil typeonstituenbn water absorption ability and dsrectly related
to the water absorptio ability of the soil. Thehumidity sensors in agricultural applications
require that they shoulde resstant to watermmersionandtheir detection rangshould be
wide, normally from certain relative humiditfRH) to 100% RH [20,21]. Most of the
humidity sensors used in agriculture are resistance and capacitance s2A28}sThese
sensors are required to either use long wires to connect the prabeutside reader or to
use a battey as a power module of the sensor &mablea wireless detectioapability.
However,the use of the batterg considered aeverepollution sourcein the soil. Therefore,
the development of a passive wireless humidity sensor is an alternative and promising
approach to achiéwg inexpensive wireless sensing of the humidity without introducing any
environmentahazards
1.3 Disinfectantsensors

1.3.1Application of the disinfectant sensors

Commercial chlorindbased disinfectant, such as sodium hypochlorite (NaClO), is
currently used duringhe disinfection of fresh produceé?4,25]. However, a essential issue
occursthat the disinfection concentration is always fluctuating dutheglisinfection process
and subsequent wash process. The dynamic fluctuation of the disinfectant and the
effectiveness ofthe disinfection of the fresh produce is dependent on severablesjasuch

as the disinfectant concentration, disinfection and wash tinges] quality of the water.
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Moreover, the fluctuation of the disinfectant concentration results in serious problems. A
lower disinfectant concentration results in a lower disinfecefiiciency, which is not
acceptable for the safety requirement. On the contrary, if the disinfectant concentration is too
high, unnecessary disinfectantill be released, which causes a veadtthe disinfectant and

an environmental problem. Moreoverthk residual of the disinfectant is retainedhe fresh
produce, it is also harmful to human health. Therefore, the introduction of a disinfectant
sensor control system is an inevitable approach to facilitate an instant sensing and precise
adjustment bdisinfectant concentration durirtge disinfection process and wash process of

the fresh produce.
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Figure 1.3Schematic illustration of the disinfection process and wash process of the fresh
produce along with sensing of the NaCIO disinfectant concentration and precise adjustment
system of the NaClO disinfectant concentration to meet the safety requirerntteiresh

produce.

Figure 1.3shows the scheme of the disinfection process and the sensing and precise

adjustment system of the NaCIlO disinfectant concentration. Thetckélye disinfection
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process contains the disinfection step by stir and calm wass Istepater injection.The
disinfection stepaimsto disinfect the fresh produce by adding NaClO and agitating. The
calm wash step aisnto wash the fresh produce and get rid of the disinfectant residuals by
adding tap water. The sensors can be placed in iatlsteps to detect the concentration of
NaClO disinfectant in water to obtain feedback and prceajust the NaClO disinfectant
concentration during the disinfection step and ensure the NaClO concentration is diluted to
meet the safety requirement aftiee wash step of the fresh produce.

1.32 Reagent based method®r disinfectant sensing

Reagenbased methods of assessing water quality involve titrimetric methods, such as
colorimetric, luminescent, and fluorescent methf&35]. Colorimetric methods are those
that produce a change in the color of a solution, the intensity of which corresponds to the
quantity ofthe presence o€hlorine or indicates the endpoint in a titratior6-8]. For
example, as shown in Rige 1.4 a colorimetric assay can be used for chlorohetection
based orthe antidissolution of MnQ nanosheets. The comparison of absorption spectra of
the MnQG nanosheets, the mixture of Mp@anosheets and ascorbic acid (AA), a@hd
presence of chlorine in MnQreexhibited in the figureWhen AA is mixed and consumed
by chloring the concentration of AA decreases, which greatly inhibits the redox reaction
between Mn@nanosheets and AA. Therefore, Mn@anosheets cannot be dissolved and the
color of the solution changes from colorless to yellow with the increase of the chlorine
concentration. Luminescent methods produce light where the intensity is used as an indicator

of theresidual chlorine [2-31].
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Figure 1.4Schematic illustration of the colorimetric assay for chlobased antdissolution
of MnOz nanosheets (a) and the chlorine influence on absorption spectda Yh, et. al.

[28].

Fluorescent methods measure themassion oincident electromagnetic radiatioBZ-35].
For example, as shown in Rkig 1.5 the emission spectra of AUNCs in the presence of
varying HCIO concentrations are exhibited. Most colorimetric methods can be intevitred
by temperature, pH, and differestibstances, such as oxidants, metal ions, and organic
compounds. Howevereagent methods have some drawbacks al reagenbased methods,
trained staff are typically required to carry out the procedMeseover,the reagents are
often unstable or tog and the samples cannot be retested after analysis. iImaynthese
reagentbased methods cannot provide fiale sensing andre not suitable to be used in
disinfectant and wash processes of fresh produce. Moreover, they have errors of as large as

10% and most methods have narrogncentration detectialangeg0.2 ppm- 2 ppm).

37



Intensity

Wavelength (nm)
Figure 1.5Emission spectra of AUNCs in the presence of varying HCIO concentr&toms
1 to 9 shown in the figure0, 0.34, 0.69, 1.72, 3.44, 6.89, 10.33, 13.77 and 17.21. The photo

shows the fluorescence of the AUNCs in the absence (i), and presence (ii) of HCIO under a

handheld UV lamp with 365 nm lighC.L. Gopuy et. al.[32].

1.3.3 Electrochemical sensordgor disinfectant sensing

The mechanism oflectrochemical sensons based on amperometric detectiof the
disinfectant which is resulted frooxidationrreduction reactionef the disinfectant. Thegre
commercially availablsensorgor continuous disinfectant sensing[37]. There are several
manufactures, for instance, Analytical Technology, Electbemical Devices, Pulse
Instrumentset al For the research of electrochemical sensors, the aglpeen focused on
the detection othypochlorite [38]. As shown in Figre 1.6 the schemes of ampere vs
sweeping Vvoltagedivided by Ag/AgCl measured voltagat different hypochlorite
concentrations arexhibited.In recentyears different materials werstudied to increase the
durability and corrosion resistance of the electrqmebes For example, gold thifilm
microelectrodes, muHivalled carbon nanotubelectrodes epoxy nanocomposite sensors

with CuO nanoparticles, boratoped diamond sensor, agdld-graphite chemicalesistive
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sensor were studied§3H]. Although these commercially available electrochemical sensors
could detect the disinfectant concentration, however, they have several limitations while
beingusedfor arapidreattime sensingof thedisinfectanto support the feedback system for
accurate control of the disinfectant concentrationing the disinfecton and wash processes

of fresh produce: 1) the response time is lamgyrhally 0.5~3 mih due to the time toeach

the equilibrium state of the chemical reaction, which probably could not meet the requirement
of reattime sensing of the disinfectan®) relatively high cost and frequén regular
maintenance due to the degradation of electrodes and biofoulirtte aeleictrodesvhich is
resulted fromthe forming of theoxide layeron platinum electrodes and potentialiging

aggravated by the presence of some organitg{i
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Figure 1.6Schemes of ampere vs sweeping voltdigeled by Ag/AgCl measured voltage
hypochlorite concentrations of 0.68, 1, 1.82n d 1 . 5Sr&peetilvklyatconstant pH of 7

O. Ordeig et. al.[38].

1.4 Research objectives
1.4.1 Researchobjective 1

The goal of this research is to developviaelesssensor platform a magnetostrictive
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particle (MSP) sensor coated by a layer of wagarsitive polymer. The polym&SP sensor
is a lowcostpassivewireless freestanding sensor to detect humidity, whichttiegotential
to be used to Hsitu wirelessly monitor soil water in the soil in different depths of the
farmland.

Two watersensitive polymers will be coated on the MSP sensor platform to mehsure
overall humidity sensing performanc&NF, which is an environmentiiendly material,
will be used to develothe polymerMSP humidity sensoAnotherwatersensitivepolymer,
polyvinyl alcohol (PVA),which is originally vulnerable to watdsy crosslinking, turns out to
be wateiresistant withoutosing its watersensitivecapability An issue comes out that as the
polymer gains wateresistance by crosslinkinghe watersensitive ability is gradually
decreasingTo obtain wateresistancecapality while retaining itshigh water sensitvity, a
fundamental study to optimize the crosslinking rédiothe PVAwill be conducted.

A newly foundhigh dielectric permittivity humiditycapacitorsensorbased on corshell
BTO-SiO, ceramis will be studied due tothat,it hassuperior comprehensive properties and
the potentid to be used to develop a passive LC wireless humidggnansensorto in-situ
wirelessly monitor soil water in the soil.

1.4.2 Researchobjective 2

The goal of ths research is to develop new dielectric senaimg) analyzingnethoalogy
to in-situ reaitime monitor the disinfectant inthe water. This research will study the
dielectric permittivityvs frequencyspectrumanddetermine aharacteristic frequengcwhich
changes with the disinfectant concentratiortha water This methodology willprovide a

new way to detect the disinfectant concentration
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Due to that thiglielectric sensing methdtas many advantagesjch agime-saving,low-
cost simple handlirg, and in-situ detection over other sensing technologieg has the
potentialto be usedh thedisinfection and wash processedresh producgroduction.

Water quality influence orsensing of thedisinfectant concentration wilbe studied.
Moreover, he influence of contaminatioiiom sandsoil containing organic megrs onthe
dielectricspectrum of the watewill also be studied.

1.5 Background of passive welesssensorplatform s
1.5.1Passive welesssensorplatform based onthe MSP
1.5.1.1 Principle and characteristics ofthe MSP

Magnetostrictive particldMSP) is amorphous ferromagnetic alloy partgldJnder an
external magnetic fieldhe dimensionof the MSP changes due to itegnetostrictive effect
corresponding to the external magnetic fidlthder an alternate magnetic field,the MSP
underg@sa corresponding oscillain with ashape change which is resulted in a mechanical
vibration with a chracteristic resonant frequency. This mechanical vibration cabses
emission of magnetic flux frorthe MSPthat is measured by piakp coik. Figure 1.7shows
the configuration of aMSP sensqrwhich is arectangulafree-standingMSP strip with the
length, width and thickness of L, w, and t, respectively. Typically, the length (L) of the
sensor is bigger than the width (w) and much bigger tharhickness (t). As the length
direction is the biggest in all dimensions of M&P sensor, the dominanthviation occurs
along the length directionThus, the longitudinal resonant frequency can be excited and

detected [4]. The MSPcan beused as the transduaafrthe sensor by detecting its resonant
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frequency. Therefore, the MSP candstected wirelessly whout any physical connection to

it.

t Y0 X ﬂ-_/_'_w L>w>t

Figure 1.7 Dimension of the MS$&nsor.

As shown in Figire 1.7 the fundamental longitudinal resonant frequerafythe MSP
sensoris given in Eq (1-1) in the medium othe air and Eq.(1-2) in the medium ofilow
viscosity liquids [48]:

0 —

e "Q (intheair) (1-1)
Q "Q S (in viscaus liquids)  (1-2)

where f, is the resonant frequency of the sensor at its nth resonance mode foadisethe
associated resonant frequencyaimacuum;Ei s Youngo6s moduandgare of el
the densityand t he Poissonds ratio ojfiqadtia@eteensor
density and viscosity of the liquid, respectively.

| f a s man| sluch asapatisogens, is added onto the sensor surface, the additional
mass correspondstoanincrebdee nsi ty of the sensor, resul ti

resonant frequency. Therefore, the mass sensiti8ity df an MSP bio-detection sensor can

be expressed in EQL-3):

Y — - (1-3)

42



whereqd is the resonant frequency chandgjs the mass of the original sensbr;w, andt
are the length, width, and thickness of the sensor, respectively.

The negative sign in Eq1-3) implies the decrease of the resonant frequency when the
mass load is addedd the sensor surface. Therefotiee mass load added the MSP sensor

can be quantitatively determined by measusdrghift ofthe resonant frequency.
1.5.1.2Passive weless MSPsensors
As shown inFigure 18, MSP sensors can be used to wirelessly measure the magnetic field,

force, and other target analytes, such as pathogens, while coating a sensing layer onto the

surface of the MSP BI50Q].

Driving Coil Pick-up Coil
— A p— — B —
Apply varying MSP resulting Result
magnetic field magnetic field

Sensing Iayer\A

<
Longitudinal vibration — >
g ¢

?

Magnetostrictive particle
(MSP)

Signal

Frequency

Figure 1.8 Schematic image of the wireless sensing M%iA sensoand the sensing

resonant frequency peak obtained by the-piglmils.

Based on the characteristic thie detection through magnetic fiéfllix, the MSP sensors
have the unique advantagecause they do nakquire orboard power or any wires

physically connected to the sensor, which enables the sensordietdmted wirelessly and

remotely
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In recent yearspassivewireless MSP biosensors were developed emadlbiosensing
using homemadecoils to pick up the resonant frequenof the sensof51]. As shown in
Figure 1.96), the solenoid caslwinded on a glascore as detector csilvereplacedoverthe
MSP biosensors to measure their resonant frequeb2ly The ME biosensors were located
under the cod and on the tomato surface during the ergegrsingprocedure. An oscillating
magnetic field produced owf the coik actuatesa longitudinal vibration of the biosensor.
The resultant magnetic flux created by the biosensor was then immediately picked up by the
same co#, and theshift of theresonant frequencgould bemeasured, as shown in Eig

1.90) [53].

Glass core A Frequency shift b

Solenoid coil

/

/
Final peak Initial peak

Amplitude

Frequency

Figure 1.9Scheme of solenoid casibn a glass core to wirelessly piggtheresonant
frequency of thé&/ISP sensor (a) and resonant peak shifith respect to the condition change

of the analytéb). Y Chai,et. al. [3].

Another configuration opassivewireless detection method for biosensing was developed
andis currently used to conduct research, as shown inr€id@.10 A planar detection coil
manufactured by microfabrication and electrodeposition methods was used to wirelessly

generatemagnetic flux interrogate withthe vibrated MSP biosensor, resulting irthe
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determination of the resonant frequency of the seasdrquantitative measurement of the

bacteria [8-58].

Planar spiral coil

Food surface

\ -~
\\,/

ME biosensors
(placed on the food surface)

Figure 1.10Scheme of the planar detection coil to wirelessly pigkhe resonant frequency

of theMSPsensorY Chai,et. al. [%].

MSP sensor could be coated with humidggnsitive thin films oporous TiQ ceramis to

make passive andwireless humidity sensorgterrogated with the pickp coils [59].

However, the porous TEEMSP sensor suffered from a very small sensitivity that @ay80

Hz difference in resonant frequency walstained for the entire humidity detection range

from the lowest humidity tdhe highest humidity as shown in Figre 1.11 This small

sensitivity was probably due to the small mass ratio of water absorptibe pbdrous TiQ

film, which limited the appbation of the sensor to the resalenario
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Figure 1.11Scheme otheresonant frequency vs relative humidity of the Jp@rous

ceramic-MSP humidity sensarC.A. Grimes et. al. [9)].

In summary, theMSP sensor is dow-costsensing platform to achieve &-situ detection
on an analyte through mass loadioigo the sensor surface as well apassivewireless
detectionmethodby using pick-up coils, Hence,the MSP sensor platforns a promising
sensing approacto be further studied talevelop somenew humidity sensors with high
humidity sensitrity for a real applicatioscenario

1.5.2Wirelesssensor based orpassiveL.C resondor

1.5.2.1 Principle of passive LCresonant sensor

The main advantage of a passiveluctancecapacitance LC) resonant sensois its
wireless sensing capabilitys(,61]. The operation principle and equivalent circuit of the
passive LC resonant sensor interrogated with a detector made of the inducsoesfeoll

shown in Figure 1.126p).

) Phase
lS
PR A :
|
|
|
|
x_.7 0 f.
Readout Coil LC Resonator >
Frequency

Figure 1.12 Principle and equations for the wireless interrogating system containing a
wireless passive LC resonant seread readout coil. Phase peak frequency, which
determines the resonant frequency of the LC resonant sensor, shifts with a change of

capacitance (§. Q.A. Huang et. al.[62].
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A passivel.C resonansensor is typically constructed from a spiraductorand a resistor
connected with a sensing capacitor, forming a reson@ntank. The capacitor changes in
response to theubstance of the sensimgerest, resulting in a shift in its resonant frequency
observedat the peak of the frequency spectruTo wirelessly interrogate thpassivelLC
resonantsensor, readout co#/inductorsare magnetically coupled with thg@assive LC
resonantsensor The resonant frequenayf the sensorcan bedetectedby monitoring the
impedance or input return losstbk readout cos/inductor [@].

1.5.2.2 Dielectric capacitive ceramics snsor

Based on the illustration in the last section, the dielectric capacitive sensors play a key role
in the sensing of the analyte. Hence, this section focuses on a brief intyodiactthe
dielectric capacitive sensor.

The dielectric capacitive sensor detects the capacitance change resulting from a physical or
chemical change of dielectric properties (i.e., dielectric permittivity, loss, etc.) of the
dielectric sensingnaterialinteracting with the analyte, such as gases, humidity, and other
chemicals [@]. Therefore, the properties of the dielectric sensing material.

In the dielectric capacitive sensor, the dielectric sensing cerawinish determine the
performance D the dielectric capacitive sensor, are commonly used dielectric sensing
materials [6-69]. Gas sensors based on dielectric ceramics have been studied to detect
different gases, such a3, O, CQ, Hy, CHs, NHs, SO, et.al. [®-72]. The mechanism of

these sensors was based on the change of dielectric properties of the ceramics due to the grain
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surface reaction with the gases. Many studies found that some doping atoms in the ceramics
could improve the sensitivity of the gas sen$d8s74].

Capacitive ceramics humidity sensors were also studied in recent y&af€].[The
mechanismof the capacitive ceramicshumidity sensors is thehange of the dielectric
constantof the sensing ceramiasith RH change[77]. It is worth noting theamong the
sensors with various devistructures, capacitivéielectric ceramicsensors are competitive
in the market (about 75% of the humidity sensor market) duketsimple manufacturing
processease ofminiaturization high stability, and low cod [78,79]. Moreover capacitive
humidity sensors commonly have low power consumptionlargg output signals3p,81].
Generally, vinen the frequencyncreasesthe electric field direction changes fasind,
however the polarization of thevater cannot catch up withe changing speed of the electric
field direction resulting in a decrease the dielectric permittivity and capacitanf&®]. For
the capacitive ceramics humidity sensors, more dielectric composite materials need to be
studied to improve the characteristics of the dielectric permittivity spectrums, increase
humidity sensitivity and discover humidity sensing mechanisms influencing the dielectric

permittivity change of the dielectric material when interacted with the water niedecu
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Chapter 2 Polymer-MSP-Based Wireless Humidity Sensors

The polyme-MSP sensors have a promising potential to be massively used/distributed on
the farmlands andanbe placedht different depths of the ground/soil, where the humidity in
different depths can be wirelessly detected by a handheld device/gun. The vision is
schemaécally shown in Figure 2.IThe (bare) MSPsensos, in a size of about 1 inch (2.5 cm)
with the samepassively andvirelessly detectindgeature,arecurrently and massively placed
in the wearing/coats in shopping malls for @heft purpose [83]. The wireless detection
distance of the MSP sensor has been proved to be more than 1 meter, and theoretically, to be
more than several meters whdatectedésted by a frequency domain instead of a time
domain. Therefore, the polymeviISP humidity sensors based on the same wirelessly
detecting mechanism are probably applicable to be massively used on the faratlands

different depths of the soil.

Interrogation device = Pick-up signal

1Ly

Figure2.1A schematic visiorof thesensorgovered by plastic packagimtstributedin the

farmlands and placeat different depths of theoil.
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In this Chapter, newvirelesshumidity sensors are developed by using a newly developed
sensor platformi.e.,magnetostrictive particle (MSPA layer ofthe watersensitive polymer
is coated on the MSP as the sensing elenTér@wirelesspolymerMSP sensaarelow-cost
and freestading smallsizedsensaos to monitor humidity, whichare designed for precision
agriculture, i.e.in-situ monitomg soil water.

Comparisos of humidity sensing features, such as humidity responses at different
humidity levels, and the influence of the thickness of the polymer lagesngCNFMSP,
PVA-MSP, and crosslinked PVMSP humidity sensorswill be studied. The sensitivity,
response timand longtime stability, watefresistant capabilityandtemperature coefficient
of the polymeiMSP sensorwill also besystematicallystudied.
2.1Sensingprinciple and characterization method

2.1.1 PolymerMSP humidity sensor

As has been introduced in Section 1.5.1, MSP in very small sizes caseleasa
transducernof the sensorUnder anAC magnetic fieldthe MSPundergesa corresponding
oscillaion havingits resonant frequencfRF) which depends on the dimensimdphysial
properties of the MSPThe mechanicaloscillation of the MSP causesan emission of
magnetic flux thatan bemeasureftletectecby a pickup coil Hence, the RF of the MSP can
bedetected wirelesslgnd passivelyithout any physical connection the MSP [47.5]].

The sensing mechanism of the MSP depends on mass loading onto the surface of the MSP.

Specifically, he additional masattached to the MSPan be considered aslansity increase
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of the MSP, resulting in a decrease of the RF of the MSPaaseen exhibited in Eq.-()
in Section 1.5.1 [§].

Based on the sensing mechanism of the mass loading onto thex®%Rjreless humidity
sensorgan bedeveloped by usinthe MSP as the transducer and a wa@Tsitive polymer
layer coated on the MSRBs the sensing elemt. As shown inFigure 22, whenthe humidity
in the environment changeshe watersensitive polymer layembsorls/desorls water
molecules from té humidenvironment This water maskad change results @ change in
the RF of the MSP By monitoring the RF change of the MSP, the relative humidity (RH) of

the environment can be wirelessly detected.
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Figure2.2 PolymerMSP sensoplatformand thehumidity sensingoprinciple.

2.1.2 Influencing factors of humidity sensitivity
The sensitivity (i.e., the change of RF corresponding to the change of RH) of the wireless

polymerMSP humidity sensor mainly depends on three aspects, the sensitivity of the MSP
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(i.e., the dimension of theISP), the thickness of the wateensitive polymer layer (and the
same length and width of the MSP), and water absorption/desorption ability of the water
sensitive polymef53,59]. Due to a requirement of the dimension of the MSP to ensure its
long wireless detection distance which has been illustrated, the water absorption/desorption
ability of the watersensitive polymer is a key factor achieving the high sensitivity of the
polymerMSP humidity sensor. Thereforeyd different watetsensitive polymersvith high
watersensitive ability are selected to develop new polymM8P humidity sensors,
respectively.

2.1.3Characterization

— . IncreaseRH  —— —\

. High RH in glass humidity box
Ay A m

Low RH in glove box » l Decrease RH

/k
—
T
C__3

Low RH in glove box

Figure 2.3 Schematic illustration of the humidity sensor placed in the humidity environments
controlled by the glove box with low humidity and the glass box containing the saturated salt

soluton for a generation of the high humidity.
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As shown in Figure 2.3, stable humiditpnditions are generatda/ the saturated salt
solutiors in the glass humidity boxes, respectivéljze stable humidityevels generated by
the saturated salts alistedin Table2.1 [85]. Outside theglasshumidity boxesa big glove
box is maintaining a stable humidity of 54% R¥Fhe polymerMSP sensolis placed into and
out of theglasshumidity boxesfor measurementander a humidity cycle between the low

humidity of 54% RH andigh humidity levels generated in the glass humidity boxes.

Table2.1 Saturated salt solutions used to genestgbleRH at r oom t ef[@g.er at ur

TemperatursSaturated sali  NaBr CuCbh NacCl KCI KNO3

20 59.1% 69.1% 75.5% 85.1% 94.6%

Homemade coilsare used and connected to a precision impedance analyzer (Agilent
4294A)for wirelessly interrogating with the polym&tSP humidity sensor placed in the big
glove box, as shown iRigure 23. The impedance analyzer is used to detect the RF of the
wireless humidity sensor bsecordng the frequency of the peak point (i.e., tihéimum
point) of the phase angle versus frequency spectrum, as shéigure 22.

2.14 Sensing data analyzing method

To study the humidity response of the polyriW8P wireless humidity sensor, i$
necessary to further analyze tRé corresponding tahe humidity change. It should be
mentioned that due to the feature of the experimentalisethown inFigure 23, the

humidity box containing the saturated salt solution takes time to gertbmtdesigned
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humidity at its saturated level. The increase of the humidity is relatively slower than the
decrease of the humidity. However, the decrease of the humidity from a high humidity level
(generated by a saturated salt solution) to the low humidity of 54% RIdecaonsidered an
immediate changen the humidity environment. Therefore, as shown in Figure 2.4, the RF
response during the humidity decrease process can be used for further analysis to reflect the

real sensor response.

Phase
Phase

!

'.Iﬂ\./

Rif shifts RF shifts
Frequency Frequency
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[ RF,, |
| —— | e
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Figure 2.4Resonanfrequency (RF) of the polymdMSP humidity sensor obtained from the
phase peak changes corresponding to one humidity cycle (increase and decrease the humidity)
and illustration to calculate the delta resonant frequesB¥) from the RF versus time plot

during the humidity decreasing process.

Hence, an important variableed t a r es onant, when ¢hghureiditgiy ( PRF
decreasd from a high humidity level to low humidity of 54% Ré¢&n be used to analyze the
sensor response corresponding to the humidity changepThEan be calculated by Eqg.-(2

1):
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YY@ YQ YO (2-1)

whereqRF(t) is the delta resonant frequency (Hz) with respect to time, which reveals the
difference between the RF at a saturated high humidity level to the RF at the low humidity
level of 54% RHwith respect to time; Rfris the RF (changing with time until saturation) at
the low humidity level of 54% RH; RFis the RF at a high humidity level (when the sensor
response is saturated).
2.2 Experiment procedures

2.2.1 MSP preparation

A commercially available magnetostrictive materiiletglas™ 2826MB ribbon, was
chosen to fabricate the MSP sersdrletglas™ 2826MB ribbon was cut into rectangular
sensorstrips in size ofLl3.5 mm x 4.5 mm using Disco Automatic Dicing Saw 32Z8e
rectangular MSP sensowere cleaned in acetone and methanol, successively, by ultrasonic
treatment. The MSP sensavereimmediately driedwith nitrogen gas and heteated ina
vacuum oven at 220 for 2 h releasing resid

2.2.2 CNF coatingon the MSP platform

CNF used in this study was obtained in a gel form (LeUB&, grade91% fines)and a
CNF suspension was prepar@b]. 2 mL 7.5 wt.% CNF suspension and 0.5 mL 10 wt.%
PVA solution were mixed and stirred for 1 h to prepare a unifohk and PVA (3:1 in wit.
ratio) suspensianfhe s ol ut i ons wcoatdd orbtBe senspratiorens(23.5s pi n
mm x4.5 mm) with different rotation speeds in the range from 800 to 3000 r/min for 20 sec,
followed by an overdry (Isotemp Oven b¥isherScientific)at 7 0 to obtain a

layer with different thicknesse3he thicknesses of thENF layers for the sensors were
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measured by a thickness metdihe CNFMSP sensorsprepared were used for the
measurements under the humidity cycle.

2.2.3 Preparation ofthe crosslinked PVA films with different crosslinking ratios

PVA fine powders, which hava molecular weight ¥lw) of 146,000~186,000 and 98%
hydrolyzation were purchased from SIGMAIdrich. 96 mL 8 wt.% PVAagueousolutions
were preparedtthet e mper at ur e of Eoba purgseiofroptimpagonti® r 4 h
crosslinking density of the crosslinked PVA filmffdrent amourd of glutaraldehyde (GA) in
50 wt.% were added to thRVA aqueoussolutions and the ratios @ahe newly prepared
mixture of GA and PVA were shown in Tab#2 Diluted hydrochloric acidvas addedo the

solution to adjust the Rralueof the solution t@.0.

Table2.2 Molar ratio and weight ratio d6A/PVA to spin coathecrosslinked PVA films.

Molar ratio of
0:1 4:1 8:1 16:1 33:1 83:1 208:1 416:1 8321
GA/PVA

Weight ratio of
0:1 1:400 1:200 1:100 1:50 1:20 18 1:4 1:2
GA/PVA

The films were castising different GA/PVA ratios of solutions prepared by spin coating
with a low speed of 500 r/mion big glass slide§/5 mmx 50 mm).They weredriedin an
oven (IsotempOven by Fisher Scientific) a t 7f@& drying and crosslinkingFor the
solution with each GA/PVA ratio, six films weprepared The crosslinked PVAIms were
rinsed in deionized (D.1.) water anfimsdri ed

were preparedly peelng off from the big glass slides
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2.24 Measurement of remaining mass and weight gain of the crosslinked PVA films

A study on the determination ofthe GA/PVA ratio regarding the performance tife
crosslinked PVA filns was conducted To evaluatethe percentage of weight gain of the
crosslinkedPVA films undera high humidity of 95% RH films were placed from dry
condition to 95% RH for 3 days to ensure humidity equilibrium along the thickness of the
films was reached and the weight of the films was immediately measioezlialuate the
waterresistance of the film, the crosslinked PY#ns were completelyimmersed inD.l.
waterfor three times 12 immersionanddried after each water immersionhd remaining
massof the films for each time of water immersiaas measured when the fémvere dried
in avacuum furnace.

2.2.5 FTIR measuement of the crosslinked PVA films

For verification of the occurrence of the crosslinking reaction of the FRGArier
transforminfrared spectroscopy (FTIR) measurements tmee PVA films with different
crosslinkingGA/PVA ratios(0:1, 1:100, 1:20 in wt. ratjovere conducted, respectiveby a
Thermo Scientific iS50 FTIR with an ATR attachment that enabling the films to be directly
tested.

2.2.6 DSC tesbf the crosslinked PVAfilms

Differential scanning calorimetry (DSC) tesifthe crosslinked PVA films with different
GA/PVA ratios were conducted on a DSC 2n0videdby TA Instruments. DSC specimens
in weight of 8 mg were prepared for each test.

2.2.7Crosslinked PVAand pure PVA coatings onthe MSP platform

The MSP sensoplatformi n t he di mensi on of 1 @Bhe Samenm
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platform size as that to prepare the GMBP sensor) wagsed aghe substrate for coating
the crosslinked PVA layerThe same PVA fine powdersM(=146,000~186,00098%
hydrolyzatior) were used to prepare the solution. Two equal volumésroL 8 wt.% PVA
agueousolutionwas prepared at the temperatur® b st i r r.Onewgolurheoofthe4 h
solution (in pure PVA) was ready for coating. Another volume of the solution was mixed with
6.4 €L 50 to wrepar@sA/BVA solution in aweight ratio of 1:100. Diluted
hydrochloric acid was also added to the GA/PVA solution tosadjoe Phvalue of the
solution t03.0. Thetwo solutiors (pure PVA and crosslinked PVAJerespin-coated on one
surfacéside of the MSP sensors with different rotation speeds ranging from 900 to 3500
r/min for 20 secrespectivelyio obtaindifferent thcknesses othe PVA layersThen, they
wereoventd r i e d . &he puik PVAMSP sensors were prepared. Bensos coated with
the crosslinked PVA layersarinse in D.l. waterand a drying processn theov en at 70
were followed, consecutivel¥he crosknked PVA-MSPsensors were prepared

2.2.8 SEM surface morphology observation

JEOL 7000F field emission scanning electron microgddi-SEM) was used to observe
the surface morphology of the crosslinked PVA film which was coated oM#tesensor
platform Moreover, the thicknesses of the PVA layers for the sensors were measured by a
thickness meter

2.2.9 Temperature-dependent sensor respagse measurement

A (bare)MSPsensor and arosslinked PVAMSP humidity sensor ithe samealimensiors
ofthe MSP{ 3. 5 mml 4 . 5)werdu3ed fomnthehumidity response measurements at

different temperaturesAt various temperature conditoma ngi ng from 10
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generated by a heater in the big glove ,bitve humidity senserwere placed from one
humidity box with low humidity (about 54% RH) to another humidity box with high
humidity (about85% RH), respetively, in the big glove boxo obtainone humidity cycle
The two humidity boxes werall placed inthe big glove boxwith a constant humidity 4%
RH. The characterization process has been illustrated in Section ZhaBacterization.

2.3 CNF-MSP humidity sensor

Several organic watesensitiveelemens have high water sensitivity, such as polyethylene
oxide (PEO), chitosgnet. al [87-89]. However, by the preverification experiments
conducted in our lalREO suffers from a small humidity sensing range\argt low sensing
stability as its structure can be easily damaged during water absorption in high humidity
conditiors. Moreover, titosan suffersfrom a large humidity sensing hysteressnce
chitosan is difficult to desorb water molecules while decreasing humidity.

Among all the organic wateensitiveelemens, CNF is considered one of the promising
watersensitive element[90]. CNF is a naturborganic material composed of cellulose fibers
in nanasize with a high lengtto-width ratio P1,92]. The fiber width of the CNF is in the
rangeof 5 to 20 nm and their length is in micromet@8,p4]. Due to the vast numbers of
hydroxyl groups of the backbone of the namiulose and the naraorousfibric structure,
CNF has some superior characséics, such as a high watsensitivity, very low humidity
hysteresis, high humidity cycle stability, andique insolubility to water9b]. Moreover,
CNF is also an environmentyaffriendly materia) which can be degraded the environment
in years, hence, is suitable in the application of agriculture where large numbers of sensors

are required for the faraind [%6]. According tothe overall beneficial characteristics of the
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CNF, in this research, the CNF is used as the veatesitive element to develop a novel
CNF-MSPhumidity sensor.

As shown in Figre 2.5 athin layer of CNF is uniformly coated on th®ISP sensor
platform to developthe CNF-MSP sensorWhenthe humidity in the environment changes,
vast numbers of hydroxy groups of the CNF ab&tmforb water molecules from the
environment, bonding/debonding the hydrogen bonds with water molgadiies results in
a change in the resonant frequeliRy) of the MSPdue to themassload change caused by
the absorptiofdesorption of wateby the CNF layerBased on the relatiship between the
mass and th&F of the sensemwhich has been illustrated Eq. (1-3) in chapter 1the RF of

the sensor can be continuously measemdespondingo the change in the environment.

| Vibration
u

MSP sensor Nanocellulose

\ Hydroxy groups (-OH) interact with
Vo \ &= water molecules

Rosonant frequency shifts

Phase

Frequency

Figure 2.5 Cellulose nanofibe(CNF)}-MSP sensor and theumidity sensingorinciple.

2.3.1 Sensor esponss at different humidity levels
The humidity responses @fsensor witha5.9¢e m CNF | ayer are26 shown

Figure 2.66) showsone humidity cycle betweedifferent high humidity levels and low
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humidity of 54% RH andhe correspondingRF vs time plotsin different humidity cydes
under different high humidity levels, respectivefpr each test with a high RH,showsthat
the RFsignificantly decreasewith increasing humidity anéventuallyreacles a satura¢d

valug and then increasewith decreasing humidity and reasa satura¢d value at the low

humidity, which is the same as the initial RF at the beginning of the test

After the calculation by Eq. ¢2) from the data points in Figure 2.6(&jgure 2.6D)

showsthe qRF vstime resultsfor the sens@with a5 . 9

e m CNF théhanyidityris wh e n

immediately decreasdtbm different high humidityevelsto the low humidity of 54% RH
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Figure 2.6Resonanfrequency esponses of theNFMSPs e n s o r
under different humidityevels (a) Resonant frequen¢iRF) vs time plotsand (b)

corresponding relative humidity (RH) vs time plotone humiditycycle; €) delta esonant
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A classic nodel describing the mass diffusion is used to fit themidity response (i.e.,
gRF) of the newly developed polym&tSP humidity sensor, which is as follows:
YY'O ¥YY'O2p A@DPd0o (2-2)
whereqRF is delta resonant frequency (Hz); t is time (mif}fsatis saturated delta resonant
frequency (Hz), which is a constant at a humidity testing level; A is a constant at a humidity
testing level.

Reorganize the terms of Eq-22 and take logarithm on both sides:

1ip & 50 (2-3)

The datgpoints ofIn(1-pR F / epR/&time of the CNAMSP sensor when the humidity is
decreased are shown in Figure 2.7(a). However, the data points are not following a linear
relationshipandhence, cannot be fitted by Eq-32 An alternative fitting method is used to
fit just the linear portion of the data. Besides, it is noted that, in E2), (BR datis difficult to
accurately calculate as it is in the group of the fitting conshafitpR F / ¢gRTherefore,
to observe the influence apR &, three differentpR & values are used to fit the linear
portion in Figure 2.7(a). As a result, the fittings are almost the same by using the three
differentp R &t values, which reveals that tkariation ofgo R & will not affect much of the
fitting result and any suitablg R & value can be used for the linear fitting to determine the
fitting constant (A). After the determination of A, the fitting curve by Eg2)2s plotted in
Figure 2.7(c)However, the fitting curve afRF when the humidity is decreased is somewhat
slower than/deviates from those of the tested data points. The fitting curve also has a delayed
turning point after the sharp changing staged@f in the beginning and has agher qgRF

value than the tested data points aféachingthe turning point. Therefore, this classic model
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is not very suitable to fit the tirrgependent humidity response of the crosslinked -RAZP

sensaor.
— b) 6.75
(a) Of = = Small E RFg4 ( ) = Data points
al o Middle E RFg,; 6.50 —— Linear fitting
> 4 Big E RFgy
& 2 —— Linear fittings E 6.25
il P L 6.00 “‘“hhﬂir
e :: A A A A o oy —
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g . = = . < 575} " .
£ 5}
6l 5.50
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Classic diffusion model of Eq.(2-2)
—— Arrhenius-like model of Eq.(2-4)
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Figure2.7 Schematic®f the fittingsof the data points of the CNFASP sesorwhen
humidity is decreased. (ap1-pR F / g@R$time and linear fittings of the linear part (first
28 data points) by three differaptR & values; (b) linear fitting of the data points of

logarithm delta resonant frequency @R % ime! (min); (c) different fitting methods to

fit the data points of delta resonant frequergiR) vs tme.

An Arrheniuslike equation can be used to fit the tested data points aff@feversus the
time of the humidity sensor, which is exhibited in Eq4}2

Y2 & YYO A@D- (24
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where B is a constant at a humidity testing level.

Takethelogarithm on both sides of Eq.-@ and reorganize the terms:

11y2& 11¥YY0O - (25

As shown in Figure 2.7(b}he data points othe logarithm gqRF vs time! (min?) of the
CNFMSP sensoshow a linear relationship and are fittedlby. (24) whenthe humidity is
decreasedAs shown in Figure 2.7(c), the fitting result thie gRF vs timeby Eq. (24) can
better describe the tested data points than that of the fitting result by-BEg.irtlying that
the Arrheniudike Eq. (24) is wery suitable to be used to describe the tdwpendent

humidity response of the newly developed polyW&P-based humidity sensor.
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Figure2.8 Calculated data points of saturated dedsmnant frequendgRFsa) vs RH and

theirlinearfitting.

The values of theaturated delta resonant frequengiRFsa) are 85.8, 264.5, 427.1, 688.3,
and923.5 Hz when humidity decreases from 59%, 69%, 76%, 85%, 95%t&B4% RH,
respectively As shown in Figure.8, it is found that thegqRF«0f t he sensor

CNF layer is close to linearly dependent on RHe coefficient of determinatiofR?) of the

linear fitting is 0.991. Te sensitivity of 28Hz / %RH f or the sensor
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layer is obtaing from the slope of the linear fitting. Besides, the analysis of the response

times of the sensors with different thicknesses of the CNF layer will be studied in the next

Section.

2.3.2 Sensor esponssin different thicknessesof CNF layer

Theresponses.e., the RFoft h e

sensors

\W

t h

di

fferent

layertested in the same humidity range between 54% and 85%r&sthown in Figire 2.9

Figure 2.96) shows theRF versus time plots in one humidity cycle for differé¢hicknesses

of the CNF layer.
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pl ots when decreasing humidity,; sOfcheMSPat ur at

sensor and the response timest vs the thickness of the CNF layer, respectively.

In this study, th&RFsof the sensors at 54% RH are in the raofy#62 kHz to 165 kHzas
shown in Table 2 3Table 2.3 reveals that, with the increase of the thickness of the CNF layer,
the increased CNF mass, which is loaded onto the MSP sensor, decreases the RF of.the senso
Moreover, from Figure 2.9(a)llahe sensorsith different thicknesses of the CNF layers
exhibit consistent responséhat is,the RF decreasgwith increasing RH and increaseith
decreasing RHThe qRF of the sensors with different thicknessestioé CNF layerare
calculated by Eqg. (2) when RH decreases from 85% to 548 has been illustrated in
Figure2.4in Section 2.1.4the g FF versus time plotswhich can reflect the response of the
CNFMSP sensorsgre shown in Figre 2.9b). With decreasig RH, thegRF rapidly changes
and finally reaches a constant valAder linear fittings by Eq. (5) on the data points of the
logarithm ofRF versus tim& (min?), the saturated delta resonant frequergiRRsa) of the
sensors with different CNF layers can be obtained. The valugRBfx and the fitting
constant B for the sensors with different thicknesses of the CNF layers are listed in Table 2.3,
which implies that both the values giRFsat and B decrease tii the decrease of the
thickness of the CNF layer, respectively. As shown in Figure 2.9(i5),abserved that the
oRFsatof the MSP-basedsensor is linearly dependent on the thickness of the CNF. Hyer
coefficient of determinatio(R?) of the linear fitting is 0.97By the linear fitting R Fsat per
unit thickness of the CNF layer is 137.6 & It is a parameter to select the suitable

thickness of the CNF layer, which can determine the humidity sensitivity of theMSNF
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Sensor.

Table 2.3Baseresonant frequenci€RFo) of the CNFMSP sensors with different
thicknesses of the CNF layers at 54% RH and saturated delta resonant frequiedgy (
when humidity decreases from%9RH to 54%RH and linear fitting constant (Bitted by

Eq. (24).

Thickness of
9.0 7.7 7.2 59 45 4.0 3.0 1.9
the CNF

RFo/ Hz 162268 162509 163803 163647 163405 163831 164803 164480

PR &/ Hz 1262 1106 912 670 587 489 359 262

B 5.82 4.29 4.08 3.01 3.32 2.07 2.21 3.13

Response time is usually used to reflect the response speed of the humidity sensors. The
response time of a humidity sensor is definedas e t i me t o r esaathe 90% o
sensor with respect to an immediate humidity change.

After the fittings by Eq. (), the qRFsa at different tims for the sensors with different
thicknessesf the CNF layer is shown in Figure 2.9(lt)reveals that the response time of the
sersors is more than a few minutes long and is linearly increased as the thickness of the CNF
layer increases. Since the microstructure of the CNF layer consists oh&idiibers the
response time fowater molecules to penetrate through the GiRofibersduring water
absorptiofdesorption is controlledby the bonding and penetration speeds of the CNF
nanofiberslt is preferable that the response time of the sensor can be minimized by reducing

the thickness of th€NF layer. On theother side a largeqRFsa, which contributes to high
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sensitivity, is also required by increasing the thickness ofCINE layer. For instance, to
obtain a response time of abdlfi min, a sensitivity of 2.3 Hz/%RH is obtained for the
sensor witha 3¢ NCNF layer.To obtain aesponse time of abo@b min, a sensitivity of7.9
Hz/%RH is obtained for the sensor w2  eCF layer.

2.3.3 Long-time stability of the CNF-MSP humidity sensor

The longtime stability of the sensor is tested for 7 days. The humidity testing results of the
sensor with a 3 &m GGONEIORRY the sersor i 7 dilinalwytle i n
humidity tests between 54% and 85% RH @ladtedin Figure 2.108). Moreover,the qgRFs
of the sensor when Ridcreases andecreasem 7 diurnalcycles are calculated by Eq.-@.
As a result, the stabilityf the sensor in Hhumidity cycles when RH is increased and
decreased is showm Figure 2.100). A little random fluctuationof the qRFsat can be
observedfor the processes of both increasing and decreasing hunitdisyfound that the
fluctuatiors of the qRFsatfor either increasing or decreasing humiditgless than 50 Hz. It
revealsthat with a sensitivity ofl2.3Hz/%RH, the sensor is possible to detect humidity with
an accuracy of about #1% RH. Although the CNF is considered ssoluble watessensitive
element the PVA, which isnixed andfilled in the space of CNF fibeiia a small amount to
improve the physical attachméof the CNF layeto theMSP sensorplatform, canprobably
be dissolved in water. Thessiblereason fothe highfluctuation of the tested results might

be related tahe partial dissolution of the PVA chains ihe CNF layerwhile absorbing water

moleailes at high humidity. Moreover, stresses that are generated between the CNF layer and

the MSP sensorplatform during the humidity test might be another reasehich will be

further discussed isection 2.4.8But it seems that these two possible inflirgcreasons
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are reversible among cycles and not accumulated over time.
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Figure 2.10Long-time stability of the CNFMSPs ensor wi t h 3 daywithCNF
54%-85%54%RH cycle. (a)The resonant frequendyRF) of the sensor for-¢ycle humidity
tests in 7 days; (Imomparison of theaturated delteesonant frequenes (R Fsag) of the

sensor for both increasing and decreasing humidity.

2.4 Crosslinked PVA-MSP humidity sensor

As shown in Figire 2.11, arosslinked PVAhin layer, which is used as the wateensitive
element,is coated on thVISP sensorplatform As shown in Figre 2.12, the crosslinking
reaction occurred between GA and PVA to form a networkcsgire It is known that PVA
contains huge numbers of hydroxy groups. These hydroxy groups alesort water
molecules in the environment, forming hydrogen bonds with water molecules. As a result,
PVA changes its maswith respect to the humidity variath in the environment9[,98].
Similar to the humidity sensing mechanism of the €MEP sensor, as the PVA layer
tightly attached tadhe MSPsensoiplatform, the overall mass dhe sensorchanges with the
variation of humidityso that the humidity calpe continuously measurdéem the gRF of the

sensarin sunmary, the MSPsensomplatform coated with a humity-sensitive element.e.,
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crosslinked PVA layercan be used aswatermassbased sensdor theirrigation process in

agricultureapplicatiors.

| Vibration
R

Crosslinked PVA layer

Hydroxy groups (-OH) interact with
water molecules

Phase

\/
Vo

Rosonant frequency shifts

Frequency

Figure 2.11Crosslinked PVAMSP humidity sensor and the humidity sensing principle.

2-(CH2CHOH),- + CHOCH2CH2CH2CHO —E"-P
(Glutaraldehyde)
-(CH2-CH-CH2-CH),- -(CH2-CH-CH2-CH),- + 2H,O

1 1 | 1

(0] 0] 0] O
/7 N

\CH-CHE-CHQ-CHQ-CH

(Crosslinked PVA)

Figure 2.12Crosslinking reaction formula between PVA agldtaraldehyd€GA) to forma

crosslinked PVA network.

2.4.1 Crosslinkingcharacterized by determination of PVA/GA ratio

PVA is considered avery promising humidity sensinglement due toits high water
absorption ratidhigher than CNF)large humidity sensing rang&st sensing responsand
high stability P7,99]. Therefore, using PVA as the watnsitive element camproveboth

the sensitivity and response time of the M&8ed humidity sensor, compared with the
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newly developed CNHMSP sensorHowever,the major drawback is th&VA alone could
not withstand war immersion as the sensor might be directly exposed to water during
irrigation. By crosslinking, the PVA film was modified to obtain water resistance capability
[10010]]. An issue comes out that as PVA gains wagsistant capability by crosslinking,
considerable numbers of hydroxy groups in PVA gmafted hence, humidity sensing
sensitivitywould decreaseTherefore, aystematicstudywas first carried out to optimize the
ratio of PVA to the crosslinker, glutaraldehyde (GA), to obtain a crosslinkédiln while
maintaining a highhumidity sensingsensitivity Secondthe influence of different humidity
and different thicknesses ofhe crosslinked PVAlayer onthe sensing response of the
crosslinked PVAMSP sensorsand their comparison withthe (pure) PVA-MSP sensors
without crosslinking of PVA were studied, respectivelyThird, the long-time stability and
waterresistance of the crosslinked PNASP humidity sensor were analyzeespectively
2.4.1.1 Remaining mas and weight gain of the crosslinked PVA films

Figure 2.13 showshe crosslinked PVA remaining mass while the PVA fiisywater
immersed for 24 hours followed immedilgteby the overdry (two times of 12 h water
immersion and dry processem)d the weighgain of the PVA film under humidity of 95%
RH respect tathe film in dry condition.Table 2.4 reveals that themaining mass of the
crosslinked PVA films prepared by different crosslinking aitd GA: PVA after water
immersion for24 h is retained without further loss of the mass except for the remaining mass

of pure PVA film GA: PVA=0:1).
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Figure 2.13Percentage ohverageaemaining massef the crosslinkedPVA films prepaed by

thedifferent molar raticof GA: PVA after water immersion for 2412 h + 12 hjand

percentage of weight gain of the fémander humidity of 95% RH.

Table2.4The remaining massf the crosslinked PVA filmgprepared by different crosslinking
ratios of the crosslinker, GA: PVéfter water immersiofor one time of 12 h and the second

time of another 12 h.

Mass Remaining mass  Remaining mass Remaining mass
Weight ratio Molar ratio
before after B112 hwater after 24 12 hwater after 3912 h
of GAand of GA and
tests immersion immersion water immersion
PVA PVA
(mg) (mg) (%) (mg) (%) (%)
98.7 86.5 85.1
0:1 0:1 88.6 76.2 86.4 73.7 84.2 83.3
88.3 75.6 73.5
84.8 80.1 79.7
1:400 4:1 71.6 67.7 94.5 67.4 94.1 940
83.1 78.4 78.2
65.1 61.9 61.8
1:200 8:1 95.1 95.0 95.0
61.7 58.7 58.7
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72.9 69.3 69.3

55.6 53.4 53.3

1:100 16:1 86.2 82.4 959 824 957 95.7
68.7 65.9 658
65.8 63 62.9

1:50 33:1 69.7 66.9 959 669 959 95.9
68.1 65.4 654
76.3 73.7 73.6

1:20 83:1 74.4 71.2 960 712  96.0 96.0
98 93.8 938
75.2 72.6 72.5

1:8 208:1 75.8 73.6 966 736 965 96.5
82.1 78.9 789
90.4 87.3 87.2

1:4 416:1 45.9 445 96.8 445  96.8 96.8
68.6 66.5 665
32.4 31.6 31.6

1:2 830:1 57 55.7 975 556 975 97.5
44.1 42.9 429

From Figure 2.13 he remaining mass of the PVA film after water immers624 hand
theimmediate drying procedsstly increases dramatically with increasing molar ratio of GA
PVA. The reason is that, as the crosslink®k, increags films are crosslinketly forming a
network, gaining a wateesistantcapability for the PVA film and preventing its weight loss
during water immersion. However, the plot of the nthssremained after water immersion

is nearlyflattened and is increased very slowienthe molar ratioof GA: PVA is higher
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than16:1. Thereason ighat, as the crosslinkeBA, increases, a crosslinked PVA network is
formed and only small numbers of nrorosslinked segments of PVA are removed from the
PVA film by water immersion. In contragts shown in Figure 2.13 and Table 2itg weigh

gain of the PVA film under humidity of 95% RH slightly decreases at first antimcreasing
molar ratio of GA PVA, due to that the hydroxy groups are slightly consurfrech
crosslinkingreactionswith GA and sufficient numbers of hydroxy groups aré# skistedto
contribute to humidity sensingVhen the molar ratio of GAPVA is higher than 208:1, the
weight gain of the crosslinked PVA film under humidity of 95% RH significaddgreases

as the crosslinking density very high andewerhydroxy graipsareexisted in the PVA film

to form hydrogen bonds with water molecul®8,100. It should be mentioned that when the
crosslinking density increases, more hydroxy groups are consumed to form the crosslinking
points between the adjacent PVA chains #rete should be fewer waterolecule bonding
sites in the PVA, resulting in a fast decreasthe water weight gain of the crosslinked PVA
film with increasing the crosslinking density. However, the water weight gain only decreases
very slightly with increasing the crosslinking density. This interesting phenomenon will be
discussed in Section 2.4.1.3 when analyzing DSC plots of the crosslinked PVABidsides,
when themolarratio of GA: PVA is higrer than 103:1the crosslinked PVA filngetsbrittle

and even crumpled, losing its physical adhesion capability to the substatdhe MSP
sensoiplatform. The brittle film obtained from the high molar ratio of GA: A¥Ahown by
theblue color areain Figure 2.13In summary, a optimized molaratio of GA PVA is from

16:1 (1:100 in weight ratiojo 33: 1 (1:50 in weight ratipwheretheoretically aPVA chain

hasfrom 16 to 33 crosslinking points connected to other PVA clsaiim this crosslinking
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density range a strong water resistance, and good film adhesion (to the MSP sensor
platform) can be obtainddr the manufacture dhe crosslinked PVAMSP humidity sensors

while asuperiothumidity sensingater absorption capability is also retained.

Table 2.5Percentage ofvaterweight gain othe crosslinked PVAilm s from dry condition

prepared byhedifferent molar ratiof the crosslinkerGA: PVA under humidity of 95% RH.

Weight ratio of GAand PVA 0:1 1400 1:200 1:100 150 120 1.8 1.4 1.2

Molar ratio of GA and PVA 0:1 4:1 81 16:1  33:1 83:1 208:1 416:1 830:1

Water weight gain /wt.% 283 281 283 278 267 262 257 199 99

24.1.2 FTIR analysis

To further verify the occurrence of the crosslinking reaction of the PVA, FTIR
transmittance spectrums of three PVA films wilifferent GA/PVA wt. ratios (@, 1:100,
1:20) are measured and analyzed. As showialsle 2.6andFigure2.14(a), the transmittance
peaks of different stretching and bending vibrations are identified. A broad peak is observed
atawavenumber of about 3282 to 3292 tfor all three samples, which implies a stretching
vibration of OH (hydroxyl group). It reveals thexistence ofOH groups on the backbone of
PVA [101-104]. A sharp peak can be observed at 2940 dor all three samples, which
implies sp C-H stretching vibration701,103]. As is widely known, shC-H bonds largely
exist in alcoholike structures, sth as PVA. In the fingerprint region below 1500 %rthere
are four major peaks. A peak at 1417 cimplies a bending vibration of $i-H. A peak at
1328 cm! implies a bending vibration dahe -CHs group. A peak at 1087 chrepresents a

stretching vibration of €. It is anothepiece ofevidence of the existence tife hydroxyl
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group which has been verified at the vibration pfeakn 3282 to 3292 cmh. A peak at 839

cmt implies a bending vibration of §£-H. Moreover, smih peals at a wavenumber of 965

cm® can be observefbr the PVA sampleswith GA/PVA wt. ratios of 1:100 and 1:20,

however, ould not be observed for the pure PVA sample. The vibration peak at 96%scm

probablyevidence othe formation of acetalngs (C-O-C stretchingfrom theacetal reaction

[104].
Table 2.6 Tansmittance peaks of different stretching and bending vibrations
Bond O-H C-H C-H -CH; C-O C-OcC C-H
Vibration mode Stretch  sp’stretch sp’bend Bend Stretch Stretch sp? bend
Vibration peak cmi? 32823292 2940 1417 1328 1087 965 839
(a) \ i (b) 1.50 —=—Data points
\ A/ T2 R VA I Y BN
" B — " | > 145 ‘\\
—~ I v ‘ /"l — ,-"*‘I ‘®
% N \ ,-' v //”’_‘WWM\ y -‘éé?;” é \
E \ f’/‘l / 17113 “IJ ”‘I/k .ﬁﬁf\’ v | é 1.40 N
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Figure 2.14FTIR transmittance spectrums of PVA films with different GA/PVA wt. ratios (a);

and relative peak intensity of stretch vibration eH@hydroxyl group) tadhe peak intensity

of thestretch vibration of spC-H vs. GA/PVAIn wt. ratio (b).

The peakintensity of sp C-H bondshasalways beemsed as the reference peak intensity
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to analyze and determine theelative amount othe other bond in the material owing to its
stability before and after the crosslinking reactifd®2103,105]. Therefore, a relative
analysis 6 the peak intensity ofhe O-H stretchvibrationto the peak intensity ofthe s C-H
stretchvibration vs.GA/PVA wt. the iatio is conductedAs shown in Figre 2.14b), the
relative peak intensity of th®@-H stretchvibration ¢OH group)proportionallydecreases with
increasing GA/PVA wtratio. As the reaction formula is shown in &ig 2.12, twice the
molar number ofOH is consumed during the crosslinking reaction between GA and PVA.
Therefore, it is anothepiece ofevidence supporting the occurrence of the crosslinking
reaction between GA and PVA to form a crosslinked PVA film.
24.1.3 DSC analysis

DSC plots of the pure PVA film (GA: PVA= 0:1) and the crosslinked PVA films with
different molar ratis of GA/PVA are shown in Figre 2.15 For the pure PVA without
crosslinking, the endothermic peak at 223 implies the melting temperature of the
crystalline PVA. The area dhe endothermic peakf the pure PVAwhich implies the latent
heat (per unit massis large (53.77 J&1) compared with those of the crosslinked PVA, as
shown inTable 27. Hence, he crystallinity is high in pure PVA fiimMoreover, wth the
increasing molar ratio of GA/PVA, the melting temperature of the endothermic peak
decreasesand thepeakaredlatent heatlso decreases. iévealsthat the crystallinity othe
crosslinkedPVA film decreases with the increase of the crosslinking deniiiy,small
crystals can still be formed in local areagh## longPVA chainsin the crosslinked PVA film
In these cases, the crosslinked PVA filsrstill very flexible andhasgood adheson to the

substrate.As has been described in Section 2.4.Wwvbhen themolar ratio of GA/PVA
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increases, more hydroxy groups are consumed to form the crosslinking points between the
adjacent PVA chains and there should be fewer watdecule bonding sites ithe PVA,
resulting in a fast decrease of the water weight gain of the crosslinked PVA film with
increasing themolar ratio of GA/PVA However, the water weight gain only decreases very
slightly with increasing thenolar ratio of GA/PVA This phenomenon cabe explained by
analyzing the DSC plots. That is, the crystallinity of the crosslinked PVA decreases with
increasing the molar ratio of GA/PVA, releasing substantial numbers of the PVA chains in an
amorphous state instead of the crystals. These rel€gedhains in the amorphous state
contain the hydroxy groups, contributing to the absorption of the water molecules. Therefore,
the consumption of the hydroxy groups by the crosslinking reaction and the release of the
amorphous PVA chains with the hydroggoups somehow cancel out mostly with each other,
resulting in a very slight decrease of the humidity sensitivity (implied by the weight gain of
the crosslinked PVA film) with increasing molar ratio of GA/PVA in a wide range which is
clearly shown in Figw 2.15.Eventually, the endothermic peak the crosslinked PVA
vanishesn the molar ratio of 208:1, which reveals that the crosslinking density is so high that
even small crystals could not be formed in local aregbeofongPVA chains.However, as
hasbeen illustrated in Figure 2.15, by observation, dfasslinkedPVA film with this high

crosslinking density coatezh the substrate lEghly crumpled.
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Figure 2.15DSCplotsof thepure PVA film(GA: PVA = 0:1)and the crosslinked PVA films

with different molar ratie of GA/PVA.

Table 2.7 Melting temperature £, melting temperature changg ), andlatent heatgH)
of the crosslinked PVA films with different weight/molar ratios of GA: RM#ained from

the analysis of thein@thermicpeaks (0:1 implies pure PVA).

Weight ratioof GA andPVA 01 1:100 1:50 1:20 1.8
Molar ratioof GA andPVA 01 16:1 331 83:1 208:1
Tm/ 2231 2087 204.2 192.6 /
P/ / 144 189 30.5 /
oH At J 53.77 40.01 32.59 11.07 /

2.4.2 SEM surface morphology of the crosslinked PVAayer coated on the MSP

SEM surface morphology of the crosslinked Psiger coated orthe MSPsensoplatform
is shown in Figre 2.16 In magnification ofx600, is surface is smooth without observable
defects, such as crumpled surfce micro-holes It seems that the crosslinking density
might havea little fluctuation inthe PVA film as observed in the SEM image. The reason

might bethat the crosslinking reactiooccurssuccessivly in each local area to forrthe
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crosslinkedPVA film.

Figure 2.16S5EM surface morphology of the crosslinked PVA film coatediwa MSPsensor

platform.

2.4.3 Responses of the crosslinked PMASP and the PVAMSP humidity sensors at
different humidity levels

The humidity responses of the serssaiith thecrosslinked PVA layers thicknesses o3
em and 4 & m auree2.1&Higares 2.17&),12.17€)i slgow one humidity cycle
between different high humidity levels almv humidity of 54% RH andhe corresponding
RF vs time plots indifferent humidity cydes under different high humidity levels

respectively.
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Figure 2.17Resonant frequency responses of thesengort h 3 e m and 4 ¢
PVA layers under different humiditgvels respectively(a) Resonant frequen¢iRF) vs time
plots and (b) corresponding relative humidityHRvs time plotf the sensor with 8 m

crosslinked PVA layein one humidity cyclg(c) delta esonant frequendgRF) vs time
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plots of the sensor with&8 ntrosslinked PVA layer whetie humidity is decreased to 54%
RH; (d) RH vs time plotsand (e) corresponding RH vs time plofghe sensor with ¢ m
crosslinked PVA layem one humidity cycle;f§ gRF vs time plots of the sensor withedm

crosslinked PVA layer whetie humidity is decreased to 54% RH.

Similar tothe responses of the CNEVA humidity sensor,dr each testf a high RH,the
RF of the crosslinked PVAMMSP sensosignificantly decreasewith increasing humidity and
eventuallyreaclesa saturagédvalue and therincreass with decreasing humidity aneéacles
asaturagédvalueat low frequencyit is found that the RFinally goes back tohe initial RF at
the beginning of the tesédr each humidity cycleBesides, as has been illustrated in Section
2.1.4,to study the response time and calculateqtR€& of the crosslinked PVAMSP sensor,
it is necessary to further analyze the response of the sensor in the humidity decreasing
processTo analyze the performance of the humidity responses of the crosslinked/IB?A
sensorswith the crosslinked PVA layerg thicknesses 08 € m a nitlis necessary to
further analyze th&®F data and calculate tlepR By Eq. (24) in the humidity decreasg
process of the humidity cycle exhibited in Figures 2.17(b), 2.17T¢® R Fersus time
plotsof the sens@are shown irFigures 217(c), 2.17(f) respectively

The data points dh(1-qpR F / egR/$time of the crosslinked PVISP sensor when the
humidity is decreased are shown in Figure 2.18(a). However, the data points are not
following a linearrelationshipandhence, cannot be fitted by Eq-32 An alternative fitting
method is used to fit just the linear portion of the data. After the determination of A, the

fitting curve by Eq. () is plotted in Figure 2.18(c). However, when the humidity
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decreased, the fitting curve gRF somewhat deviates from those of the tested data points.
Therefore, this classic model is not very suitable to fit the-tieygndent humidity response

of the crosslinked PVAMSP sensor.

(b) 7.5

—~
Q
Lard
o

= Data points

» Small E RF
t R .
sa Linear fitting

o Middle E RFg,;

B 7.0}
4 Big E RFgy \

—— Linear fitting ~65} ——

°»
>
>
°»
In(E
"

6.0 .

In(1-E RF/E RF_)

55t

o N »d h A b N s
————————
L |

1 1 1 1 1 1 1 50 1 1 1 1 1 1 1 1
0 60 120 180 240 300 360 420 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Time / min Time™ / min™

(C) 1300 -
1200 f = Data points
1100 F Classic diffusion model of Eq.(2-2)
1000 [ —— Arrhenius-like model of Eq.(2-4)

ERF/Hz
o
=]
S

0 60 120 180 240 300 360 420
Time / min

Figure2.18 Schematic®f the fittingsof the data points of the crosslinked RMISP sensor
when humidity is decreased. (a)(Ll-qoR F / e¢@R/&time and linear fittings of the linear
part (first 28 datpoints) by three differerp R & values; (b) linear fitting of the data points
of logarithm delta resonant frequency @R % ime! (min™Y); (c) different fitting methods

to fit the data points of delta resonant frequenpgyK) vs tme.

Arrheniuslike Eq. (24) andEg. (25) areused to fit the data points of tiggRF vs timeand

the logarithmgRF vs time' (min?), respectively, as shown in Figure 2.18. From Figure
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2.18(b), the linear fitting result by Eq.-8 can be observed, which is acceptable. As shown
in Figure 2.18(c), the fitting result by Eq.-42 can better describe the tested data points than
that of the fitting result by Eq. {2), implying that the Ailmeniuslike Eq. (24) is very
suitable to be used to describe the tdependent humidity response of the newly developed
crosslinked PVAMSP sensor.

The average values of tlggrFsacfor five-cycle tests of the sensorwitd e m cr os sl i n
PVA layeris 58.6, 187.9, 372.6, 632.5, 887.3,kehen humidity decreases from 59%, 69%,
76%, 85%, 95% RHto 54% RH, respectively. The average values ofgfRésa: for five-
cycle tests of the sensorwdlB e m cr os s | iigdB 4 2.3, ¥R.1,1448%,639.9
Hz, when humidity decreases from 59%, 69%, 76%, 85%, 95% RH to 54% RH, respectively.
It is found that thegRFss0 f t he sensors with 3 em and 4 &m
to linearly dependent on RH, respectivedys shown in Figre 2.19 The coefficients of
determination (R of the linear fittings for the sensorswBh ¢ m and 4 e&m cross
layersare 0.993 and 0.991, respectivelfe sensitivity of 17.0 H%RH and 23.6 H2RH
of the senso4r ewm tchr 03s selm naknedd PVA | ayers, r es|
slops of the lineafittings in Figure 2.19 It has also been tested and analyzed that t
standard deviation for five tests is less than 20B4=ides, the analysis of the response times
of the sensors with different thicknesses of the crosslinked PVA layer will be studied in the

next Section.
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Figure2.19 Calculated data points of saturated dedsonant frequendgRFsati, i=1,2) of
the sensor wimt br 8ss ini aksdethdv® Wimidity(RH) &d their

linearfittings.

The humidity responses of the sensorveith. 7 e m PVA | ayer (et hout

pure PVA layerjare shown in Figre 2.20 Figures 2.204), 2.20(b)showone humidity gcle
between different high humidity levels and low humidity of 54% RH and the corresponding
RF vs time plots in different humidity cycles under different high humidity levels
respectively The RF of the PVAMSP sensorsignificantly decrease with increasing
humidity and eventually reacles a saturded value and thenincreass with decreasing
humidity and reaabs a saturagd value at low frequencyThe RF finally goes back to the
initial RF at the beginning of the test for each humidity cyEigure 2.20(cshows theqgRF

vs time plots for the sensorwittd . 7 e m PVA | ayer ,bykgh(R4gfiomar e
the dataplots in Figuire 2.208), when decreasing humidity from different high humidity
levelsto the low humidity of 54% RHAfter linearfittings by Eq. (25) on thedata points of

the logarithmoRF vs time! (min'?), the average values of thgRFsa:arecalculated to b&6.0,

265.2, 465.7, 758.9, 1044.1 Hzhen humidity decreases from 59%, 69%, 76%, 85%, 95%
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RH, to 54% RH, respectively. It is observed that ¢fieFs,: Of the sensor wit4 . 7 e m P VA
layer is close to linearly dependent on RH, as shown ior€&ig@.20(d) The coefficient of
determination (R of the linear fitting for the sensor is 0.99Phe sensitivity of27.4

Hz/%RH of thePVA-MSPsensowitha4.7e m PVA | ayer i s obt d&i ned
has also been tested and analyzed that the standard deviation for §ive kes$ than 20 Hz.
Besides, the analysis of the response times of the sensors with different thicknesses of the

(pure) PVA layer will be studied in the next Section.
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Figure 2.20Resonant frequency responses of the sensorawlith 7 e m PVA | ayer
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crosslinking under different humiditgvels (a) Resonant frequen¢RRF) vs time plotsand
(b) corresponding relative humidity (RH) trme plotsin one humidity cycle;d) delta
resonant frequendygRF) vs time plots when humiditig decreasedp) Saturated delta

resonant frequencyfRFsap vsrelative humidity RH).

2.4.4Sensorresponse at different thicknesses ofthe crosslinked PVA and pure PVA
layers

TheRFresponsesft he sensors with different thickne
PVA layer are also investigated, as shown in &ig 2.21 Figure 2.218) shows theRF vs
time plots in one humidity cycle for different thicknesses of the PVA layer. In this study, the
RFsof the sensors at 54% RH are in the raolgg60 kHz to 164 kHzas shown in Table 2.8
All the sensors exhibit consistent responses thaRtffedecreae with increasing RH and
increase with decreasing RH. TgRF vs time plotsof the sensors with different thicknesses
of the PVA layer when RHs decrease from 85% to 54%are calculated by Eq. (2) from
the data plots of Figure 2.21(a) asidown in Figire 2.21b). With decreasing RH, thgRF
rapidly changes and finally reaches a consteat, saturatedyalue.Furthermore, the values
of the qRFsat and the fitting constant B in the linear fitting Eq-§Rfor the sensors with
different thicknesses ohé crosslinked PVA layers are listed in Table 2.8, which implies that
both the values offRFsatand B roughly decrease with the decrease of the thickness of the

crosslinked PVA layer, respectively.
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Figure 2.21Resonant frequency responses of the sensors with different thicknesses (2.2~10
em) of t he cr otsstdinthelsamnd humMify range pedween 54% and 85%
RH. (a) Resonant frequen¢RF) vs time plots in one humidity cycléb) delta esonant
frequency(qRF) vs time plots when decreasing humidity; §ajurated delteesonant

frequency(qRFsa) of theMSPsensoandthe response timigoow) vsthe thicknessf the

crosslinked PVA layerrespectively.

It is found that theRFsa: of the MSP sensor is linearly dependent on the thickness of the
PVA layer, as shown in Fige 2.21¢). The coefficient of determinatiofR?) of the linear
fitting is 0.998.By the linear fitting, the ratio of theRFsa: over the thicknesss 183.74
Hz/ em for the test edbesidesrnhe garamgtersiotthieeMSP semsbri ¢ h

platform, one of theinfluencing parametes to control the humidity sensitivity of the
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crosslinked PVAMSP sensor.

Table 2.8Baseresonant frequenci€RFo) of the crosslinked PVAMSP sensors with different
thicknesses of the crosslinked PVA layers at 54% RH and saturated delta resonant frequency
(pR &) when humidity decreases from%®RH to 54%RH and linear fitting constant (B)

fitted by Eq. (24).

Thickness of the
10.0 8.5 7.2 6.5 5.0 4.0 3.0 2.2
crosslinked PVA

RFo/ Hz 163354 163289 163836 162320 162253 161476 161924 162205

PR &/ Hz 1703 1534 1288 1106 875 616 436 331

B 4.07 3.87 4.34 3.53 2.19 1.64 1.80 1.88

The RF responses at different timeof the sensors with different thicknessef the
polymer layer are also shown in Figure 2.21(t)reveals that the response time of the
sensors is more than a few minutes long and is linearly increased as the thickness of the PVA
layeris increasd. Since a threglimensional network is formed by crosslinkingtbé PVA
chains, the network structure hinders the diffusiothefwater molecules and it takes time
for the water molecules to penetrate through the PVA layer duthmy water
absorption/desrption process. Therefore, the response time of the sensors is long and
increases with the thickness of the PVA layer. It is preferable that the response time of the
sensor can bshortenedy reducing the thickness of the PVA layer. On the contraryige la
oRFsa; Which contributes to high sensitivity, is required by increasing the thickness of the

PVA layer. For instance, to obtain a response time of abd@®min, a sensitivity ofl5.5
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Hz/%RH is obtained for the sensorwal8 e m P VA | a yte obtain Mrespeansev e r
time of about9.8 min, a sensitivity 00.5 Hz/%RH is obtained for the sensor wah2e m

PVA layer.For agriculture applicationd, is necessary to select a good match of the response
time and humidity sensitivity. The response tisheuld be no more than 10 min to achieve a
fastsensing response. Therefore, a preferable thickness range of the crosslinked PVA layer is

probably from 2 um to 3 um.
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Figure 2.22Resonant frequency responses of the sensors with different thickfressés
e mol 3. 8 ¢ fpure)PVA layers (a) Resonant frequendiRF) vs time plots in one
cycle humidity testand(b) delta esonant frequendgRF) vs time plots when decreasing

humidity.

TheRFresponsesft he sensors with different thickne
without crosslinking ar@lsoanalyzed, as shown in kigg 2.22 Figure 2.228) shows theRF
vs time plots in one humiditgycle for different thicknesses of the PVA layer. In this study,
the RFsof the sensors at 54% RH are in the raof#60 kHz to 164 kHzas shown in Table
2.9. All the sensors exhibit consistent responses th&REselecrease with increasing RH and

increase with decreasing RH. TlggRF vs time plotsof the sensors with different thicknesses
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of the PVA layerswhenRH is decreasa from 85% to 54%arecalculated by Eq. (2) from
the data plots of Figure 2.22(a) asldown in Figire 2.220). With decreasindgRH, theRF

rapidly changes and finally reaches a constant value.

Table 2.9Baseresonant frequenci¢RFo) of the (pure) PVAMSP sensors with different
thicknesses of the (pure) PVA layers at 54% RH and saturated delta resonant frequency
(pR &) when humidity decreases from®3RH to 54%RH and linear fitting constant (B)

fitted by Eq. (24).

Thickness

13.8 9.8 8.1 6.9 6.2 5.2 4.7 3.9 15 1.0
of PVA

RFy/ Hz 159965 160598 162153 162389 162546 162505 163196 163419 163046 163153

PR &t/ 2276 1834 1618 1152 1046 860 759 495 308 237

Hz

B 2.06 1.79 1.50 0.68 1.16 0.99 0.46 0.59 0.22 0.29

The values offRFsatand the fitting constant B in the linear fitting Eg-5Rfor the sensors
with different thicknesses of the PVA layers are fitted and listed in Table 2.9, which implies
that both the values @fRFsarand B roughly decrease with the decrease of the tagskof
the PVA layer, respectivelyt Is observed thahe qRFsat 0f the sensor is linearly dependent
on the thickness of the PVA layer, as shown iruFeg2.23(a) and Table 2.8 is alsofound
that the fitting slops of the qRF with respect tadhe thicknessof the polymedayerfor both
crosslinked and nearosslinked PVAMSP sensors argery closeilentical, which means the

sensitivities are close to the same valtis a parameter to select the suitable thickness of the
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CNF layer,which can determine the humidity sensitivity of the GIMBP sensorTherefore,

the PVA crosslinking cannot influence the sensitivity of the sen3dris isdue tothat the
crosslinkng density is too small to consume many of the hydroxy groupthenPVA
backbones, whicldoes not influencéydroxy groupsn huge numbers to bond with water
molecules.Moreover, by crosslinking, some amorphous PVA chains are released from the
PVA crystal, as observed from the DSC results in Section 2.4.1.3, which conttibukes
humidity sensitivity and partially cancels out the sensitivity decreasing mechanism from the
consumption of some hydroxy groups in the PVA by crosslinking. In comparison, the
sensitivity of the sensors with the CNF layer (i.e., 137.@ Mz/is much lower than those of

the sensors with the PVA layer and crosslinked PVA layer (i.e., 1734nHahd 183.7
Hz/em), respectively, which verifies the PVA has better humidity sensitivity than the CNF as
a water sensitive elemerdowever, as shown in Rige 2.23(b) the response tinsdtoos) of

the sensors, which exhibit linear relationships withttheknessof the polymergi.e., CNF,

PVA, crosslink PVA) havinghe coefficient of determinatiorfR?) of the linear fittings of
0.944, 0.973, 0.982especitrely, show that the crosslinkingf PVA prolongs the response
time by a factor of about 2ompared with those of the sensors with -sarsslinked PVA

layer The reason ithatthe crosslinkingeaction of GA and PVAncreass the density of the

PVA film, resulting in a delayed diffusigmenetration of water molecules through A

layer However, the response time of the sensors with the crosslinked PVA layer is much
shorter than those of the sensors with the CNF layerumnneary, the sensors with the
crosslinked PVA layer have better humidity sensitivity/sensing performance than those CNF

based sensors in batte humidity response and response time.
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Figure 2.23 @mpari®ns of the sensors wittifferent polymer layers (CNF/pure

PVA/crosslinked PVA laye)sn different thicknessega) Relation between theaturated delta

resonant frequendgRFsa) of the sensorévith CNF/PVA/crosslinked PVA layegnd the

thicknes=f the polymerlayers, respectively;lf) Relation between the response tiftagy.,

i=1,2,3)of the sensorévith CNF/PVA/crosslinked PVA layegnd the thickness die

polymerlayers, respectively.

2.4.5 Longtime stability of the crosslinked PVAMSP humidity sensor

The longtime stability of the sensohas beenested for a period of 20 dayaderthe same

humidity cycle of 54%-85%-54% every day The monitoed humidity responsef the PVA-

MSPsensor s

wi t h

a

4

eisshowr irFgysel 2 24Rlesorthnt Peduencl ay e r

(RF) of the sensor in 20 diurnal cycle humidity tests between 54% and 85% RH are depicted

in Figure 2.244). Mor eover,

diurnal humidity cycles are calculated by Eq.-42. As a resultthe stability of the sensor in

t

he

RF of the

S eas B20r

20 cycleswhen RH is increased and decreaseshown in Figure 24(b). The qgRFsattested

for 20 days isalmost identical with very little random fluctuatioRurthermore it is found

that the fluctuation ofthe qRFsatin either increasing or decreasing humidity is less than 30
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Hz, which reveals that sucnsensor is possible to detect humidity with an aacy of no
more than 2% RH. The reason for the fluctuation of the tested results begbktated to
stresses that are generated between the PVA layer adMdSBResensor. It seems that those
stresses are reversible in each cycle and not accumulatedrogelrt sunmary, the good

stability of the crosslinked PVAMSPsensor irthe 20-day test has been verified

(a) 164000 (b) 1200

—— Detected frequency 1100 F —=— Increase humidity
163800 |- 1000 | —e— Decrease humidity
54%RH 900 |-
163600 -
800 -
N 163400 | T 700
z T 600
& 163200 @ 500
w
400
163000 300
85%RH 200 F
162800 |- 100
162600 Il Il Il Il Il Il Il Il Il L L O -| 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Testing cycle / Days Testing cycle / Days

Figure 2.24Long-time stability of the PVAMSPs ensor wi th 4 em @r oss|l i

20-day tesunder the same humidity cycle ®%-85%54%RH every day(a) The resonant
frequency(RF) of the sensor for 28ycle humidity tests in 20 days; (@mparison of the

saturated delteesonant frequery (qRFsa) of the sensotested in 20 day®r both increasing

and decreasing humidity.

The longtime stability of the sensor has been tested for a period of 12daierthe same
humidity cycle of 54%-85%54% every day The humidity response testingsudts of the
sensor wi t hcroaslinded BVA kayar are shrown in Big 2.25 RF of the sensor
in 12 diurnal cycle humidity tests between 54% and 85% RH are depicteduire Rig58).
Moreover,the qRF of the sensor when Rhhcreases andecreases 12 diurnal cycles is

calculated by Eq. (3). As a result, the stabilitgf the sensor in2 cycles when RH is
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increased and decreased is shawrrigure 2.250). The qRFsat is almost identical with a

little random fluctuationFurthermore it is found that the fluctuation dhe qRFsatin either

increasing or decreasing humidity is less than #55 Hz, which reveals thatassesor is

possible to detect humidity with an accuracy of no more than 3.5% RH. The main reason for

the fuctuation of the tested results mighe related tothe partial dissolution of the nen

crosslinked PVA chains in PVA film while absorbing water molecules at high humidity.

Moreover, stresses that are generated between the PVA layer av@kneensorplatform

during the humidity test might be another reason. It seems that these twdepgofisdgncing

reasos are reversible among cycles and not accumulated over time. In compagsiown

in Figures 2.24(h)2.250), the humidity sensing stability fahe sensor withhe crosslinked

PVA layer is better than that of the sensor whtpurePVA layer Among allthethree MSP

sensorgi.e., CNF/PVA/crosslinked PVMSP sensor)the crosslinked PVSP sensor has

the best longermstability.
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Figure 2.25 ong-time stability of the PVAMSPs e ns or  wi t-diossfinketl PMAM

layer ina 12-day testuunder the same humidity cycle ™%-85%54%RH every day(a)The

resonant frequend§RF) of the sensor for X2ycle humidity tests in 12 days; (&gmparison

of thesaturated delteesonant frequenyqqRFsa) of the sensor for both increasing and
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decreasing humidity.

2.4.6 Water resistance ofthe crosslinked PVA-MSP humidity sensor

Waterresistam capability is important for humidity sensors. If the water immersion of the
sensor causes dissolution or damageéhe PVA layer,a false signal and unexpectdtF
change can be introduced. The watssistah capability experiments on the crosgied
PVA-MSPsensorwitbe5 € m cr o s s | iiscéndudtedPa¥ shovnanykiee 2.26 It
is found that theRF response of the sensor aftegingimmersed in water for six hours is
consistent with that of the original sensor without water immerSibis good stability can
be attributed tdhe network structure of the PVA film and its considerable flexibility and tight
adhesion to the sensplatform Therefore, based on the watesistanceof the crosslinked
PVA, it shows that therosslinked PVAMSP sensor can work ian environment that might

experience direct water immersion and still provide reliable humidity measurement results.

162600

162400 | 54%RH 54%RH

162200 -
N
E 162000

LL
@ 161800 | .
—=— Original sensor

—e— 1 h water immerse
—4— 6 h water immerse

161600 -
4

161400 - 85%RH

(I) léO 2;10 3(I30 4EI30 6(I)0 7é0
Time / min
Figure 2.26Resonant frequendyrF) vs time plots of one humidity cyc(84%-85%-54%

RH) for the(original) crosslinked PVA sensor and the sensor immersed in water for 1 h and 6

h, respectively.
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24.7 Temperature depen@nce ofthe crosslinked PVA-MSP humidity sensor

The humidity sensing characteristics of different kindawhidity sensors can be affected
by temperature [16). Therefore, a temperature influence e RF respons®f the newly
developed humidity sensor should be considered, and a temperature coefficient should be
measured and determined for compensationeohtimidity sensing.

Both the characteristics of the crosslinked PVA Iyt the MSP sensor can be influenced
by temperature. On one hand, the wdsending ability of hydroxy groups of the water
sensitive PVA can be influenced by the temperature. TheofRthe MSP sensor is also
affected by temperature accordingttermodynamics

In agriculture applications, a typical temperature fluctuation range in the soil is about from
5 to 40 . Therefore, te crosslinked PVAMSP sensorwas tested at different
temperatureffom 5 to 40 to characterize the temperature influence orRRendthe
sensitivity. The temperature testing range has been determined based on the tlza o

fluctuation of the soil temperature [2,208].

Table 210 Standardrelative humidity (RH) generated by two saturated salt solutions at

various temperatures.

oRH between two

1 0
Saturated salt solutiotr Temper at u RH / % humidity levels / %
10 57.4
20 54.4
Mg(NOs), 30 514 /

40 48.4

10 86.8 29.4

20 85.1 30.7

KCI 30 83.6 32.2

40 82.3 33.9
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As shown inTable 210, due to the different humidity generated at different temperatures
in the humidity boxes, the tested results of the crosslinked-MSR sensor undergo a
humidity correctionto get the same humidity levels to calculate the temperature coefficient.
That is,to correctthe RF of the sensors at various temperattoelse same (low and high)

humidity levels generated in the humidity boxe2d , as illustrated iffable 211.

Table 211 RH corrected resonant frequency (RiRY the corresponding saturated delta

resonant frequencyRFs.) of the crosslinked PVMMSP humidity sensor at various

temperatures.
Temperature qRH  qRFper  Modified RE atlow  Modified RF at high frcc‘)j;':;;tg?ﬁmeg /
/ /%  1%RH  RHOf544%/Hz  RH of 85.1%/Hz e fiting
10 204 1511 163311 162879 463.77
20 30.7  14.80 163290 162838 454.41
30 322 14.03 163272 162786 430.59
40 33.9  13.18 163243 162743 404.62

After the humidity correctionFigure 2.27a) shows the temperature depemzk of the
crosslinked PVAMSP sensor witth3 & m P VA | RFyested atdwo humidigy levels
of 54%RH (low RH)and 85% RHhigh RH) respectively. A bare MSP sensor is also tested
at different temperatures for comparisés. a lack of water absoiipt element, PVA, of the
bare MSP sensor, the saRE is shown at any humidity levels at each tested temperature. It
is found that itSRF decreases with increasing temperature with a temperature coefficient of
8. 08 Hz/ . | n comp ar-MSPosensor witta8 € mo PYAiI hkhger P
lower RF than that of the bare MSP sensor at each tested temperature, due to the PVA mass

loading on the sensor. It is shown that RE of the crosslinked PVAMSP sensor also
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decreases with increasing temperature at two tested humidity levels, respectively. However,
the temperature coefficients (shownthgfitting slopes) of the sensowhichare2 . 21 ,Hz /
and 4.58 Hz/ at t wo RH, and 8580dRH, rgmeatively,iate pothl e v e |
smaller than that of thébarg MSP sensor. By further analysis, as shown irufleg.21b),

the qRFsat of the crosslinked PVAMSP sensor tested between two humidity levels of 54%
and 85% RH has a little temperature dependence witmpetature coefficient of about 2.01

Hz / The reason is probably that the water bonding ability of hydroxy groups of the
crosslinked PVA is also influenced by temperature, and interestingly, the temperature
influence on the temperature coefficient of thesslinked PVAcounterat that of the
temperature influence of the MSP sensWith these two counteracting effects, the
temperature coefficient of the crosslinked PMSP sensor hasa relatively small

temperature coefficient.

164800 800
(@) 164600 ™ MSP sensor strip (b) = Data points
e PVA-MSP at low RH 700 - Linear fitting
164400 - A PVA-MSP at high RH
164200 | —— Linear fittings 600 -
-
, 164000} —_— . N 500 -
T 163800 —a =y —.
= 5 L —
= 163600 [ " 400 -
w” 4
@ 163400 [ . w300
163200 | D —
163000 200
162800f A — ., 100}
162600 |-
1 1 1 1 0 1 1 1 1
10 20 30 40 10 20 30 40
Temperature / 6 Temperature / 6

Figure 2.27 Fitting plots of the data after the humidity correction for various temperatures

(i.e., correct the humidity to that generated at 3@o determine the temperature coefficients.
(a) The tempeature(T) depenénce of the crosslinked PYMSP sensor witk3 e m P VA
layer on thesaturatedesonant frequendiRFsa) tested at two humidity levels of 54RH

(low RH) and 85% RHhigh RH) respectively. A bare MSP sensor is also tested at different
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temperatures for a comparison; (b) temperafliyelependence of the crosslinked RMSP
sensor on theaturatedlelta resonant frequen¢gRFsa) tested between humidity levels of

54% and 85% R.

24.8 Comparison of sensitivity between theoretical calculation and experimental
results

For humidity detectionhie sensitivity ) of the crosslinked PV SP humidity sensor is
defined as theRFsat0f the sensor for each percentage (1%) ofdRENge. Based on E{.-
3) in Chapter 1.3.lbased orthe size of th&ISPsensorand water mass absorbed by the PVA
layer loaded on the sensplatform a sensitivity prediction of the crosslinked RWASP
sensor can be derived Eq. (26):

Y OYYAa YR s YDWIQ T OJ/sS o 8¢9

(Mm<<M) (2-6)
where,M is the mass of the (original) MSP sendorw, andp are the length, width, and
thickness of the sensor, respectivefyw is the water masabsorbed/desorbed by the PVA
layer when RH varies by 1%npva is the dry massf the PVA layerLpva andweya are the
length and width of the PVA layer, respectively, which are equal to the length and width of
the MSP sensor, respectivelyva is the thickness ahe dryPVA layer;}ois the density D
the PVA; lis the water absorption/desorption mass ratio of the PVA when RH varies by 1%.
Some relations can be calculated as follows:
) 1 Y0 (2-7)

ya Y& YO (2-8)
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YYO Y YO (2-9)
where,lotal iS the total water absorption mass ratio of the PVA layer when humidity increases
from 54% RH to 95% RH, which can be experimentally determined (as shown in Table 2.5);
gH is the value of humidity differenceyhich is from 54% to 95% RHjmMwota is the total
watermass absorbed by the PVA layer when humidity increases from 54% RH to 95% RH,;
gqRFotal is the saturatetesonant frequenayf the PVAMSP humidity sensowhen humidity

increases from 54% RH to 95% RH.

Table2.12The parameters ohe MSPsensor.

Material L/m W/ m p/m E/Pa }/kgim®* g M/g RRy/Hz

2826MB 1.35X102 4.5X10° 3x10° 1.1x10" 7.9x10° 05 14.4x10% 160x10°

The material(2826MB) parameters and the dimensions of the MSP sensors are listed in
Table 2.12. The humidity sensitivitys() of the PVAMSP humidity sensors with different
thicknesses of the PVA layers is calculated and listed in Table 2.131ilkérstass sensitityi
can be calculated (5.54 Hz/ gg)26) $eocomlthe o me
gRFota Of the sensor with different thicknesses of the PVA layer when humidity increases
from 54% RH to 95% RH (41% RH differencedn also be calculated, which is shown in
Table 2.13 and Figure 2.28. The calculag@tFota ranges from 119 Hz for the sensor with a
1 em PVA layer to 2382 Hzor the sensor with a 20m PVA layer, which is listed in Table

2.13.
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Table2.13Calculated sensitivity$s) of the PVA-MSPhumidity sensowith different
thicknesses of the PVA layerSor the PVA layerd,=13.5 mmw=4.5mm. For humidity tests,
gH=41, which is obtained from 54% RH to%®=RH (41% RH difference)The density of

PVA, ] pva, is 1250 kg/mi. tiotal Value of 28.3% (at 95% RHan beobtained from Table.3.

The mass sensitivity in Eq.42) can be calculated (5.54z /)& g

e/ S/ aRR
hpva/ € Mpwa/ & OMota/ € oRFotal/ HZ
e g/ 1%l Hz/1%RH Hz/1%RH
1 76 21.5 0.53 2.93 119 2.9
2 152 43.0 1.06 5.87 238 5.9
3 228 64.5 1.59 8.8 357 8.8
4 304 86.0 2.12 11.74 476 11.7
5 380 107.5 2.65 14.67 595 14.7
6 456 128.9 3.17 17.6 715 17.6
7 532 150.4 3.70 20.53 834 20.5
8 608 171.9 4.23 23.46 953 23.5
9 683 193.4 4.76 26.4 1072 26.4
10 759 214.9 5.29 29.33 1191 29.3
11 835 236.4 5.82 32.27 1310 32.3
12 911 257.9 6.35 35.2 1429 35.2
13 987 279.4 6.88 38.14 1548 38.1
14 1063 300.9 7.41 41.07 1667 41.1
15 1139 322.4 7.94 44.01 1786 44.0
16 1215 343.8 8.46 46.93 1906 46.9
17 1291 365.3 9.00 49.86 2025 49.9
18 1367 386.8 9.53 52.8 2144 52.8
19 1443 408.3 10.06 55.73 2263 55.7
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20 1519 429.8 10.59 58.67 2382 58.7

Figure 2.28 shows theomparison othe qRFsatbetween the humidity testirrg@sultsof the
sensors with different thicknesses of the PVA layarthe humidity 0f85% and 95% RH,
respectively, andhe calculation resultat the humidity of 95% RHt can be found that the
gRFsatand humidity sensitivity (implied by the slopes in the figure) from experiment testing
results at 95% RH (in blue fitting) are much higher than those from calculated results (in
green fitting). The reason for the large deviation of the humidity sengitsvgossibly due to
that, at different humidity levels, the stress and strain on the MSP sensor are induced by
Yo un g 6 sus anangeuof the PVA layer/film coated on the sensor. With increasing
humidity from 54% RH to 95% RH, the stress and strain gradumgrease due to a decrease
of Youngb6és modulus and a stretch of the PVA
|l arge Youngds modulus. This Youngds modul us
of the RF of the sensor. As evidence, ahtligending curve of the MSP sensor can be
observed while increasing humidity from %4RH to 95% RH, which supports the
assumption that the stress and strain occur between the PVA layer and the MSP sensor while
humidity changes.

3500

= Crosslinked PVA-MSP tested for 85% RH
3000} ® PVA-MSP tested for 85% RH
A PVA-MSP tested for 95% RH
2500 | — Calculation results for 95% RH
N —— —— —— Linear fittings

E 2000 |

g

& 1500}

1000

500

0 2 4 6 8 10 12 14 16 18 20
Thickness of PVA layer
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Figure 2.28 ©@mparison othe saturatedlelta resonarfrequendes (qRFsa) between the
humidity testing resultef the sensors with different thicknesses of the PVA laytre

humidity of85%and 95% RH, respectively, atite calculat¢dresultsat 95% RH

2.5Conclusions

1. A novellow-cost in-situ, wirelesssensor platform MSP sensowith a dimension of 13.5
mm | 4.5 mneoaled b @thincayer of watersensitive polymes, CNF, and
crosslinkedPVA, respectively, wadeveloped

2. Crosslinked PVAMSP humidity sensorerere developed, which hdmbth watetresistant
capability and high humidity sensing sensitivity.fundamentalstudy was carried out to
optimize theGA/PVA ratio to obtairthe crosslinked PVAilm with the best match ofater
resistam capabiliy and water absorption abilitfhe optimized molar ratio of GAPVA is in

the range ofl6:1to 83:1

3. The sensors with crosslinked PVA layers in different thicknessas t@sted unde
humidity ranging from 54% td.00%. It was found that the sensor signal, i.e., the resonant
frequency of the sensor, is linearly dependent on RH. Moreover, the change in the resonant
frequency of theensor is also linearly dependent on the thicknedseoPVA layer.

4. The sensitivityof the sensa with thecrosslinkedPVA layer was almost the same as those
of the sensors with the namosslinked PVA layer, but much highdsan those of the sensors
with the CNFlayer. The response time of the sesswith the crosslinked®VA layer was
longer than those of the sensor with the-onowsslinked PVA layer but shorter than thade

the sensors with the CNF layer.
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5. The longtime stability of the sensor withthe crosslinked PVA layer was improved
compared with those of the sensors with the-crasslinked PVA layer and with the CNF
layer

6. Good stability wasbtainedduring a 26daytest. The humidity responsef the sensor after

water immersionwas consistent with that of the original sensathaut water immersion,

indicating that the sensor can workainenvironment thatvasdirectly exposed to water.
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Chapter 3 WirelessHumidity SensorBased on High Dielectric Permittivity Ceramics

In this chapter, another wireless sensotype of passive sensor based aminductance
capacitance(LC) resonator is introducetby using high permittivity ceramicsvhich is
designed foprecision agriculture, i.e., 48itu monitoring soilvater.

Like the plymerMSP wirelesshumidity sensorsdeveloped in Chapter the LC resonant
sensor can also be used as a wirelessly and passively detected humidity sensor with a
compactsmadl size.Therefore, the passive LC resonant sensor has a promising potential to be
massively used/distributed on the farmlands in soil, where the humidity in different positions
in the farmlands can be wirelessly detected by a handheld device.

The keysensing modulen the wireless LC resonator platform is tlepacitor. The
dielectric material used in the capacitor and the electroolefsguration of the capacitor play
important rols in the humidity sensing performance of the wireless LC sgosenar.
Therefore in this chapter, the study focuses on themidity sensing performance (at
different frequencies) of the main sensing module,a.@ewly found high permittivity core
shell BTOSIO, ceramicshumidity capacitor/sensaofcoated)with flat suface electrodes
Longtime stability of the ceramicssensorhasbeenconducted The probable soil influence
on the humidity sensing of the ceramics sensor at different frequencies has been theoretically
analyzed and experimentally verified.

3.1 Sensing pinciples
3.1.1 Principle ofwirelessLC resonant humidity sensor
The principle of the interrogating system of an LC wireless resonant sensor is shown in

Figure 3.1 An LC wireless resonargensor is typicallynade ofa spiral inductoconnectedo
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a (sensing capacitor, forming a resonahC tank [61]. The capacitance of theapacitor
changes in response tbe detecting substancef interest,such as the humidity. The
capacitance variation of the capacitesuls in a changen theresonant frequenogf the LC
resonant sensorTo wirelessly interrogatehe LC resonantsensor,readout co# are
magnetically coupled with tHeC resonansensor The resonant frequengiRF) of the sensor

can beobtainedat the peak point of the phaspectrum which can be picked up the
readout cos. The relationbetween the RF of the LC wireless resonant sensor and the

capacitance of the capacitor/sensor is given in Ed) (82].

f
Readout Coil LC Resonator »
Frequency

Figure 3.1 Principle of the wirelessly interrogating system of an LC resonator/resonant sensor
containing awireless passive L@sonant sens@nd readout coils. The peak frequency of
the phase, which determines the deteotsdnanfrequency (§), which varies with the
change of the capacitances©f the capacitor sensor. In the figure, b, Ls, and &, are the
inductance iad the current of the readout coils, and the inductance and the current of the LC

resonant sensor, respectivebisfthe esonant frequenayf theLC resonansensor

QN — (31
where f is the resonant frequency (RF) of the LC resonant sensor sysie@, and R are

the inductance, capacitance, and resistance of the LC resonant sensor, respectively.
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The quality factor, Q,is a parameter that describes the resonance behavior of an
underdamped harmonresonator. In the figure, it implies the sharpness of the phase peak. A
high Q is preferred to have a more accurate reading and sense-Zas ven as follows
[62):

0 — _ (3-2)

3.1.2Dielectric humidity sensor with parallel plate electrodes

For the wireless LC resonant sensor designed, the capag&hiq@n in Figure 3) is the
essential component/sensing module to detect the substamteret, such as the humidity.
The dielectric properties (such as dielectric permittivity) of the dielectric material (i.e.,
measured as the capacitok) Change with the humidity change due to the absorption and
desorption of the water molecules of tdeslectric (sensing) material from the humid
environment

For a capacitor with parallel plate electrodesshownin Figure 32, the electric field line
is uniformly andparallelly distributed through the dielectric sensing material. The dielectric

permitivity of the dielectric sensing material has a direct relationship with the capacitance of

the capacitor. The parallel plate electrodes model is expressed inHq. (3

Figure 3.2A capacitowith parallelplate electrodeandthe electric field.

0 --3 (33
where S is the area of the parallel plate electrode of the capacitor; d is the vertical distance of

the parallel plate electrodes.
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FromEq. (33), the dielectric permittivity of the dielectric material isetttly related to the
capacitance of the sensor/capacitor. Hence, the permittivity of the dielectric material
significantly influences the humidity sensing of the capacitor. A fundamental study needs to
be done to select a candidate dielectric materidl aagonfiguration of the capacitor with a
preferable overall humidity sensing performance.

The requirements of the dielectric material are as follows: (1) the humidity sensing
response should be high; (2) the response time should be fast; (3) the cabacitd not be
influenced by the surrounding substances, especially, the soil, other than the sensing of the
interest, i.e., the humidity; (4) the dielectric loss should be relatively low to decrease the
detecting signal losat a frequency range for usé) the dielectric material used for the
capacitor should have some features for agriculture applications, stahgdsne stability,
and watetresistah capability

For a capacitor with parallel plate electrodes for the sensirtbe humidity, the mar
drawback is that the response time is very long due to that the humid air needsiméoiay
penetrate through the entire thickness of the dielectric material between the parallel plate
electrodes. Therefore, the capacitor with parallel plate etddris not suitable for the sensor
used in agriculture applications where a fast/instant sensing response is required.

3.1.3 Dielectric humidity sensor with flat surface electrodes and its effective
permittivity equation

Due to that, the capacitor based on the dielectric material with parallel plate electrodes is
not applicable to realize a fast response of humidity sensing in the application of agriculture,

an alternative capacitor based on the dielectric material wath silirface electrodes is
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developed, as shown kigure 33.

a b Electric field lines | Flux tubes

Equipotential surfaces 1N | |
R |

. . .. Gol
Dielectric matcrlal\://

| Flat surface electrodes

I i

A

Dielectric material

Figure 3.3(a) Rectangulasurface electrodesdnductordocated aparata distance, d, on the
top of adielectric materiaith athicknessh, and relative dielectripermittivity, ; doid (b)

its crosssection view and electric field lines generated from the electrodes/conductors,
equipotential surfaces, and flux tubes implying that the same contribution of the capacitance

for unit flux tube [D9].

The configuration of the capacitor with flat surface electrodes is different from the one
with parallel plate electrodes. The electromagnetic field connecting the two rectangular flat
surface electrodes namiformly passes through both the dielectinaterial and the
surrounding environment. First, as shown in Figure 3.3(b), adegkity electromagnetic
field and large numbers dfux tubes are distributed in a very thin layer of the dielectric
material close to the flat surface electrodes9[1®Based on the electric field mapping
principle, that is, no mattevhetherthe size is big or small, thanit flux tubecontributes the
samecapacitane [10)]. It is concluded that the smaller the flux tubes, the more contribution
to the capacitance of themacitor. Therefore, the sensing response (i.e., the capacitance) is
largely determined by a very thin layer of the dielectric material close to the flat surface

electrodes, as shown in Figure 3.3(b). Therefore, by this electrode configuration, it takes a
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very short time for the humid air to pass through the very thin layer of the dielectric material
close to the surface electrodes. The response time of the sensor can be dramatically
improved/shortened, which is the most beneficial feature to be used iculagal
applications. Second, differently, the dielectric permittivity of the capacitor with flat surface
electrodes is determined not only by the dielectric permittivity of the dielectric material but
also partially by the dielectric permittivity of tiseirrounding environment (such as the soil in
which the sensor is placed). As a result, it is necessary to calculafeitiere permittivity

of the capacitor/sensor with flat surface electroties, instead of solely the permittivity of

the dieleatic material, for a detailed study of the influence of its dielectric property
spectrums on the humidity sensing. Eg-4§3can be used taletermine the effective
permittivity of the capacitor with rectangulflat surface electrodes coated on a dielectric

material guch as dielectriceramics)as shown irrigure 3.3[109]:

i 2T  whenfdt (3-4)

where d is the distance between the rectangular conductor electrodes' middle positions (m); I,
w, and t denote the length, width, and thickness of the conductor electmesspectively;
h is the thickness of the dielectric mate(ial) with a relative die e ct r i ¢ petheni t t i vi
device is surrounded by air with a relative dielectric permittivity of 1.

Eg. (34) is a classic equation that has long derivation procedures by using many
assumptions and methods based on electromagnetic theorieerlved in detail as follows:

The dectric field intensity of an infinite line of (positive) charge is given beb08]:

0 — (35

wherej L is uniform charge densitger unit length (C/m)R is the distance between a point
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experiencing @ electric field and an infinite line of chargm); U i s the dielectrt
of the meWl=88x10CF/my U

As shown in Figure 3.4he potential difference X between two points at radial distances
Ro, andRy, from the infinite line of charge is the work per unit charge required to transport a
positive charge fron®; to P.. Assume thaR. R:. This potential difference is given by the

line integral of EEfrom P2 to Py, the potential aP1 being higher than & if the line of charge

is positive. The following is the equation:

o . 0QY — — —a& (36
+ [
+ >
+ |
L ] > @
+|— P4 P;
+ N Ve Vez
+ [
Line charge
A
Ve Vez
*r, 7%p,

R

R,

Figure 3.4 Schematic diagram okt potentiatifference between two pointB;, and B, at

radial distancesR., andRg, from the infinite line ofpositivecharge

To derive the equation to calculate the permittivity from the capacitance of tveniffate
electrodes coated on a dielectric material/medium, it is necessary to derive it from the
simplest case of two infinite lines of charge in a medium.

As shown in kgure 3.5 two infinite parallel lines of charge are separatedh@distance

of 2S. Assume that the linear charge density of the two lines is equal but of opposite sign. The
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electric field at a point P, distaR: from the negative line anR> from the msitive line, is
then the vector sum of the field of each line taken alone.

Let the origin of the coordinates in kig 3.5be the reference for potential. Imagine that
only the positively charged line is present. From Bep)( the potential differerecbetween P
and the origin isT10]:

w —oa& (37
Similarly, for the negatively charged line:
W —a & (38
With both lines present the total potential difference V between P and the origin is the sum
of Eq. 3-7) and Eq. 8-8):
W W 0w —a& (39
If Vin Eqg. 3-9) is a constant, thus, E@-9) is the equation of an equipotential line. The
form of the equipotential line will be more apparent if E249) is transformed to E(3-10)
and Eq. 8-11):
d& — (310
— 0 7 (3-11)

S nce 2i$ aaodnstant for any equipotential line, the right side of Bd.l) is a

constant K:
Q 7T 0 (312
Y 0Y (313
The coordinates of the point P in Big 3.5 are (x,y), thus)Y Y w and
Y Y W . Substitutingthe values ofR1 andR> to Eq. (3-13), after squaring
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and rearranging:
W CWY¥Y— Y 0w 1 (319
Rearrange by mathematics:
0 Y— o — (3-15)
where X, y = coordinates of the point on a ciréle; x coordinate of the center of the cirdle;
= radius of the circle.
As shown in Figure 3.5t is obvious that the equipotesiticurve passing throudh(x, y)
is a circlewith aradiusof r anda center on the-axis:
i —  (3-16)

0 Y— (317

V=0 —>

Origin

Equipotential surface

Figure 3.5Crosssectional view ofwo lines of charge separated the distance of 3.

An equipotential line of radius r with center &i,(0) is shown in Figre 3.6. As K
increases, corresponding to larger equipotentials, r approaches zdroappdoaches, so

that the equipotentials are smaller circles with their centers more nearlyliaetbé charge.
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This is illustrated by the additional equipotential circles iruFeég3.6 The potential is 0 along

the y axis. That is, V = 0 at x = 0. Thus, the plane x = 0 is the reference plane for potential.
The discussion of two infinite lines of aflge can be easily extended to the case of an

infinite line consisting of two paralletl currentcarrying wires i.e., two conducting wires.

Under static conditions, much can be learned about its properties from a consideration of its

behavior. Let a fixedootential difference be applied between the conductors so that the

charge per unit | ength of each conductor i s
The surface of the wires equipotentigl and therefore, an equipotential circle in U

3.6 will coincide with the wire surface. Thus, the heavy circles of radiusd centeto-

center spacingh2 can represent the two wires. The field and potential distributions external

to the wire surfaces are the same as if the field were produced byfimtesmally thin

lines of charge with a spacing 062The field inside the wires is, of course, 0, and the

potential is the same as on the surface. The charge is not uniformly distributed on the wire

surface but has a higher density on the adjacerd sitihe conductors.

Figure 3.6Field and equipotentigurfacesaround two infinite paralleddlines of charge/two

infinite conductor lines.
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The potential difference &/between one of the conductor wires and a point midway

between them isl]LO]:
0 —at U (3-19)

The value of K can be expressed in terms ofréittusof the wires o, and half centeto-

center spacingl by eliminatings from Eq. 8-16) andEq. (3-17) and solving for K:
6 — — p (319
The potential differengé/2c, between the two conductor wires is:
6 o —i1— — p (320
To find the capacitance per unit length, C/I, ofthe-conductor wires we take the ratio of

the charge per unit length on one conductor to the difference of potential between the

conductors:

- - — (321

whereH is half (conductor) centdp-center spacingm); ro is the radiusof the conductor ).

The equation is transformed to:

- — —_— (3-22
When— L p, the equation is transformed tb0p]:
- — (&

Figure 3.7 shows the emparison of flux plots of the orspadrant approximate field
distribution of both two circular conductors/wires and two elliptical conductors which are

very similar to the case of the two flat conductors/electroflesording to a similarity of the
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distribution of the equal potential surfaces and the flux tubes (propogsbd étectric field
mapping method) among the circular conductors/wires, the two elliptical conductors, and the
flat surface conductors/electrodes, it is approximatedhbidt thecircular conductors/wires
and the two elliptical conductorsan be used to simulate the case of the two flat surface
conductors/electrodg409]. By making the perimeter of the round conductors equal to that
of the rectangular conductors with the distance efrtiddle points of the conductors, d, the
equal surface areas per unit length of the two geometnesah@lation L09]:
0Qi QaQO'NI ¢co o (324
i — (325
Substituting § obtained in Eq. (&5) into Eq. 3-23), where 2 = d for the case of thiat

rectangular conductors:

- ——— for—L p (329

Flux tubes boundaries
Equipotential surfaces "

Flux tubes boundaries “

Equipotential surfaces -

Figure 3.7Comparison of flux plots of the orgriadrant approximate field distribution for
both two circulaiconductors/wires and two elliptical conductors which are very similar to the

case of the two flat electrodesnductors.

The limitations of Eq.3-26) are illustrated if we let d = w. The equation is not valid when

the conductors are (very closeto)touamng. Addi ng a correction f
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get infinite capacitance when d = w:

- v—, for Lp (327

For infinite capacitance per unit length, when d = w:

[ T  (3-28)
This implies that:
> p (329
Thus, @ i s:
Yy — 0 (330

Substituti B%):p into Eq. (
E——C

Eq. 3-31) can be rearranged tget Eq. 3-4) for a determination ofthe effective
per mi t tydn,vof theydjelectlic ceramics sensor/capacitmatedwith rectangularflat
surface electrodes

As the effective permittivity of the ceramics sensor/capacitor has been calculated by Eqg.
(3-4), thesoll influenceon the effective permittivityof the humiditysensor will be discussed
using the empirical equations in the next section.

3.1.4 Theoretical analysis of soil influence on humidity sensing of the dielectric
ceramics sensor

There is a relationship between the real permittivity of the dielectric material and the
effective permittivity of the capacitor/sensor made of the dielectric material and th

rectangular flat surface electrodes. Interestingly, a problem has been raised that whether the

humidity sensing performance is influenced by the surrounding medium, such as the soils
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replacing the medium of the air. The issue is discussed as follows:

According to the Gauss theorem, if the rectangular flat electrémesluctorsare all
surrounded by one (infinite) medium (such thg dielectric material) with a dielectric
per mi t tyithe effective mefmittitditylJern, has a relatiorf109]:

Uter) & Qmedium) ~ (3-32)

In this study, the rectangular flat electrodes are coated on the surface of the dielectric
material, as shown in Fige 3.3 and the ratio of the distance of the middle positions of the
electrodes, d, to the thickness of thelectric materiah, is close to 1 (i.e., é h), the relation
can be expressed by Eq-33) [109]:

Uer & rcedibmyt dhen)/2  (3-33)
whereUgie) is the dielectric permittivity of the dielectric material.

When the medium ighe air, the effective permittivity of the sensor/capacitor exposed in
the air,Ueetr, ain, can be expressed as follows:

Qe ain @  rin® Mien)/28  (rdien)/B)  (3-34)
whereUai is the dielectric permittivity of the air.

When the medium ithe soil with the dielectric permittivity of abouB~7 (which will be
experimentally determineth Section 3.4.1)n a certainfrequencyrange, the equation to
express the effective permittivity of the sensor covered by the soil can be expressed as
follows:

Uetr, soiy & 37+ Kdien)/2 in @ wide frequency range  -8%)
From Eq. (335), it can be found that,iff he di el e c t FKuieycof tipedieleatiict t i v i t

material of the capacitor/sensds a large value, for example, aboufl0*~10° [111,112],
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obviously.
Uttt ain@  (r@ien) U 2retr &oiy AU3~7+ ien)/2 810°~1C  (3-36)

From Eq. (336), it revealdhat, in the cases of either surroundedhs® medium othe air
or by the medium of the sall the effective permittivit(and measuredapacitanceof the
sensorcoated bythe flat surface electrodes the samedue to the very low permittivity of
boththe air and the soils compared to the high dielectric permittivity of the dielectric material.
Therefore,the effective permittivity spectrums of the serisapacitorwith the flat surface
electrodescan be used to make the sensing module of the LC wsregsonant humidity
sensor in agricultural applications whehee sensor is covered by treils A verification
experiment will be conducted at different humidity levels based on this theoretical analysis
later in this chapter.

3.1.5 Dielectric humidity sensor based on high permittivity BTGSiO2 ceramics

To be used as humidity sensors, dielectric ceramics $eweral good advantages, such as
high humidity sensitivity, longime stability, and wateresistant capabilitydue to their
dielectric sensingeaturesrigidity, and structural integrity75,113].

As has been illustrated, to obtain a humidity sensipg@étor without the influence of the
soils inagricultural applications, a humidity sensing dielectric material with a high dielectric
permittivity is preferred to be used. It has been reported that-c®i&@d BTO ceramics
sintered by gark plasma sintering (SP&an be used tdensify the sample arabtain a high
dielectric permittivity up to 2x10° at 10kHz with a very low dielectric losgl11]. In our
group, we also observed a high dielectric permittiafythe SiQ-coaed BTO ceramics

sintered bySPS[112]. Hence, the corshell BTOSIO, ceramics can be used as the high
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dielectric permittivity material to get rid of the influence of the permittivity contributed by
the soils.

An interesting finding in augroup is thata high permittivity coreshell BTO-SiO.
ceramics has a large humidity response of about one order increase dieldwtric
permittivity from low humidity to high humidity at a le¥vequency rangeTlherefore, it is a
promising candidatéor the dielectric material to be used as the humidity sensing capacitor to
make the sensing module of the LC wireless resonant humidityrseloseever,conversely,
a decrease the dielectricpermittivity of the humidity sensing response from low humidity
to high humidity can be observed at a hfgdguency range. Thus, between the dow
frequency range and the hiflequency range, interestipg at one frequency, the
permittivity neither increasanor decrease(i.e., retains the same permittivityiterestingly
the phenomenon of the BTSIO, ceramics humidity sensor illustrated above has not been
reported and the reason behind is not cléagises a major motivation to studyd report
the humidity sensor/capacitobased onthe coreshell BTO-SiO, ceramics. Detailed
illustratiors and discussions of this finding will be followed in the coming sections. In
summary a fundamental study othe high dielectric permittivity coreshell BTO-SiO,
ceramicshumidity capacitogensor is very important for the developmenttiod passive
wireless LC resonarttumidity sensorin the application of agriculturevhich needs to be
detailly studied andepored.
3.2 Experiment procedures

3.2.1 Preparation of the BTOSIO2 ceramics humidity sensor

Barium titanat¢BTO) powdersn the diameter of 140 nmerecoated with silicon dioxide
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(Si0y) using atomic layer depositiofhe coreshell BTG SIO, nanepowderswere sintered
at 1050 € for 5 min at 50 MPa using a direct current sintering furn8aeples were heated
at a rate of 100 €/min to 950€C and held fawo minutes and then heated at a rate of
50 €/min to 1050C to avoid overshooting the rfal temperature The BTQSIO;
nanocomposite ceramitables which were sintered were in the sizas@0 mmx 5 mm, as
shown in Figure 3.8The sintered tabletavere cut ino pieces in thicknegs of about
900~110 0 ¢ rthewaferingblade (with adiamondmetalbond) in the dimension df52
mm x 0.51mm x 12.7 mm After the cutting, thespecimensvere grounded and polished to
obtain flatsurfaceswith good surfaceoughnessTwo flat rectangular gold electrodes were
sputtered on one side of tipelished specimensespectively A specimefcapacitorwith a
surface area of about 18 rArand athickness of aboull0 O  svith two rectangular
electrodes in size & x 1 mmand a 15& nuniform gap betweethe rectangulaelectrodes

was manufactured.

Ceramics tablets Ceramics specimen Ceramics capacitor
sensor

Cut Gold @
Polish sputter

Dry condition in l Place in

glove box
Glass High humidity
humidity -

When humidity |

box

% Signal process

\
\
AN
Frequency .

Figure 3.8Schematis of the experimenprocedureso measurehedielectricspectrumsf

Capacitance

Saturated salt solution

the ceramicscapacitorsensomat varioushumidity levels. The low humidity is maintained

with inlet dry air in the glove box and the high humidity levels are gesgtratthe humidity
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boxes with different saturated salt solutions.

3.2.2 Characterization of the ceramics humidity sensor

As shown in Figure 3.8he humidity sensingeramics specimenas placed into the glove
box with inlet dry air ata humidity of lower than 8%RH, which was considered the dry
condition having the same dielectric permittivity as the edmed specimenAt room
temperaturg20 ), the capacitance and dielectric logstlte sensorsvere measured by
precision impedance analyzer (Agilent 4294A) with 16034H 1rt fi&ture, which was
connected to theensing specimen by two wite§, and D measurement function in the
precision impedance analyzer was usedecord the gaacitance and dielectric loss of the
sensarThe measured frequency range is from 100 Hz to 1 MHz. After the measurefitents,
(3-4) was used to calculate the effective permittivity of the sensor with flat surface electrodes.
Different saturated salts wewdntainedin each sealed box, providing different humidity
levels, whichwere shownin Table 3.1. By carefully bringing the testing stage with the
specimen inttout of the humidity boxto provide high humidity and dry conditignthe

humidity testing cycle could h@ocessed.

Table3.1Different humidity levels generated by different saturated salt soly&ahs

TemperaturesSaturated salt MgCL  KxCOs NaBr CuCh NaCl KCI

20 33.1% 43.2% 59.1% 69.4% 75.5% 85.1%

3.2.3Experiment procedures of soil influence on the ceramics humidity sensor
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A ceramicsspecimersensorwith a thickness of abou®00 € mand two rectangulafiat
surfaceelectrodes in size & x 1 mm with a 150¢ muniform gap between electrodegs
used for the humidity measurements when placed in the air, sand, and top soil, respectively.
The ceramics sensor was completed covered by the sand or top soil and tested at both dry
conditions and 85% RH. The charactation procedures were the same as those illustrated in
Section 3.2.2. After the measuremeBty. (34) (i.e., the rectangular flat surface electrode
model) was used to calculate the effective permittivity of the sensor with flat surface
electrodes.

3.2.4 Characterization of the dielectric properties of different soils

As shown in Figure 3.9, three different types of soils, i.e., sand, to@sdilake soil, were
prepared for dielectric measurements. The particle size is no more than 1 mm for the sand and
500em for the soils. The top soil contains organic matters for planting purposes, in contrast,

the lake soil does not contain much.

=R ] | -

Sanol T°$’ -W“./(/ lake soil
[ R v | TATNUE P

Figure 3.9 Three different types of soils prepared for dielectric measurements.

To make a probe/capacitor to meastime dielectric properties of the soils, a pair of
paralleled copper electrodes/sheets in size of 13 éem was fixed (by doublsided tape)

onto a pair of paralleled thick glass plates which were placed on a glass stage, as shown in
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Figures 3.10(a), -39(b). The distance of the copper electrodes was 4 mm. Two cables
connected the electrodes and the precision impedance analyzer (4294A)s Besidinick
plastic plates were placed/fixed on the glass stage and vertically contacted the paralleled glass
plates. The aim was to hold the soils between the electrodes.
After the calibration, as shown in Figures 3.10(c), 3.10(d), 3.10(e), 3.10é% thpes of
soils were filled in the gap between the electrodes to measure their dielectric properties (by
Cp-D function) at different frequencies from 100 Hz to 1 MA#zer the measurementgg.

(3-3) (i.e., the parallel plate electrode model) was used to calculate the real permittivity of the
soils.
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Figure 3.10 Different view directions of the paralleled copper capacitor to measure
permittivity/dielectric loss vs frequency spectrums of the three different types of soils. (a)
obliqgueview and (b)ront view to measure permittivity of air for calibratioft) front view
to measure the sand; (d) front view to measure the topsoil; (e) front view to measure the lake

soil; (f) side view to measure the lake soil.

3.3 Humidity testing results of high dielectric permittivity ceramics sensor with flat
surface ekctrodes

3.31 Effective permittivity and loss responses of the ceramicsensor at different
humidity levels

Figure 3.11 shows the effective permittivity and dielecmgsls frequencyspectrumsof
the specimen/sensaiith surfaceelectrodesvhenincreasingand decreasingumidity in the
humidity rangebetweendry conditionand85% RH At dry condition, as shown in the black
line in Figure 3.11(a), with increasing frequency, permittivity gradually decreases at low
frequency and then, dramaticaliecreases at high frequency. From Figure 3.11(b), with
increasing frequency, loss at the dry condition in the black line decreases at low frequency

and then, increases at high frequency. From Figure 3.11(a), when humidity intreasty
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condition to 85% RH, permittivity increases at a frequency lower than 20 kHz, however,
slightly decreases at a frequency higher than 20 kHz. Moreover, more than one order of the
permittivity increase at 100 Hz, and about one order of the permittivityaserat 1 kHz can

be obtained. A reverse trend on the permittivity spectrum is found when humidity decreases
from 85% to dry condition, as shown in Figure 3.11(c). From Figure 3.11(b), when humidity
increases, loss decreases at low frequency and incredsgk frequency, which implies that

the loss spectrum shifts to a low frequency. When the humidity decreases, a reverse trend on

the loss spectrum can be found, as shown in Figure 3.11(d).

(a) 107%0m|n—1m|n72m|n73m|n—5m|n (b) 2070min—1min72min—3min75min
f—— 7 min —— 10 min —— 15 min —— 20 min —— 30 min [ 7 min —— 10 min —— 15 min —— 20 min —— 30 min
40 min 50min ——1h——15h 2h —— 40 min 50 min——1h——15h——2h
> 10°F—25h——3h——4h——5h——6h——7h 15 25h——3h——4h——5h——6h——7h
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2 5t
g
m 10 \ S——
v 0 [ — =
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100 1k 10k 100k M 100 1k 10k 100k M
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(C) 10 —omm—Tmmn——Zmn —3mn5mm (d) 20 0 min —— 1 min —— 2 min —— 3 min —— 5 min
f—— 7 min —— 10 min —— 15 min —— 20 min —— 30 min 7 min —— 10 min —— 15 min —— 20 min —— 30 min
40 min 50min——1h——15h——2h 40 min 50min——1h——15h——2h
2> 10°F—25h——3h——4h——5h——6h——7h 15 3h——4h——5h——6h——7h
=
E
8 o 10}
f— 0 1
§ 3
© ,
2 5 .
g /
i
107 ‘ 85% RH+dry condition ‘ 85% RH->dry condition
100 1k 10k 100k M 100 1k 10k 100k M
Frequency / Hz Frequency / Hz

Figure 3.11 Effective permittivity/dielectric losss frequencyspectrum®f the sample with
surfaceelectrodesvhenincreasing humidityrom dry conditionto 85% RH (a)/(b); and

decreasinghumidity from 85% RH to 1y condition(c)/(d).
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Besides, from Figures 3.11(a), 3.11(cgtveeen the lowrequency range and the high
frequency range, interestingly, at one frequency, the permittivity neither increases nor
decreases (i.e., retains the same permittivityiis phenomenorfound in the BTOSIO,
ceramics humidity sensor has not beeported and the reason behind is not cldawever,
this fixed permittivity point at a certain middle frequency probably could be used for
calibration of the sensor at different temperatures.

Typically, some reports about other ceramics humidity sengveal that thenechanism
behind the total capacitance and the dielectpermittivity of the (CCTO, for example)
ceramics sensocorresponding to the humidity response can be explained as follows
[114,115]. When relative humidity changeshe amount ofthe water molecules
absorbed/desorbed bthe ceramics sensor changeBhe grain boundaries between the
adjacent grains might have their grain boundary potential barriers which place a key role to
influence the grain boundary capacitarjig@4]. The water mlecules bonded in the grain
boundaries vary at different relative humidity (RH) levels. Hence, the total capacitance and
the dielectric permittivity of the sensor change with the variation of the grain boundary
potential barrier capacitance f,115]. When the grain size is small aride amount of the
grain boundaries is large, the influence of the grain boundary capacitance on the total
capacitancef the sensoris large.This mechanism may play an important role to influence
(increasing/decreasing) thetal capacitance, hence, influencing the dielectric permittivity as
well as the dielectric loss of the sensor at the entire frequency spectrum.

However, in this study, the permittivity spectrums of the ceramics sensor show a different
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changing trend with the humidity change compared to the typical humidity sensing
mechanism of the ceramics sensor. It is found that the permittivity spectrum mcmeased

or decreased at the entire frequency spectrum when increasing or decreasing the humidity.
Thus, the explanation discussed in the last paragraph is probably not suitable to explain the
phenomenon observed in Figures 3.11(a), 3.11(c). However, uhedity influencing
mechanism of this corghell BTOSIO, ceramics humidity capacitor/sensor is not clear,

which requires further study.
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Figure 3.12 Effective permittivity/dielectric losss frequencyspectrum®f the sample with
surfaceelectrodesvhenincreasing humidityrom dry conditionto 6% RH (a)/(b); and

decreasinghumidity from 69% RH to dry conditioft)/(d).
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Figure 3.12 showsffective permittivity and dielectrimbsvs frequencyspectrumsof the
sample whenincreasingand decreasindhumidity in the humidity rangebetweendry
conditionand69% RH. Similar to the humidity response of the sensor between dry condition
and 85% RHas shown in Figure 3.12(a), when humidity increds@s dry condition to 69%

RH, permittivity increases at a frequency lower than 20 kHz, however, slightly decreases at a
frequency higher than 20 kHz. A reverse trend on the permittivity spectrum camurm f

when humidity decreases from 69% to dry condition, as shown in Figure 3.10(c). From
Figure 3.12(b), when humidity increases, loss decreases at low frequency and increases at
high frequency, which also implies that the loss spectrum shifts to a lquefrey. A reverse

trend on the loss spectrum can be found when humidity decreases, as shown in Figure 3.12(d).
By comparison among the permittivity and loss spectrums between Figure 3.12 and Figure
3.11, te humidity resporesof the specimemmeasured betvem dry condition and the
humidity of 69% RH issimilar to that measuretietween dry condition arttie high humidity

of 85% RH. However,comparing Figure 3.12 and Figure 3.11, permittivetgd loss
responsetestedbetween dry condition ang®% RHaresmallerthanthosetested athe high
humidity of &% RH, whichis resulted froma smaller amount oivater vaporabsorlked by
thesampleatthe lowerhumidity of 69% RH than that #te highhumidity of 85% RH.

Figure 3.13 shows effectiygermittivity and dielectricdssvs frequencyspectrumsof the
specimen whenncreasingand decreasindgiumidity in the humidity rangebetweendry
conditionand43% RH. Similar to the humidity response of the sensor between dry condition
and 69/85% RH, ashewn in Figure 3.13(a), when humidity increafesn dry condition to

43% RH, permittivity increases at a frequency lower than 20 kHz, but slightly decreases at a
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frequency higher than 20 kHz. A reverse trend on the permittivity spectrum can be found
when humidity decreases from 43% to dry condition, as shown in Figure 3.13(c). From
Figure 3.13(b), when humidity increases, loss decreases at low frequency and increases at
high frequency, which implies that the loss spectrum shifts to a low frequency. Aeaever

trend on the loss spectrum can be found when humidity decreases, as shown in Figure 3.13(d).
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Figure 3.13 Effective permittivity/dielectric losss frequencyspectrum®f the sample with
surfaceelectrodesvhenincreasing humidityrom dry conditionto 43% RH (a)/(b); and

decreasingrumidity from 43% RH to dry conditioft)/(d).

By comparison among the pertiity and loss spectrumsa Figure 3.11, Figure 3.12, and

Figure 3.13, it is concluded thdtet humidity resporesof the samplemeasured between dry
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condition and the humidity of 43% RH igery similar to that measuredetween dry
condition andthe high humidity of69/86% RH. Howevercomparing Figure 3.11, Figure
3.12, and Figure 3.13n the low-frequency range, permittivitend lossresponsegested
between dry condition and3% RH aremuchsmaller tharthosetested a69% RH and B%
RH, whichimplies that the watevaporabsorted by the grain bound&es of the sampleat the
humidity 0f43% RH ismuchsmaller tharthoseat the humidity of69% RH and5% RH.

Figure 3.14 shows effective permittivitys time plots othe sample withsurfaceelectrodes
of onecycle humidity tests in different humidity testing levels from 85% RH to 43%aRH
selected frequemesfrom 100 Hz to 100 kHz. From Figures 3.14(a), 3.14(c), 3.14(e), 3.14(g),
3.14(i), in each humidity testing level, high permittivity @btained, in order of ¥0and
permittivity increases when increasing humidity and decreases when decreasing haimidity
low frequencies of 100 Hz to 3 kHz. As shown in Figures 3.14(b), 3.14(d), 3.14(f), 3.14(h),
and 3.14(j), at the high frequency of 1Kz, permittivity is very low, in order of £pand
permittivity decreases slightly when increasing humidity and increases when decreasing
humidity which shows a reverse trend compared with the permittivity at low frequencies.
Moreover, itis observed thtain one humidity cyclethe permittivityof the sample goes back
to the initial value at alanalyzedrequendes Besides, from Figures 3.14(a), 3.14(c), 3.14(e),
3.14(g), and 3.14(i), at low frequencies, permittivity response gradually decreasethevhen
humidity testing level decreases from 85% RH to 43% RH. However, from Figures 3.14(b),
3.14(d), 3.14(f), 3.14(h), 3.14()), at the high frequency of 100 kHz, permittivity response does
not vary much in different humidity testing levels. It is also coméid thatjn one humidity

cycle, permittivity and loss of the sample go back to the initial valuell tested high
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humidity levels.
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Figure 3.14 Effective permittivityvs time plots othe sample with surface electrodes at
selected frequemes of 100, 500, 1k, 3k, and 100k Hzl#terenthumidity testingevels.(a)
at 100- 3k Hz and 8346 RH; (b) at 100- 3 k Hz and 8% RH; (c) at100- 3k Hz and 786 RH,;
(d)at 100- 3 k Hz and 7% RH; (e) at 100- 3k Hz and 8%6 RH; (f) at100- 3 k Hz and 8%
RH; (g) at 100- 3k Hz and 8%6 RH; (h) at 100- 3 k Hz and 8% RH; (i) at 100- 3k Hz and

85% RH; (j) at 100- 3 k Hz and 8% RH.

Figure 3.15 shows one cycle dfeztive permittivityand dielectric losss timeplotsof the
sample withsurfaceelectrodesn different humidity testing levels aklectedrequences of
100 Hz- 100 kHz. From Figures 3.15(a), 3.15(c), 3.15(e), 3.15(g), at each selected low

frequency (100 Hz 3 kHz), permittivity increases when increasing hutyidind decreases
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when decreasing humidityn different humidity testing levels. Moreover, permittivity
response increases with increasing humidity. However, from Figure 3.15(i), at the high
frequency of 100 kHz, permittivity decreases when increasing liynaidd increases when
decreasing humidity in different humidity testing levels. From Figures 3.15(b), 3.15(d),
3.15(f), 3.15(h), at selected frequencies of 100 Hz, 500 Hz, and 1 kHz, loss decreases when
increasing humidity and increases when decreasingidity. Moreover, at selected
frequencies of 100 Hz, 500 Hz, and 1 kHz, loss barely differs much in different humidity
testing levels. However, from Figures 3.15(h), and 3.15(j), at selected frequencies of 3 kHz
and 100 kHz, loss increases with increadingidity and decreases with decreasing humidity.
Moreover, the loss has a clear distribution in different humidity testing levels. Besides, from
Figure 3.15in one humidity cyclepermittivity and losof the sample go back tthe initial

value at alandyzedfrequenges
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Figure 3.15 Effective permittivitydielectric loss/s time plots othesample with surface
electrodest different humidity testing levels from 85% RH to 33% &t$elected
frequences. (a) permittivity at 100 Hzand(b) loss at 100 Hz(c) permittivity at 500 Hz and
(d) loss at 500 Hz(e) permittivity at 1 kHzand(f) loss at 1 kHz(g) permittivity at 3 kHz

and(h) loss at 3 kHz(i) permittivity at 100 kHz an@) loss at 100 kHz.

The study aims to find a suitable humidity sensing frequency of the sensor to achieve a
balance between sensitivity and loss while high sensitivity withlées is preferred. Figure
3.16 shows deltaffective permittivity vs relative humidityresultsof the sample at selected
frequenees from 100 Hz to 100 kHz which are calculated from the humidity testing results in
Figures 3.15(a), 3.15(c3,15(e), 3.15(g), 3.15(i). For the humidity sensiaear relationships
between thedelta dfective permittivity and relative humidity(RH) are found at selected
frequencies from 100 Hz to 100 kHeespectively,as shown in Figre 3.16(a), 3.16(b),
3.16(9, 3.16(d), 3.16(e)Moreover, as shown in Table 3i8,the humidity testing rangérom
dry condition to 85%RH, when increasing frequencliumidity sensitivity decreases from
7555Hz/%RH at the low frequency of 100 Hz to 1'H&/%RH at the high frequencgf 100
kHz. And the calculatedvaluesof percentagesensitivity to effective permittivity at dry
conditiors show a similar decreasing trend when increasing frequency. Further, a frequency
range with a low loss of the sensor is preferred to be used due to a small energy degradation,

which is essential for the ceramics to develop a passive wireless LC resonatityhsensor.
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Figure 3.16 Deltaféective permittivityvs relative humidityof the sample with surface
electrodesand linear fittingsat selected frequerss. (a) 100 Hz; (bp00Hz; (c)1 kHz; (d) 3

kHz; (e) 100kHz.

Loss range betweenthe humidity range ofdry condition and 85% RHat selected

frequencies are shown in Table 3.2, which reveals that Ies/ianges can be chosen at the
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frequency of 500 Hz to 3 kHz. Besidétsteveals that the coefficient of determinatior, &f

the linear fittings decreases with increasing frequency. Therefore, better prediction results of
the fitting curves can be obta&d at the low frequencies of 100 Hz, 500 Hz, and 1 kHz. In
summary, the lowrequency range from 500 Hz to 1 kHz is a preferable candidate range
enabling the sensor to have a better overall humidity sensing performance with high

sensitivity and low loss.

Table3.2 Humidity sensitivity and loss at different frequencies.

Frequency / Hz 100 500 1k 3k 100 k

Effective permittivityat dry condition 44651 40939 39353 37045 7092

Sensitivity / 1/% RH 7555 4491 3034 961 17.6

Percentage sensitivitgspect to effective
16.9% 11.0% 7.7% 2.6% 0.25%

permittivity at dry condition / 1/% RH

Loss between dry condition and 85% R} 0.808.38 0.67~1.91 0.77-1.04 0.48~1.16 1.68~4.60

3.32 Long-time stability of the ceramicshumidity sensor

Dielectric ceramic sensor such as the sensois supposed to havgood humidity
sensitivity, longtime stability, and wateresistah capability, due to its high dielectric
permittivity, ceramis rigidity, and structural integrityLongtime stability is the most
important property for the potential applications of humidity sendégaire 3.17 shows
effective permittivity and dielectric loss vs time plots of the sensor with surface electrodes
after about 6@lay 33cycle longtime stability tests in humidity rangetwveen dry condition

and 85% RH at selected frequencies. As shown in Figure 3.17(a), 3.17(c), 3.17(e), 3.17(g),
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effective permittivity plots of 33 humidity cycles are exhibited at frequencies of 100 Hz, 500
Hz, 1 kHz, and 3 kHz, respectively. The first Hlimidity cycles reveal a gradual increase of

the permittivity response and the last 23 humidity cycles clearly show stable permittivity
responses with a small random fluctuation. The same clear trend also can be observed in
Figure 3.18(a), which showtbe delta effective permittivity of the sensor during lethge

stability tests when increasifdecreasinghumidity atthe frequencief 100 Hz, 500 Hz, 1

kHz, and 3 kHz. Similarly, as shown in Figure 3.17(b), 3.17(d), 3.17(f), 3.17(h), loss plots of
the humdity cycles at frequencies of 100 Hz, 500 Hz, 1 kHz, and 3 kHz also show a gradual
decrease of the permittivity response in the first 10 humidity cycles and a stable loss response
with a small random fluctuation in the last 23 humidity cycles. The saraetodad can also

be observed in Figures 3.18(b), 3.18(c), which show the delta loss of the sensor during long
time stability tests when increasing/decreasing humidity at the same selected frequencies.
However, at the frequency of 100 kHz, both permitgi@hd loss plots show an unclear trend,

and the fluctuations of the humidity responses of permittivity and loss are large compared to
the total responses. A similar trend is also found in Figures 3.18(d), 3.18(e). Comparing all
the permittivity plots and @lta permittivity results in Figures 3.17, 3.18, respectively, the
humidity responses of the sensor decrease with increasing frequency from 100 Hz to 100 kHz.
However, the loss responses of the sensor first decrease from 100 Hz to 1 kHz, and then,
increaseérom 1 kHz to 100 kHz, due to the shift in frequency of the loss spectrum. Besides,
comparing the permittivity and loss responses during the last 23 humidity cycles, the stability
of the permittivity responses is much better than those of the loss respdierefore,

permittivity should be primarily used for humidity sensing. In summary, the humidity sensor
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has a humidity sensing hysteresis in the first 10 humidity cycles, however, after 10 humidity
cycles, the sensor reveals a preferable humidity ctalality during longtime stability tests.
The humidity sensor should be pretreated by 10 humidity cycles in 20 days to get rid of its

humidity sensing hysteresis where high stability of humidity sensing can be developed.
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Figure 3.17 Effeave permittivity/dielectric loss responses of the sensor of-tong stability
tests in humidity range between dry condition and 85% RH at selected frequencies. One
humidity cycle is tested in two days. (a) permittivity at 100 Hz; (b) &490 Hz;c)
permittivity at 500 Hz{d) lossat 500 Hz;(e) permittivity at 1 kHz(f) lossat 1 kHz; (g)

permittivity at 3 kHz;(h) lossat 3 kHz;(i) permittivity at 100 kHz{j) lossat 100 kHz.
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Figure 3.18 Comparison of the delta effective permittivity of the sensor and delta dielectric
loss when increasing/decreasing humidity during {bmg stability tests at selext

frequencies. (a) delta permittivity at 100 Hz, 500 Hz, 1 kHz, 3 kHz; (b) delta loss at 100 Hz;

(c) delta loss at 500 Hz, 1 kHz, 3 kHz; (c) delta permittivity at 100 kHz; (d) delta loss at 100

kHz.

3.4 Influences of soils on humidity sensing of high dectric permittivity ceramics
humidity sensor with flat surface electrodes

In agricultureapplications, the sensor is supposed to be placed in the soil in the fields.
When the sensor with flat surface electrodes is covered by the soil instegabstdo the

air, it might be possible that the effective permittivity spectrum has a littleticaxjaue to
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that the soil and air have different dielectric permittivity and the electromagnetic waves
generated by the capacitor sensor not only pass through the dietectimcics material but
also pass through the soil or the air.

However, in SectiorB.1.4, it has been theoretically proposed in EeB§Bthat wherever
surrounded by the air or the soils, the effective permittfahd the measurezhpacitanceof
the sensomwith flat surface electrodes the samAdentical, due to the very low perttivity
of both the air and the soils compared to the high dielectric permittivity of the dielectric
material.Therefore, it is important to experimentally verify this theoretical conclusion.

3.4.1 Dielectric properties of the ceramicshumidity sensor with flat surface electrodes
in soils

As shown inFigure 319(a), the results show that whenever the sensor is exposed to air or
placed in/covered by the sand and the top soil, effective permittivity spectrums show identical
results in both dry contibn and 85% RH, respectively, and from Figure 3.19(b), the identical

loss spectrums are also observed in both dry condition and 85% RH, respectively.
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Figure 319 Effective permittivity (a) / dielectric loss (b) vs frequency spectrums of the
sensor freestanding in the air, covered by the sand, and covered by the top soil at both dry

condition and 85% RH.
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Figure 320 shows, at five selected frequencies, a etacomparison of dielectric
properties on the sensor merely exposed in air, covered by the sand, and covered by the top
soil in both dry condition and 85% RH, respectively. For the sensor placed in/covered by
three soils in 85% RH, both permittivity andst at different frequencies exhibit identical
values, which implies replacing awith sand or soil has no observable influencetios
dielectric properties of the sensor, as shown in Figures 3.20(a), 3.20(b), 3.20(c), 3.20(d). For
the sensor placed inlathree soils in dry condition, permittivity and loss at different
frequencies show almost identical values, which again reveals replacing air with sand or soll
has almost no influence on the dielectric properties of the sensor. In summary, based on the
verification experiments, it is concluded that, in different humidity conditions, the soils
covered on the sensor would not influence the humidity sensing of the sensor, which has been

proposed by Eg. €36) in Section 3.1.4.
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Figure 320 Effective permittivity (a) / dielectric loss (b) comparisons among the sensor
placed in the air, covered by the sand, and covered by the t@ difierent frequencies in
both dry condition and 85% RH, respectively. (a) permittivity at-1810Hz in 85% RH; (b)
loss at 100 3k Hz in 85% RH; (c) permittivity at 100 kHz in 85% R¢d) loss at 100 kHz in

85% RH; (e) permittivity at 1003k Hz in dry condition; (f) loss at 108k Hz in dry

condition; (g) permittivity at 100 kHz in dry conditioh) loss at 100 kHz in dry condition.
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3.42 Dielectric spectrums of soils and discussions of soiinfluences on humidity
sensing of the high dielectric permittivity ceramics sensor

In the last section, an interesting and useful conclusion has been discinagrdok soils
covered on the sensor with flat surface electrodes would not influence on humidity sensing of
the sensor. To better support the theoretical calculapomsosed in Eqg. €36) in Section
3.1.4, it is necessary to measure the permittivity spectrums of different soils in a wide
frequency range.

Before the solil influence measuremenis,capacitancénas beemmeasured for a purpose
of calibration, which issbout 41pF atthelow frequencyof 100 Hz and40.3 pFat the high
frequency of 1 MHz By calculation from an equation for the paralleled electrodes, the
permittivity is very close tal, which is the theoretical permittivity of air, as shown in Figure
3.21@).

Figure 3.21 shows thesal permittivityand dielectric loss vs frequency spectrums of air,
sand, topsoil, and lakesoil. For the sand and the two soils, both permittivity and loss
decrease with increasing frequency. At the low frequency of 100 Elzpdmmittivity of the
sand is the largest, probably due to a high content of quartz in the sand. Lake soil has the
lowest permittivity among the three soils at 100 Hz. When frequency increases to about 50
kHz, the permittivity of the three soils is arouddo 5 and decreases very slowly. At the
frequency of 1 MHz, the permittivity of the three soils approaches the same value of about 4,
which is the mtrinsic permittivity of soil At the low frequency of 100 Hz, the loss of the sand

is also the largest, flowed by the topsoil and the lake soil. Interestingly, at a frequency of
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around 3 kHz, a relaxation peak of the sand is observed. It is probably due to a high content
of quartz in the sand. At about 40 kHz, the loss of the topsoil starts to be largdratah

the sand, due to a larger decreasing rate of loss of the sand than that of the topsoil. The loss of
the lake soil is the lowest at all tested frequency ranges. At the high frequency of 1 MHz, the

loss of each soil reaches the lowest values oftah66 to 0.18.
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Figure 3.21 Real permittivity (a) / dielectric loss (b) vs frequency spectrums of air, the sand,

the topsoil, and the lake soil.

Real/undisturbed soils are more condensed than the loosed soils. Therefore, the
compressed soils should have different dielectric property values/spectrums. Figure 3.22
showsthereal germittivity anddielectric lossof the sand andhe twosoils before ad after
the soil compression process. Both permittivity and loss increase after compression at each
measured frequency from 100 Hz to 1 MHz. The reason is that compressed soil has a larger
percentage of the soil and a smaller percentage of air betweesaaphrticle. Therefore,
compressed soils reveal much closer dielectric properties to the real situation than those of
the loosed soils before compression and should be used as the real dielectric properties of the

soils. The permittivity values of th@mpressed soils in the measured frequency range will be
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used in the following discussion explain the reason why the medium change would not

influence the effective permittivity of the sensor
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Figure3.22 Real prmittivity (a) /dielectric losgb) vs frequency spectruno$ the sand the

topsoil, andthe lake soil before and afteompres®n on the soils.

By analysis of the data from Figure 3.22ergentage increasspectrums of real
permittivity andlossof the three soilsluring compressioare calculated, as shown in Figure
3.23. The percentage increases of permittivity and loss of the three soils decrease with
increasing frequencyBoth permittivity and loss of the topsoil haeehigher percentage
increase than the othewo soilsin the low-frequency range. The reason is probably that the
topsoil containgargercontent of organic matters in an irregular shapeharte has a much
larger compression ratio than the sand and the &kl. Atthe high-frequency range, the
percentage increase die permittivity and loss othe threesoils reach almost constants,
except forthe permittivity of the topsadi It is concluded that compression on the soils has a
stable percentage influence on the permittivity anditofise highfrequency range, however,
in the lowfrequency range, the magnitude of the influence on the permittivity and loss

decreases with imeasing frequency.
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Figure 3.23Percentagéencrease (0.1=10%)s frequency spectrums of rgarmittivity (a)/

dielectric losgb) of the sand, the topsoil, and the lake soil ducogpression

3.5 Conclusions

1. A high dielectric permittivity coreshell BTOSIO, ceramics humidity sensowas
developed The sensor based on capacitance/effective permittivity change corresponding to
humidity change has the potential to be used to develop a passivessvit€ humidity
resonant sensor to be used in agricultural applications.

2. For the humidity sensor, lanear relationship between the defiarmittivity and relative
humidity isobtainedat different frequencies, respectivelyalso has a fasespons timeof

three minute and a wide detection range from dry condition to 85% RH

3. The optimized measurement frequency range of the sensor is from 500 Hz to 1 kHz, where
a balance of high humidity sensitivity and relatively low loss can be achieved.

4. The permittivity of the ceramic sensor increases in theflequency range and deases

in the highfrequency range when the humidity increases. At a certain unique frequency, the
permittivity remains unchanged, and hence, this unique frequency could be used for

temperature calibration.
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5. The ceramics sensor has a ldimge humidity testing stability after 10 humidigycle
treatments in 20 days to eliminate its hysteresis characteristic.

6. It is theoretically analyzed and experimentally verified that the ceramics sensor with flat
surface electrodes can be used without any influéioce the soils at any frequency in the

tested humidity range.
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Chapter 4 Dielectric Methodology for Reattime In-situ Disinfectant Sensing in Water

In this study, new dielectric sensing and anelyg methoalogy wasdeveloped to rapidly
in-situ detect disinfectastin the water. This dielectric sensing method nagnyadvantages,
such ageattime detectioninexpensive, and simple handling over other sensing technglogies
such as the reagent method and electrocte@method [B-46,116,117]. The relationship
betweernfrequencydependent dielectric permittivity artkde concentratiorof a common type
of disinfectant NaCIlO, preparedn four different qualities of thevatess in a concentration
range from 0 to 200 PPM (pastper million) will be measured andnalyzed irthe frequency
range from100 Hz to 4 MHz. A changeable electrode distance of the probe and an even
wider frequency testing range from 0.1 Hz to 4 Mwi#l be used for the disinfectant
measurements to fundamentally study the dielectric properties of the disinfectaniswiyhe
developed methodology detect the disinfectant concentratisfased orthe determination
of a characteristirequencywhererelaxation ofthe disinfectant ims occursin the waterand
the permittivity of the disinfectant decrease a constant value of almost the same as that of
the pure water in the high frequency. A direct linear relationgfiipbe found between the
characteristic frequency and the disinfectant concentration. Moreover, repeatability
measurements of differenorcentrations of the disinfectanand soil influence on the
disinfectant sensingill alsobestudied.

4.1 Experiment procedure

The disinfectant, NaClO, was added in water to make aqueous solutiahfferent

concentrations in the range from 0 to 2080\ i.e., 0, 510,15, 20, 25, 30, 40, 50, 60, 70, 80,

100, 125, 150, 175, 200 PPM. The chemical dhe NaClO disinfectantis a 2.5% (w/v)
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solutionprovided by LabChem Ind-our different qualities ofvater were used to prepare the
NaClO aqueous solutions. They were tap water, Nestiéiebavater Dasani bottled water
anddeionized(D.l.) water The preparedisinfectantsolutions were placed into glass beakers

for thedielectric measurements
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Figure4.1 Picture of he sputtered Au/Cr/glass electrodeasthe prob&or dielectric sensing
ontheNaClO disinfectant concentration tinewater(a), and schematics of the precision
impedance analyzer and the computer to measure, transform and reccagahitancéCy)

and dielectric losgD) spectrums (b).

As shown in Figre 41(a), a pair of parall@dgold electrodes sputtered treglass slides
(200nm Au /5 nm Cr / 1 mm glass) ithe dimension of 25mm x 25 mm with a constant
distance o8 mmwas useds the probe. The gold electrodes of the probe were connected to
the precision impedance analyZ@gilent 4294A) respectively,as shown in Figre 4.1(b)
and Figure 4.2. fie probe wascompletely immersed in the NaClO disinfectant in the glass
be&er, as shown in Figre 42. The impedance of the NaClO disinfectamt different
concentrationgrepared byfour the waterin four different qualities was measured by the

impedance analyzer ithe frequencyrangng from 100 Hz to 4 MHz. The impedance
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spetrumswere calculated antlansfornedto capacitance (§ and dielectric loss (D) bthe

precision impedance analyzer and recoraethe computer.

Impedance Analyzer

Wires

Disinfectant solution \
Beaker s

"E;l

Front View [j_____1 Side View

Electrodes

N\ 27

Glass Plates

Figure 42 Schematic ofhedielectricsensingsystem for reatime in-situ measurmentof the

dielectricspectrum®f theNaClO disinfectant solutions preparedthgwates.

A modified probe with a changeable electrode distance consisting of the same Au/Cr/glass
electrodesZ00 nm Au /5 nm Cr / 1 mm glass) ithe dimension of 25mm x 25 mm (as
mentioned in the last paragraph) paralleled with each other was develdymeeélectrode
distances of the probe of 2 mBimm 4 mm, and 5 mmwvereused The precision impedance
analyzer(Agilent 4294A)and the lowfrequency impedance analyz&olarton 1260) were
used to connect to the probe, respectively, for the dielectric measurements. By using these
two impedance analyzers, a wide frequency measurement range (G.4 H4Hz) was
covered. e probewascompletely immersed in the NaClO disinfectanthe glass beaker
as shown in Figre 42. Theimpedance of the NaClO disinfectam different concentrations

(i.e., 0, 5, 25, 50, 100, 200 PPMijepared bythe tapwaterwas measured by the probe in
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four different electrode distances & wide frequerty range from 0.1 Hz to 4 MHz,
respectively The impedancespectrumsvere calculated angtansfornedto capacitance (§
and dielectric loss (D) bthe precision impedance analyzer and recoatetthe computer.

The probe withthe paralleledAu/Cr/glass electrodes (200 nm Au /5 nm Cr /1 mm glass)
in the dimension of 25 mm x 25 mnwith a constant distance & mm was used. The
precision impedance analyzéhgilent 4294A)was usedfor the dielectric measurements,
which were connected to thegbe. Fivetime repeatability tests of thenpedance of the
NaClO disinfectargin different concentrations (0, 5, 25, 50, 100, 200 PpiMpared byhe
tap water were conducted inhe frequencyrange from 100 Hz to 4 MHz. The impedance
spectrumsvere calculated antlansfornedto capacitance (§ and dielectric loss (D) bthe

impedance analyzers and recordedhe computer.

Figure 43 The &ap water mixed witllifferent masses &fandand tooil containing organic
matters. (a) hemass 00.05g, 0.5gand 5gof thesand(on the top)andthe togsoil (on the
bottom) are showfrom theleft to theright, respectively; (b) the tap wat@00 mL) ismixed
with the sand(on the top) and thpsoil (on the bottohin mixing ratios (w/v) of 0.025%

0.25%, and 2.5%, respectively.
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Experimens of the sandtopsoil influenceon the dielectric spectrums of the tajaterwere
conducted. As shown in Rige 43, the sand antbpsoil containing organic matteksere
weighed inthe mass 00.05 g, 0.5 gand5 g, respectively. 200 mL tap water was prepaoed
be mixed with each mass of tlsandfopsoil by 10 min stir and 10 min precipitation,
respectively. The mixing ratios (w/v) dhe sandfopsoil andthe tapwater were 0.025%,
0.25%, and 2.5%, respectivelifter precipitation the mixed solutiors were placed irglass
beakes for dielectric measurements by using the probe with an electrode distance of 3 mm.

The probe was connected to the precision impedaratgzan(Agilent 4294A)

4.2 Description ofthe dielectric sensing and analyzing methodology

The permittivity of pure wateris about80, owing tothe water moleculs having dipole
momentand the polarization ability of the water can be observed under AC electricTheld.
ionic dipoles in the disinfectant solution change their orientation (reorient) under AC electric
field at low frequenies resuling in a high capacitanddielectric permittivity which can be
detected by the probe with the paralleled electrangmecting to an electronic analyzing
device, such as an impedance analyRee to the differencan the permittivity spectrums of
the disinfectanin different concentrations prepared by the water, it can be used to detect the

chemicals, such as the disinfectaag shown in Figure.4.
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Permittivity spectrums with a good linearity
in a frequency range

~

in high frequency
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Real part permittivity

Characteristic frequency shifts

Frequency / Hz
Figure 4.4Schenatic description othe dielectricsensingand analyzingnethoalogy based
on the frequency dependence of the real part permittivity of the disinfectants in different

concentrations

It has been noted that a US patent has a visional claim of a dielectric sensing method to
detect the chemical concentration in a dielectric liquid. That is, the real permittivity has a
close toalinear relationship with the chemical concentration in dedtec liquid, such as a
disinfectant in water [14].

However, this method hasvo major issuesvhich camot be handled/solvelly this US
patent First, this US patent visiomg claims thathe real permittivity of the dielectric liquid
has a linear retoonship with the concentration of thehemical But based on our
measurement and analyzed reswsshown in Figure 4.5 and Figure 4l& permittivity of
the disinfectans versus disinfectant concentration has a (close to) linear relationship at
certain middle frequency rangadcould not be applicable at either ldvequencyor high
frequency rangesThis confirmatoryanalysisis contradictory tahe application tothe whole
frequencyrangeclaimedby the patent [18]. It can be observed in Figei4.6 that, athelow-

frequency rang@ower than 37 Hz)the permittivity has a close #linear relationship with
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the concentration at first, and then, gradually saturate at high concentratidre Wgh-
frequency rangél kHz - 400 kHz) the permittivity has a close to saturated status with the
concentration at first, and then, changes to a linear relationship with the concen@atyon.

in the middle frequency range, the permittivity has a closelitoear relationsip with the

concentration.

—0PPM

Real part permittivity
=
OU'\

10°F

10 s s s s i i
I00m 1 10 100 1k 10k 100k 1M 4M
Frequency / Hz

Figure4.5Dielectric real permittivity spectrunaf the disinfectants (200 PPM) measured

by a paralleled electrode probe at a wide frequency range from 0.1 Hz to 4 MHz. Based on

the vision of the dilectric liquid detection method at a single frequency illustrated by a US
patent [18], at some selected frequencies, real part permittivity measured at different

concentrations is analyzed, where the analyzed results are shown in the next figure.
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Figure4.6 Dielectric real permittivity spectrunaf the disinfectants (200 PPM) measured

by a paralleled electrode probe at a wide frequency range from 0.1 Hz to 4 MHz. Based on
the vision of the dielectric liquid detection method at a single frequency illustrated by the US
patent [18], at some sel@ed frequencies, the relationship between real part permittivity and
disinfectant concentration measured at different selected frequencies from 0.1 Hz to 400 kHz,

which is the visional methaw detect the chemical concentration at a selected frequency
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illustrated by the US patent Bl1(a) Permittivity at 0.4 Hz to 37 Hz; (Ipermittivity at 100
Hz to 200 Hz; (c) permittivity at 500 Hz to 1 kHzt) permittivity at 2 kHz to 5 kHZe)
permittivity at 10 kHz to 20 kHZf) permittivity at 50 kHz to 100 kHZg) permittivity at

200 kHz to 400 kHz.

Second a mixing of a substance, such as air bubbles or soils (having a very low
permittivity) in the disinfectant/water would result in a false reading of the chemical
concentration due to a decrease ofagh8re permittivity spectrum while mixing with the low
permittivity substance$118]. Hence, low the issue could be eliminated by our newly
developed approacWwill be discussedn Section 4.7 In sumnary, this dielectric method
described in th@reviouspatent could not be used to have a reasorsdilsfactoryresult to
detect the chemicals, for example, the disinfectandetailedanalysis of the sensing of the
disinfectanwill be discussedhter.

To solve the above issues illustratedccording tothe charactestics of the dielectric
permittivity spectrums of the disinfectants (prepared by the water) in various concentrations,
as shown in Figure.4, newdielectric sensing and analyzing methodolaggroposedwhere
theillustrated issues can be properly solvedr the disinfectants in different concentrations,
the permittivity decreases witihe frequency increaseuntil the permittivitydecreases ta
constant at certainfrequencyof about 10 kHz to 100 kHZ his frequencyis definedasthe
characteristic frequencfat the characteristic poingf the aqueoussolution prepared by a

certain quality of water ia certainconcentration ofhedisinfectant.
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Interestingly, in the lowfrequency rangethe permittivity decreases with increasing
frequency in a linear relationship by their logarithm scalés permittivity ata relatively
high frequencywhere aconstanpermittivity value is obtaineds thebase permittivity othe
disinfectant.This constat permittivity value isvery close to the pure water permittivity a
constantvalue of about 80. Above all, as shown in Figure 4.4t is revealed that the
characteristic frequency can be calculated bhg fintersection ofthe two lines (the
linearstraght line at the low frequency and tl®rizontalline of a constant permittivity at
the high frequency)These two linesre the extension line of the linear fitting curve of the
logarithm real permittivity vs logarithm frequency and the extensiondirtee constant of
the permittivity value at the higliequency rangeespectively
4.3 Dielectric spectrums of the disinfectants prepared by different qualities of water and
the relation between the characteristic frequency and disinfectant concentratio

4.3.1 Dielectric spectrums of the disinfectants prepared by different qualities of water

Figure 47 showsthe frequency dependences of the real dielectric permittivityhef
NaClO disinfectars prepared byfour watersin different qualitiesand their correspondent
dielectric loss For each water measured at low frequency, when the NaClO concentration
increases, the real permittivity increases. For each disinfectant and each water prepared, when
frequency increasesdielectric permittivity decreass. A linear relation between the
permittivity and frequency is observed in the frequency range from about 100 Hz to 1 kHz in
the tested NaClO concentrations prepared by the tap water, Nestle bottled water, and Dasani
bottled water. The disinfectants prepawith D.I. water also show linear relations between

the permittivity and frequency in the frequency range from about 100 Hz to 1 kHz in most of
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the tested NaClO concentrations except for the pure D.l. water (0 PPM). When the
permittivity decreases to@nstant value of about 80, i.e., the base permittivity of the water,
the characteristic frequency of the NaClO disinfectamt be obtairg whichis from 10 kHz
for the three purevaters(i.e., the tap water, Nestle bottled water, and Dasani bottled)wate
100 kHz forthe NaClO disinfectants iR00 PPM It is observedhat water quality influences
the dielectric permittivity and the characteristic frequency at the same disinfectant
concentration, especially for the D.I. wat@asani bottled wateandNestle bottled waters
0 PPM which are known for their high quality with lesgesidual ionsgexhibit lower real
permittivity compared witlthe permittivityof the tapwater However, for all disinfectants, as
the frequency increases, the permittivity is very rough when the permittivity decreases to
close to the base permittivity that the characteristic frequency could not be directly
determined on the permittivity spectruniowever,at a high disinfectantconcentrationthe
real permittivityprepared by th&our watersis almost identical.

From Figure 4.8, the dielectric loss vs frequency spectrush®w a loss peak for each
NaClO concentration and each prepared water, wihigities a significant relaxation of Na
and CIO in water at about the same characteristic frequency observed from the permittivity
spectrums in Figure 4. It also can be observed that the loss peak increases with increasing
NaClO concentration for eachater, which reveals that the characteristic frequency increases
with increasing NaClO concentration and is identical to the results obtained from the
permittivity spectrums. It should be mentioned that the highly rough loss peaks are probably
caused by theery small phase angle detected by the impedance analyzer, which reveals a

close to pure resistance state is developed in this frequency range.

162



As is briefly mentioned in the last section, by analyzing the real permittivity and loss
spectrums,ite mechanisnmight bethat heionic dipoles in the disinfectant solution change
their orientation (reorient) under AC electric figltllow frequenes which resuls in a high
real dielectrigpermittivity detected by the probe with the paralleled electradesiever, the
thermal vibration of the water molecules coustsacts with the reorientation of the ionic
dipoles in the solution at room temperature. When the frequency of the AC electric field
increases, the time to form the ionic dipoles decreasest dané@ wat er mo- ecul e
reacting effect to disorientate against the reoriented ionic dipoles under the electric field
grows and begins to dominate. Therefore, the real permittivity of the disinfectant solution
decreases with increasing frequency. Awniddle frequency where the permittivity decreases
to constant values close to that of the pure water, the relaxation of the reorientation of the
ionic dipoles occurs, which implies the frequency is fast enough to eliminate the contribution
of the reorierdtion of the ionic dipoles in the dielectric (disinfectant) solutiime constant
permittivity at a relatively highfrequency rangefor the disinfectants in different
concentrationsevealsthe first issuef the previous patent, that &, onechoserirequencyin
the entire frequency range, the chemical concentration corresponding to the dielectric
permittivity of the chemical solutioprobably is nota correct descption [118]. Moreover,
the loss spectrums also show a similar relaxation pragesse high loss peaks are observed

(in Figure 48).
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Figure 48 Frequency dependences of the dieledtrssof theNaClO disinfectant solutions
prepared by different quakis of water. (a) Tap water; (b) Nestle bottled water; (c) Dasani

bottled water; (d) D.I. water.

Imaginary dielectric permittivityspectrumsof the NaClO disinfectast prepared by
different qualities of wateare shown in Figure 4. The imaginary permittity decreases
with increasing frequency for all disinfectants preparedifferent waters. Moreover, all the
imaginary spectrums show the linear relationships between the logarithm imaginary
permittivity and the logarithm frequency. Further, the imaginary permittivity increases with
increasing the concentration of the disinéet. Besides, the imaginary permittivity
spectrums are also different for different qualities of the waters due to different
concentrations of the residue ions in the waters. Hence, the imaginary permittivity could also
be used for sensing the disinfedctahsome selected frequencies.

It is known that the imaginary permittivity spectrums are related to the conductivity which
is caused by the disassociation of the NaCIlO disinfectantNatoand CIO in the wder.
Specifically, the disassociated ioms the water are accelerated under AC testing voltage in a

direction parallel to the AC electric field, however, they collide witd thermal vibrad
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water moleculesnd lose speed, which results in a suppression of the ions to move and attach
to the electrde for the reading of the impedance analy@ely small numbers of the ions
attach to the electrode and contribute to the increase of ithaginary
permittivity/conductivity. As shown in Figure 40(a), the conductivity increases with
increasingdisinfectant conagration.Hence, the phenomenon is ion concentratiependent.
The reason is probably that, as the NaClO disinfectant concentration increases, more ions are
accelerated under the AC testing voltage and there is more chance for tleeatiastt to the
electrodes to contribute to the conductiviiigure 410(b) reveals the residual ions that
existed in the pure waters in different water qualities also influence the conductivity.
Therefore, considering both the water quality and the adiigidfectant, theclassical
conductivity linear equatiorto describethe behavior of thenonideal conductionof the
disinfectantss shown below:

” . " 0 3 199) 06 2 (4-1)
w h e noR is thetotal conductivity ofthed i s i n f @igatisdhe resjdualiconductivity of
the purew a t esgis the donductivity ofthe NaClO disinfectantvith the disassociated ions
of Na" and CIO; Nresiqualis the number ofthe residual ions irthe purew a t @efidjalis the
average mobility of the residual ions time purewater; essiqualiS the average charge of the
residual ionsn the pure watemgis is the number of pairs oNa” and CIO in the disinfectant
Edis IS the mobility of a pair ofNa" and CIO in the disinfectanteis is the charge of the ions

for a pair ofNa" and CIO in the disinfectant
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Figure4.9 Frequency dependences of thraginarypart dielectric permittivity otheNaCIO
disinfectant solutions prepared by different quediof water. (a) Tap water; (b)dstle

bottled water; (c) Dasani bottled water; (d) D.I. water.

Interestingly, the conductivity almost remains the same at different frequencies, except for
a little decrease at the frequency lower than 500 Hz and a sharp decrease for the D.I. water at
the frequency higher than 1 MHz. The mechanism of the sharp dedoedke D.I. water at
high frequency is unclear. It reveals that the conductivity of the disinfectants is almost
independent of the testing frequency in the wide frequency range from 500 Hz to 1 MHz,
whereas, the real permittivity, which implies the dafic property of the disinfectant, is

highly dependent on the testing frequency, especially in thefreyuency range. By
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observation at different frequencies, although there are the conductivities at different
disinfectant concentrations, the trendtbé real permittivity spectrum changing with the

disinfectant concentration is different from the trends of the conductivity and the imaginary
permittivity. Therefore, the dielectric behavior and the conductivity of the disinfectant are

two physical mechasms that existedimultaneouslyinder AC testing voltage.

0 b) 10°
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Figure4.10 Comparison of theréquency dependences of t@nductivity. (a) Comparison of
different concentrationgrepared byhe tapwater, (b) comparison of four pure waters (0

PPM).

4.3.2 The relation between the characteristic frequency and disinfectant
concentration

To calculate the characteristic frequgnof the disinfectants in different concentrations
prepared by different waters, real permittivity spectrums in Figuraré.used. However, the
linearity of the real permittivity spectrums at the whole Jogquency range seems not all
consistent. Hengan investigation is conducted to find the linear range of the logarithm real
permittivity vs the logarithm frequency spectrums by calculating the differential of the

logarithm real permittivity on the logarithm frequency. The calculated differentiatrapes
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of the disinfectants in some concentrations prepared by four waters are shown in Figuires 4.
4.12, 4.13, 4.14, respectively. A common trend of the spectrums is observed and the average
valuesbetween the fluctuated spectruarg plotted in black ties. At a lowfrequency range

and a higkifrequency range, two constant values can be found, respectively. The constant at
the lowfrequency range shows the linear range of the logarithm real permittivity vs the
logarithm frequency spectrums. The constathe highfrequency range shows the (constant)
real permittivity of the water at high frequency. Table 4.1 summarizds#dae ranges of the
logarithm real permittivity vs logarithm frequency spectrums ofdisenfectantan different
concentrations @pared by four waterdnterestingly, the logarithm real permittivity of the
disinfectants has a common linear range, however, the logarithm frequency does not. It seems
that, at different disinfectant concentrations, the real permittivity spectrumsitiee & the
direction of the frequency axis. In summatye (common) linear fitting range for all

disinfectant concentrations and all wateas bedetermined from 3.9t 4.65
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spectrum®f thedisinfectants prepared ltlge tapwater The black lines show the average
spectrums between tiflectuated spectrums and the constant ranges of the average values at
low frequencies reveal the linear fitting range of the logarithm permittivity spectrums. (a) O
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Figure 4.2 The dfferential of logarithm real part permittivity vs logarithm frequency
spectrum®f thedisinfectants prepared ltlge Nestle bottlesvater The black lines show the
averagespectrums between the fluctuated spectrums and the constant ranges of the average

values at low frequencies reveal the linear fitting range of the logarithm permittivity

spectrums. (a) 0 PPM; (b) 25 PPM,; (c) 80 PPM; (d) 200 PPM.

(@ 1 (0) 1

€ Il € A

5 ot H H‘“‘ ‘ 5 oF VI" :

o o

: H :

o o

g \ g

il :

£ LM ; E ”H

o (]

() [3]

b3 ES

a — Dasanl 0 PPM [a) ‘ | — Dasani-25 PPM
- _3 1 1 1 1 1
15202530354045505560657075 1520253035404550556.0657.07.5

Logarithm frequency / Hz Logarithm frequency / Hz

(© 1 1

2 2

s HHMIN

£ il \ | € ‘ ‘

5 O \ T ‘ 5 O T

g ‘ g m ‘

£ g |

o o

g 1r g_rg -1k

% ] ,—i v ‘\‘\

2 2f | \ n 2 2f Lk A

o p

£ £

[a} H Dasanl 80 PPM (s} Hil Ddsani-200 PPM
3 1 _3 1 1 1 1

_1.5202530354045505.56.0 6.5 7.07.5
Logarithm frequency / Hz

1.5202530354045505.5 6.06.57.07.5
Logarithm frequency / Hz

Figure 4.8 The dfferential of logarithm real part permittivity vs logarithm frequency
spectrum®f thedisinfectants prepared ltlge Dasani bottledater The blackiines show the
average spectrums between the fluctuated spectrums and the constant ranges of the average
values at low frequencies reveal the linear fitting range of the logarithm permittivity

spectrums. (a) 0 PPM; (b) 25 PPM,; (c) 80 PPM; (d) 200 PPM.
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Table 4.1 he linearranges of the logarithm repérmittivity vs logarithm frequency
spectruns of thedifferent NaClOconcentrationprepared by four waters. Both linear
frequency ranges and linear permittivity ranges are listed. f is frequency,isnelative real

permittivity.
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D.l. water Tap water Nestle water Dasani water

Conclpp Logf/Hz Logy Logf/Hz Logy Logf/Hz Logy Logf/Hz Logl
m From To From To From To From To From To From To From To From To

0 / / / /234 290 477 380 160 246 529 374 177 242 4.87 375

5 160 243 465 322 235 292 488 388 1.83 258 515 379 1.81 256 511 3.81

10 176 247 487 361 243 3.00 481 380 197 267 508 383 1.88 265 519 3.85

15 182 252 506 381 244 3.03 486 384 2.08 275 503 3.83 1.94 273 524 3.85

20 189 2.62 515 385 246 3.05 490 388 220 2.84 496 384 199 281 527 3.86

25 198 2.70 516 388 248 3.08 490 386 237 2.89 477 383 207 289 526 3.83

30 206 2.78 515 3.87 250 3.12 493 386 240 295 4.82 383 212 294 529 3.85

40 213 291 525 386 252 317 500 3.88 243 3.04 492 385 218 3.01 529 384

50 221 3.01 528 3.85 254 324 5.07 387 246 3.13 5.00 384 223 3.07 534 387

60 230 3.08 527 3.86 257 328 511 387 250 3.19 505 3.85 227 314 539 387

70 236 314 529 3.86 259 332 514 385 255 324 507 3.86 230 3.20 545 3.88

80 241 322 532 3.85 261 336 517 387 260 330 509 383 238 3.25 542 3.89

100 248 331 535 3.86 267 342 518 3.88 2.63 3.38 518 3.85 243 3.34 547 3.88

125 256 3.39 539 388 275 348 519 388 266 347 528 385 252 343 549 3.89

150 264 347 539 388 281 352 519 390 271 352 535 389 260 351 547 3.87

175 271 353 538 3.87 289 359 514 3.89 277 359 535 389 268 357 547 3.89

200 278 3.60 539 3.87 296 3.68 516 3.89 2.88 3.66 528 386 275 3.62 546 3.89

Log
permittiv 3.88 ~ 4.65 3.90 ~4.77 3.89~4.77 3.89~4.87
ity range

The
range for 3.90 ~ 4.65
all waters

Figure 4.15 shows the linear fittings of the linear portion of the real permittivity spectrums
of the disinfectants prepared by four waters, respectivVdig linear fitting equations and the
fitting constants of the disinfectants prepared by four waters arenshodqg. @-2) and
Tables 42, 43, 44, and4.5. The constant permittivity at high frequency is also listed in the
tables Therefore, following the calculating method illustrated in Figure 4.4 in Section 4.2,
the characteristic frequencies of the disinfectantsffardnt concentrations prepared by four
waters are calculated from the linear fittings of the linear portion of the logarithm real
permittivity spectrums at low frequency and the constant real permittivity at high frequency.
0 0 aqQ Q

&0 (4
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¢
= x
¢
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whereU watertype concjis permittivity at high frequencynearlya constant value close to &0y

each concentration and each watlus, |dwater type,conciS Close toa constant value for each

concentration and each waté water type,conc)iS the intercept valuat a concentration of

NaClO disinfectant prepared by a water typ@e; water type.conc)iS the slop value at a

concentration of NaClO disinfectamrepared by a water tgp Fre (water type,conc)iS the

characteristic frequena@t a concentration of NaCIO disinfectgmépared by a water type.
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Figure 4.5 Linear fittings of the data points of the logarithm neatmittivity vs logarithm

frequency of the NaClO disinfectant solutions in different concentrations prepafear by

waters.The linear fitting range is from the permittivity of 3.90 to 4.@5.Tap water; (b)

Nestlebottledwater; (c) Dasartottledwate; (d) D.l. water.
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Table4.2Linear fitting parameters fdhemeasuredlata points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) fre NaClO disinfectant solutions in different

concentrationsrom 0 PPM to 200 PPMrepared byhetap water.

Ao (Tap, A1 (Tap, Residual sun e Logio Fre Fre (Tap,

Conc. /PPM conc) conc) of squares U (Tap, conc (Tap, conc) conc)
0 8.863 -1.748 0.000162 88.82 3.955 9019
5 8.943 -1.734 0.000850 89.20 4.033 10795
10 9.069 -1.752 0.000601 89.71 4.062 11527
15 9.115 -1.745 0.000581 89.66 4.104 12713
20 9.193 -1.747 0.000554 90.14 4.142 13869
25 9.216 -1.738 0.000733 90.01 4.178 15052
30 9.274 -1.737 0.000479 90.22 4.213 16343
40 9.404 -1.744 0.000615 91.05 4.270 18618
50 9.456 -1.730 0.000830 91.33 4.333 21546
60 9.532 -1.729 0.001240 92.19 4.377 23827
70 9.633 -1.737 0.001060 91.93 4.415 26010
80 9.715 -1.741 0.000932 93.54 4.448 28035
100 9.838 -1.742 0.001050 92.85 4.517 32893
125 10.031 -1.764 0.000913 83.83 4.597 39543
150 10.190 -1.777 0.001290 84.79 4.650 44691
175 10.247 -1.768 0.001940 85.20 4.704 50637
200 10.439 -1.782 0.002030 88.62 4.765 58156

Table4.3Linear fitting parameters fdhe measuredlata points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) fdre NaClO disinfectant solutions in different

concentrationfrom 0 PPM to 200 PPMrepared byestle bottledvater.

Conc. / PPM Ao (Nes, A1 (Nes, Residual sun (} (Nes, conc Logio Fre Fre (Nes,
conc) conc) of squares (Nes, conc) conc)
0 8.172 -1.801 0.002890 83.62 3.469 2945
5 8.452 -1.809 0.001420 84.11 3.609 4065
10 8.609 -1.792 0.001220 84.84 3.727 5336
15 8.741 -1.785 0.001390 84.90 3.816 6541
20 8.820 -1.763 0.000929 85.83 3.907 8070
25 8.919 -1.758 0.000345 86.72 3.971 9352
30 9.022 -1.757 0.000482 87.40 4.029 10691
40 9.226 -1.773 0.000218 87.61 4.108 12832
50 9.367 -1.771 0.000162 89.69 4.187 15372
60 9.511 -1.778 0.000143 91.07 4.247 17646
70 9.635 -1.785 0.000089 91.88 4.297 19837
80 9.684 -1.773 0.000052 90.17 4.358 22809
100 9.853 -1.775 0.000049 94.05 4.440 27554
125 9.972 -1.762 0.000060 96.17 4.534 34225
150 10.230 -1.795 0.000071 101.38 4.580 38045
175 10.315 -1.793 0.000154 98.30 4.642 43867
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200 10.409 -1.786 0.000219 102.55 4.701 50205

Table4.4 Linear fitting parameters fdhe measuredlata points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) fre NaClO disinfectant solutions in different

concentrationfrom 0 PPM to 200 PPMrepared bybasani bottledvater.

Ao (Das, Ai(Das, Residual sunp,, Logio Fre Fre (Das,
Conc. /PPM conc) conc) of squares U (Das, conc (Das, conc) conc)
0 7.963 -1.743 0.001890 84.37 3.463 2904
5 8.260 -1.737 0.001230 84.88 3.646 4423
10 8.483 -1.753 0.000602 83.35 3.744 5549
15 8.670 -1.772 0.000633 85.84 3.802 6345
20 8.726 -1.740 0.000518 85.64 3.905 8041
25 8.883 -1.754 0.000619 86.84 3.958 9088
30 8.969 -1.745 0.000409 87.41 4.027 10637
40 9.057 -1.730 0.000278 84.02 4.122 13239
50 9.218 -1.742 0.000163 83.27 4.190 15488
60 9.341 -1.744 0.000118 87.72 4.243 17493
70 9.491 -1.755 0.000185 88.66 4.298 19861
80 9.580 -1.752 0.000073 89.17 4.355 22629
100 9.684 -1.738 0.000046 89.36 4.448 28049
125 9.920 -1.758 0.000036 93.68 4.522 33242
150 10.041 -1.760 0.000043 90.61 4.592 39072
175 10.246 -1.779 0.000072 99.40 4.636 43278
200 10.379 -1.791 0.000127 101.44 4.676 47448

Table4.5 Linear fitting parameters fahe measuredlata points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) fire NaClO disinfectant solutions in different

concentrationfrom 0 PPM to 200 PPMrepared byD.l. water.

Ao (D.1., A1 (D.l., Residual sunpe Logio Fre Fre (DI.,

Conc. /PPM conc) conc) of squares U (D.1., conc] (D.1., conc) conc)
0 / / 0.002130 82.77 0 100
5 7.426 -1.734 0.005540 83.55 3.174 1493
10 7.965 -1.758 0.002540 83.89 3.436 2727
15 8.292 -1.773 0.001370 84.26 3.590 3894
20 8.516 -1.778 0.000967 84.87 3.705 5074
25 8.650 -1.767 0.000671 85.18 3.802 6343
30 8.834 -1.787 0.000748 85.84 3.861 7268
40 9.014 -1.771 0.000548 86.90 3.995 9878
50 9.209 -1.780 0.000275 88.09 4.081 12060
60 9.399 -1.797 0.000206 89.00 4.144 13948
70 9.492 -1.788 0.000114 90.32 4.215 16394
80 9.617 -1.787 0.000090 89.30 4.289 19470
100 9.791 -1.790 0.000037 91.29 4.374 23662
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125 9.974 -1.793 0.000063 92.34 4.466 29221

150 10.124 -1.796 0.000086 94.48 4.538 34475
175 10.269 -1.805 0.000124 94.62 4.594 39236
200 10.404 -1.809 0.000156 101.77 4.642 43830

Figure 4.5 and the last column of Tables 4.2, 4.3, /Aaad 4.5, showthe calculated
characteristic frequencys the disinfectantoncentratiorprepared by fouwates. The linear
relationships between the characteristic frequency and the (NaClO) disinfectant@tiocen
prepared by four waters can be found in Figuré()L The data points are fitted by the
linear fittings of Eq. (43), Eq. (44), Eq. (45), and Eq. (%) for the disinfectants prepared by
four waters are also shown in Figure &{dal). Due to the ifferent concentrations of the
residual ions, the intercepts of the linear fittings of the characteristic frequencies of the
different qualities of the waters are different. To further observe the slight difference of the
slopes of four waters, theharaceristic frequenies of the disinfectants prepared by each
water aresubtraced bythe intercept okachpure wate (O PPM), respectively, hence, the new
calculated delta characteristic frequencies of the disinfectants prepared by each water are
shiftedto the same start point (i.e., the delta characteristic frequency of 0) for each water, as
shown in Figure 48(b). It is found that the slopes of the four waters are very close.
Therefore, as shown in Figure 8(&), a common linear fitting on all tested data points of the
four waters is capable to determine the relationship between the characteristic frequency and
the dsinfectant concentration, which is expressed in E€f)(4'he average linearity error of
4.19% can be obtained between the data points of the disinfectants prepared by the four
waters and the common linear fitting.

Fehar (tap) = Bo (tap) X CONC+ B1 gap)  (4-3)
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Fchar (Nes)= Bo (Nes)x CONC+ B1nes) (4-4)

Fchar (Das) = Bo (pas)X Conc+ B1 (pas)  (4-5)

Fechar 0.1) = Bo.y X Conc+ B1 1)  (4-6)

Fehar (all watery = Bo commop X Conc  (4-7)
Fcha water type)iS the frequency ahe characteristic pointéi.e., the characteristic frequency)
obtained from the linear fitting plot of logarithm real permittivity vs logarithm frequexticy
low frequencyand logarithm real permittivity baseline athigh frequency ware real
permittivity is around80 ~ 100 (each higHrequency permittivity values were uséd
calculae eachcharacteristic frequengyConcis the disinfectant concentratioBowatertypg 1S
the slog of eachlinear fitting of the data points of theharacteristic frequencys the
concentratiorprepared byhe fourwaters, respectivel¥cha (i water) IS the delta characteristic
frequency of all four waters which is calculated by each characteristic frequency at different
concentrations subtracting the characteristic frequency of each pure Bgat@oy is the
slope of the commorlinear fitting of all the data points of the characteristic frequency vs the

concentration preparday (all) four waters

(@) 70000 (b) 60000
= Tap water B = Tap water
T 60000} e Nestle_water < 50000} ° Nestle.water .
-~ a Dasani water o a Dasani water Z
> c
© 50000 v D.I. water e v D.I. water
S . . 3 40000 - . )
3 —— Linear fit ] —— Linear fit
g 40000 |inear fit = — Linear fit
= ) ’ -2 30000 - ) )
© — Linear fit 1 —— Linear fit
-2 30000 ) ) 2 ! :
? —— Linear fit Q —— Linear fit
£ 20000 y,=242%,+9019 g 20000+ y,=242x,
© Y,=239x,+2945 el 10000 Y,=239x,
< G s
g 10000 y,=235x,+2904 g y,=235x,
g, o, RO 8 oWt o KB
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Disinfectant concentration / PPM Disinfectant concentration / PPM
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Figure 4.5 Characteristic frequencys disinfectant concentration for four waters and the
linear fittings(a);, and the deltaharacteristic frequendfter subtracting the intercept of
each pure watgwrs disinfectant concentration for four waters and the lineardg(b); and a

common linear fitting of the data points of all waters (c).

4.4 Calculationsto eliminate the influence of water quality issus

As is obtained in Section 4.3, a linear fitting is capable to determine/predicting the
relationship between the characteristic frequency and the disinfectant concentration with an
average linearity error of 4.19%he error for each data poiistcalculatel from the value (in
PPM) of the data point subtragg the value of the linear fitting (in PPM) and then, divided
by the value ofeach data point (in PPMj the unit of % The average error is calculated
from the errors of all data points tife disinfetants indifferent concentrationprepared by
four waters.However, it has not been considered that the water quality influences the fitting
slope values of the logarithm permittivity vs the logarithm frequency in the linear fitting
range. Forall datapoints prepared by the four watews,fitting slope value modification
method can be used to eliminate/mitigate the influence of the water quality issue and further

decrease the average (prediction) effbie modification method is described as follows: the
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characteristic frequencies of the disinfectants prepared by each water are multiplied by a

linear fitting slope valueof each pure watewith an index of times (fromd to 3 in integers).
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80000 - Common linear fit for all waters
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Delta characteristic frequency divided by slop
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Figure 4.1"Modifications by the fitting slope value of the real permittivity spectrums of each
pure water on the delta characteristic frequency vs the concen{ddiarpointsjo eliminate
the influence othewater quality issuand the linear fittings on the deltharacteristic
frequency(data points)(a) A linear fitting on all data points of the dettharacteristic
frequency timeshe slope valueof each pure wate(b) a linear fitthg of the delta
characteristic frequency divided bye slope valueof each pure watg(c) a linear fitting of
the deltacharacteristic frequency timé#se square otheslope valueof each pure wateand
(d) a linear fitting of the deltaharacteristidrequency divided byhe square othe slope of

each pure watek.inear fittings are all calculated hiyeleast square method.
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After the modfication by different modification indexeshe slope value modified data
points and the fittings are shownfingure 4.7. Based on the calculated data points and the
fittings in Figure 4.7, the average erromodified by different modification indexesre
calculated and showim Figure 4.18 and Table 4. The smallest\erage error betweethe
modified charactéstic frequencyand the linear fitting is 4.08% afterthe slog value
modification of each pure water witlthe index of -1, which implies that thedelta
characteristic frequency#ta pointy of each water should be divided by the sleplue of
the real prmittivity spectrum ofeach waterin summary, the slope value modification of
each pure water is proved to be an effective method to decrease the average error of the

disinfectant sensing from 4.19% to 4.08% in the concentration range28f00PPM.

= Average error
L}

(2]
T

(&3]
T
[ ]

IN
T
L}

Minimum average error
.

Average error between the data points
and common linear fitting
| |

4 -3 -2 -1 0 1 2 3
Index time modification on the data points

Figure 4.B Average error (PPM/PP %) betweerthe delta characteristic frequency vs the
concentration (datpointg modified byanindex time of the slopvalue of each pure water
andtheirlinear fitting (a). Thesmallestaverage error4(08 %9 of the linear fittirg can be
found forthe deltacharacteristic frequenayata pointsnodified by the slopvalue of each

pure water with the index o1.
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Table 46 The average error (PPM/PPM) betweendéka characteristic frequendgta
points (aftersubtracting the intercept of each pure water) modified by index times of the
slope value of each pure watandthe common linear fittingThe smallest average error of
the linear fitting isunderlinel. (Note that the fitting slopvalue of D.l. water isigked up at 5

PPM instead of that in pure D.l. water.)

Deltacharacteristic frequency modified by index
times of the slof value of eaclpurewater(for D.I.
water, the concentration of 5 PPM is chosen)

Average error (PPM/PPM) between the d.
points and the common linear fitting4

-4 5.83
-3 4.94
-2 4.2%6
-1 4.08
0 4.19
1 4.76
2 5.43
3 6.15

4.5 Comparison between the measured and thealculated dielectric permittivity
spectrums of the disinfectants and discussions

The measured capacitance/real permittivity and the capacitance/real permittivity of the
dielectric solution might be different due to the existence and influence dflebrode
polarization (EP) at low frequency. The study in this section aims to discover if the measured
real permittivity can reflect the real permittivity of the dielectric solutions/disinfectants in a
wide frequency range. It is known that, at low freqey, the EP plays a role to influence the
dielectric sensing of thaqueoussolutions. The EP is based on the migration of the ions to
the electrodes and the formation of the ionic double layers close to the electrodes under an
electrical potential. The agurrence of the EP affects the reading of the capacitance/real
permittivity by forming additional capacitance layers close to the electrodes, making the

tested solution a muitayer capacitance medium in a series model. Based on the described
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scenario, @ discover the real dielectric permittivity of the disinfectants, we developed an
eguation among three terms, i.e., the measured total capacitance, the capacitance of the ionic
double layers, and the real capacitance of the dielectric solutions/disitdec&ome
discussions were conducted based on the calculations and analysis of the constants of the
equation.

4.5.1 Measured dielectric spectrumst different electrode distances

Figure 4.D shows the measured dielectric real permittivity and Essctrums of the
disinfectants prepared by the tap water tested by the probe with the changeable electrode
distance from 2 mm to 5 mm in a wide frequency range from 0.1 Hz to 4 MHz. All the
permittivity and loss spectrums tested by the different electdistances show identical
trends. At low frequency (lower than 5 Hz), the permittivity spectrums show the spectrum
stage with an upper limit of the permittivity of the disinfectants in all concentrations. And the
loss spectrums tested by the different etet# distances at low frequency are close to zero.
From the low frequency of 5 Hz to 100 Hz, the permittivity spectrums of the disinfectants in
different concentrations decrease ane gradually diverged from the singitage value. And
the loss spectrumare still in small values and gradually increasea&equency higher than
100 Hz, the trends of both the real permittivity and loss spectrums are identitted to
spectrums analyzed in Figure74and Figure 8. The reason for the occurrence of the
pemittivity stage at low frequency is probably that the density of the reorientation of the
ionic dipoles in the disinfectants reaches saturation and is balanced with the thermal vibration
of the water molecules. When the density of the reorientated ignidedi cannot get even

higher at the low frequency (lower than 5 Hz), the saturation status is independent of the
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disinfectant concentration.
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Figure4.19 Dielectric real permittivity and loss spectruofshe disinfectants (200 PPM)
prepared by the tap watersted by a probe with the chadple/different electrode distances
from 2 mm to 5 mm at a wide frequency range from 0.1 Hz to 4.N#jpermittivity and 2

mm distance; (b) loss and 2 mm distance; (c) permittivity and 3 mm distance; (d) loss and 3
mm distance; (e) permittivity and 4 mm distance; (f) loss and 4 mm distance; (g) permittivity

and 5 mm distancéh) loss and 5 mm distance.

Figure 4.20 shows the imaginarpermittivity spectrums of the disinfectarpisepared by
the tap watetested bythe probe withdifferent electrode distances from 2 mm to 5 nmma

wide frequency range from 0.1 Hz to 4 MHz
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