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ABSTRACT

Currently there are significant interests in printed electronics in the world.
The possibility to produce electronics in a roll to roll printing process will
considerably reduce the cost of the electronic devices. However, these new devices
will most probably not replace the traditional silicon based electronics, but will be
a complement in low cost applications such as in intelligent packages and other
printable media. One interesting area is printable low cost sensors that add value
to packages. In this thesis a study of the performance of low cost sensors is
presented. The sensors were fabricated using commercial printing processes used
in the graphical printing business. The sensors were characterized and evaluated
for the intended application. The evaluated sensors were moisture sensing sensor
solutions and touch sensitive sensor solutions.

A printable touch sensitive sensor solution is presented where the sensor is
incorporated into a high quality image such as in point of sales displays. The
sensor solution showed good touch sensitivity at a variety of humidity levels. Four
printed moisture sensor concepts are presented and characterized. Firstly, a
moisture sensor that shows good correlation to the moisture content of cellulose
based substrates. Secondly, a sensor that measures the relative humidity in the air,
the sensor has a measuring accuracy of 0.22% at high relative humidity levels.
Thirdly, a moisture sensor that utilizes unsintered silver nano-particles to measure
the relative humidity in the air, the sensor has a linear response at very low relative
humidity levels. And fourth, an action activated energy cell that provides power
when activated by moisture. A concept of remote moisture sensing that utilizes
ordinary low cost RFID tags has also been presented and characterized. The remote
sensor solution works both with passive and semi-passive RFID systems. The
study shows that it is possible to manufacture low cost sensors in commercial
printing processes.






SAMMANDRAG

Det ar for ndrvarande ett stort intresse for tryckt elektronik. Att kunna
tillverka elektroniska komponenter in en rulle till rulle process mojliggér en
reducering av tillverkningskostnaden. Dessa nya komponenter kommer sannolikt
inte konkurrera ut den traditionella kiselbaserade elektroniken utan kommer att
kunna komplimentera kiselelektronik i segment dar kostnaden dr valdigt viktig
som i intelligenta forpackningar och andra tryckta medier. Ett intressant omrade ar
tryckta sensorer som kan addera varde till forpackningar. I denna avhandling
presenteras en studie kring tryckta sensorer som kan tillverkas till lag kostnad.
Sensorerna é&r tillverkade i kommersiella grafiska tryckpressar. Sensorerna
karakteriseras och utvdrderas for de applikationer som de &r tinkta for. I denna
avhandling har fuktsensorer och beroringskédnsliga sensorer undersokts.

Det presenteras en tryckt berdringskénslig sensor som integreras i ett
hogkvalitativt grafiskt tryck. Denna sensor dr tankt att anvandas i reklamskyltar
for att skapa interaktivitet. Sensorn har en bra kénslighet vid varierande fukthalter.
Aven fyra fuktsensorer presenteras och utvirderas. Den forsta sensorn miter
fukthalten i cellulosabaserade substrat och visar en bra korrelation till fukthalten i
substratet. Den andra sensorn miter den relativa fukten i luften, denna sensor har
en mdtnoggrannhet pd 0.22% vid hoga fukthalter. Den tredje sensorn anvidnder
partiklar i nanostorlek for att méta fukthalten i luften. Denna sensor fungerar
véldigt bra vid laga fukthalter. Den fjdrde sensorn &r en energicell som producerar
el ndr den blir fuktig. Aven en fuktsensor som kan ldsas av pa hall utvérderas.
Detta sensorkoncept ar baserad pa vanliga RFID taggar och kan anviandas med
bade passiva och semi-passiva taggar. Denna avhandling visar att det dr mojligt att
tillverka sensorer till en lag kostnad in en traditionell grafisk tryckpress.
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1 INTRODUCTION

Currently there are very significant interests in printed electronics, from
partially printed to fully printed devices. These include, for example, printed
OLED on flexible substrates [1], Thin Film Transistor Circuits (TFTC) [2],
photovoltaic and many other components. Many interesting markets have opened
up in this growing area. Manufacturing electronics on flexible substrates such as
paper, it is possible that this could lead to new electronic applications, which
perhaps do not act as a replacement for traditional silicon based electronics, but
rather as a complement in very low cost applications such as intelligent packaging.
The idea associated with printable electronics is to use low cost manufacturing
process more similar to paper printing, for example, by printing the electronics in a
roll to roll process as in Figure 1(a) instead of the traditional parallel process where
electronic devices are built up on wafers as in Figure 1(b). A roll to roll printing
process will increase the manufacturing speed and reduce the waste of unused
(removed) material and therefore reduces the cost of the electronic devices.

(b)

Figure 1. Manufacturing process for electronics (a) electronic components
printed in a roll to roll process, source: PolylC [2] (b) traditional manufacturing
process on wafers, source: Intel [3]

One area in which there may be a future for printed electronics is in Radio
Frequency Identification (RFID) applications. RFID is a replacement for the
traditional barcodes. The technology uses radio waves in the identification process
instead of printed visible lines that are scanned by a reader as in the case with
barcodes. One significant advantage associated with RFID systems as compared to



barcodes is that products marked with an RFID tag can be read without a line of
sight. Another advantage is that many tags can be read simultaneously, thus an
entire pallet with multiple packages can be read instantly. However, there are a
number of problems to be overcome, one of which involves the cost. Whereas
barcodes are almost free of charge electronic based RFID tags will incur a larger
cost. The companies in the transport and packaging business state that the costs
associated with the RFID tag must not exceed 5 eurocent, or it will be too
expensive to replace all barcodes with tags. At present, in passive RFID tag, more
than half of the total cost of the tag is incurred in mounting the chip on the antenna
[4]. If the chip and the antenna can be printed together then the cost may be
considerably reduced. Many research organizations such as PolylC [2] and
OrganicID [5] are investing a great deal of effort into research in the field of
printed RFID and the main goal is to drive down the cost of the tags. However,
RFID involves more advanced technology than barcodes and it is possible to
include more features which have the potential to lead to new markets for
intelligent packaging. It may be possible to not only be able to read many packages
simultaneously but to also incorporate sensors into the package. These sensors can
be used to track the condition of the package or its content in the supply chain or
provide information regarding whether or not the products are out of date. The
addition of these extra features may mean that the cost of the tags will not prove to
be such a significant issue. The RFID systems available at present can be divided
into different categories. In Table 1 the typical frequencies used in RFID systems
are presented. The different frequencies offer some advantages and disadvantages
for the different options. Table 2 shows the different RFID classes defined by EPC
Global [6], from the simple class 1 passive tag to the very complex class 5 tags. The
passive tags do not have any built-in batteries. They are instead using the
transmitted power from the reader to power up the microcontroller and to
transmit their identity. Figure 2 shows an example of a typical passive UHF Gen 2
tag from Alien Technology [7].

Table 1. Typical RFID operating frequencies around which standards are
developed.

Name Frequency

Low Frequency (LF) <125 kHz

High Frequency (HF) 13.56 MHz

Ultra High Frequency (UHF) 860 — 960 MHz

Microwave 2.45 GHz
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Figure 2. Example of a typical passive UHF Gen 2 RFID tag from Alien
Technology [7].

Table 2. The EPC class structure.

EPC class  Functionality

Class 1 Passive tag (no built in battery)

Class 2 Passive tag with added functionality

Class 3 Semi-passive tag. Essentially a Class 2 tag with built-in battery that
powers up the microchip circuitry to increase reading range

Class 4 Active tag that uses built-in battery to run the microchip circuitry and
to power the transmitter that broadcasts the signal to the reader

Class 5 Active RFID tag and reader

One aspect which must be considered when discussing the production of
low cost printed electronics is the material that is used in the printing process.
There one of the best solutions is cellulose based papers that are used, for example,
in newspaper and packages. However, there are some disadvantages associated
with cellulose based paper that must be considered, namely the fact that it is a
material that absorbs moisture and with that its conductivity may change [8] which
can lead to problems when an electronic circuit is printed on the paper. However,
the fact that cellulose based paper changes its physical properties when exposed to
moisture changes, means that moisture sensing features can be added to the
printed low cost electronics.

Moisture sensing is an important example, since it is known that the
strength of a cellulose based package is considerably reduced when exposed to
high relative humidity levels [9]. For example Benson [10] shows that if the relative
humidity is changed from 50% to 90% the strength of the cellulose paper is
reduced to half its original value, which is shown in Figure 3. Moisture sensors also
have great potential in many other areas including the monitoring of the condition
of buildings. It has been reported that when water is absorbed in wooden
materials, the risk of microbial growth in the wood is increased when the moisture
content or relative humidity of wood exceeds 20% or 80 — 85%, respectively [11].
Woloszyn et al. [12] shows that relative humidity sensors can be used successfully
in buildings as input parameters for ventilation control, enabling energy savings
without compromising indoor air quality (IAQ) throughout the whole year.
According to professional judgments, Fisk et al. [13] suggest that for ventilation
controlling, a humidity sensor should have a sensing range from 10% to 80% with
a resolution of at least 5%. Another possible area involves allergen problems



within buildings. House dust mites are a problem when allergens in a house are
discussed as the house dust mites can live in environments where there is no
liquid. Instead, they are able to extract sufficient water from their environment if
the relative humidity is sufficient high. The lowest relative humidity at which the
water balance can be maintained for house dust mites is temperature dependent
and falls within the range of 55% to 73% for temperatures between 15°C and 35°C.
Dust mites gradually dehydrate and die when continuously exposed to prolonged
periods of relative humidity levels below the critical humidity level [14]. However,
the moisture sensor solutions presented in this thesis are intended to be used to
monitor the moisture levels in, for example, the supply chain as an indicator and
not as a precision measuring solution. Therefore the associated cost is more
important than the accuracy of the measurements. The reason for this is that if the
costs can be very low, it would be possible to put these types of sensors on every
package. By measuring the moisture from a pallet with multiple packages and by
taking the average of all the sensors, it will be possible to greatly increase the
attainable level of accuracy.

500}

N
o
o

300}

200}

Tensile stress [kg/crr12]

100

0 0.5 1 1.5 2
Strain [%)]

Figure 3. A typical tensile stress-strain curve in machine direction (MD) for
unbleached softwood kraftliner boards at various moisture levels. Solid line 50%
relative humidity, dash-dotted line at 90% relative humidity. From [10].

Another interesting area for printed electronics is printed low cost sensors
for interactive paper displays, for instance, interactive point-of-sales displays.
Market research [15] shows that 70% of all purchasing decisions are made in-store.
One means of increasing interest in a product or product segment is to have
interactive point-of-sales displays, which, according to market research, increase
the sales by up to 400% [15]. By integrating a printed low cost touch sensitive
sensor into a high quality image on a point-of-sales display together with a loud
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speaker the ordinary point-of-sales displays will have interactive capabilities.
However, it may sound easy but using cellulose based paper as a substrate for the
printed low cost touch sensitive sensor means that a number of problems must be
overcome, one of which involves a change in the physical properties of the paper
when exposed to moisture changes as has been previously mentioned. In section 2
a more detailed description of a printed touch sensitive sensor solution is
presented. The targeted applications for the sensor solution are large area touch
sensitive commercial stands, flat keyboards at the point of purchase and touch and
manipulation surveillance in logistic chains.

Figure 4. Example of a layout of a printed sensor (finger structure)

There are some technical difficulties which must be overcome in order to
produce low cost printable electronic devices as sensors in a roll to roll process.
The printing processes are made for graphical prints, which do not have the same
demands on the material deposition as in the electronic world. If, for instance,
there are some missing dots in the print (which is common), this causes no major
problem in a graphical print because the difference may not be noticed. However,
if there are some missing dots in a conductive print the device may not work at all.
Other issues involve the substrates, as cellulose based substrates are far from
smooth because the substrates are built up from wood fibers forming a sheet which
gives a very unsmooth surface in comparison to silicon substrates. However, there
are means by which the smoothness of the cellulose based substrate can be
increased by using different types of coatings. Another great challenge involves
not using a very expensive clean room to make the print, as the costs involved in
maintaining this will increase the cost of the devices in the end. However, without
a clean room there will be a great deal more dust in the environment which could
be a potential problem when manufacturing electronic devices.

The sensor samples presented in this thesis have been manufactured with
ordinary graphical printing processes. Most of the sensor samples are printed on
cellulose based substrates in ordinary printing shops, without a clean room.

5



1.1 PROBLEM FORMULATION

The main focus on this thesis is single layer conductive ink sensors, which
reacts to moisture in nearby media. The application examples in focus are moisture
sensors that react to the moisture in a substrate and touch sensitive sensors where
the hand provides the moisture containing media that is detected. Single layer
conductive structures are investigated because each additional layer will increase
the total cost of the sensor. The sensor substrates are to be low cost materials that
are printable. The readout electronics associated with the sensors are to be a
simple, low cost and low power solution that can be integrated into a single chip
solution. The main discussion of the thesis involves the following three problem
formulations.

e  Low cost moisture sensors for smart packages.

e Low cost remote moisture sensors to be incorporated into building
materials.

e Low cost touch sensitive sensors to be integrated into point-of-sales
displays.

The moisture sensor for smart packages is discussed because by logging the
moisture in the transport of packages detailed information concerning the
variations in the transportation can be achieved. These variations can, for example,
be caused by season variations. Knowledge concerning how these variations affects
a package, means that it is possible to optimize it with regards to material
consumption. In seasons where there are only small variations, a lighter package
with less material can be used.

The moisture sensor for building materials is discussed because when
moisture in wooden materials reaches a certain level, the risk of microbiological
growth is increased. Periodical readings of the humidity inside the material can
prevent costly damages due to mold or putrefaction.

The touch sensitive sensor for interactive point-of-sales displays is discussed
because it is a simple means of turning an ordinary display into an interactive
display which according to market research will cause an increase in sales [15].
Here the human hand can be seen as moisture related media which interacts with
the sensor.

1.2 MAIN CONTRIBUTIONS

The main scientific contributions of this thesis are:

e Utilizing low cost manufacturing processes and materials to create
sensing features for cellulose based packages and displays.

e Characterization of low cost sensors to be used in intelligent packages.



¢ Concepts regarding how to setup low cost moisture sensors utilizing
commercial available RFID tags.

e Ideas regarding how to improve measuring accuracy of low cost sensor
systems.

1.3  THESIS OUTLINE

The focus of this thesis is on the fabrication and characterization of low cost
sensors. The sensors can be divided into two groups namely touch sensitive
sensors and moisture sensors. In the case of the touch sensitive sensor the whole
system is investigated from the sensor itself to the system integration whilst for the
moisture sensors the focus is on the sensor and the readout electronics. In this case
the system integration is only mentioned as an example with regards to how a
system could work. The main goal has been to develop sensors or sensors concepts
built on low cost manufacturing processes as printing or by using commercially
available low cost products to create sensing features. The moisture sensors
described in this thesis are intended to act as a moisture indicator and not as a
precise measuring tool and the associated cost is more important than the accuracy
of the sensor. Cellulose based paper is used as the sensor substrate as far as
possible, basically because of the associated cost. However if a sensor requires
other types of substrates because of manufacturing properties or sensor features a
more suitable substrate is used. In section 2 the touch sensitive sensors and their
system integration are presented together with a brief summary. Low cost
moisture sensors are presented in section 3. Section 4 summarizes the work
covered by all the papers included in the thesis. Section 5 summarizes and
concludes the contributions of the thesis. The papers presenting the original
contributions to this thesis can be found in the appendix.






2 PRINTED TOUCH SENSITIVE SENSORS

The printed touch sensitive sensor concept is based on the idea of
integrating sensors into a high quality image. The idea is that when someone
touches the image with the integrated sensor the user receives some sort of
response, for example, a sound is played. Typical applications are touch sensitive
information displays and interactive point-of-sales displays, which according to
market research can increase sales by up to 400% [15]. One particular application
for the sensor solution concept is to use it on ordinary cellulose based point-of-
sales displays used in a store. The idea is to create an added value for the point-of-
sales display. Therefore cellulose based paper is used as the base substrate for the
sensor solution.
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Figure 5. Schematic picture of the touch sensitive sensor solution

For a sensor solution to be competitive in the outlined market segments it
must satisfy several demands. It should be low cost (i). It should be flat (ii). It
should be flexible (iii). It should be possible to integrate it in high quality images
(iv). It should be possible to handle multiple touches simultaneously (v). It should
be possible to make large touch sensitive areas (vi). Capacitive and resistive touch
screens [16]-[17] satisfy condition (ii), could satisfy conditions (i), (iv) and (vi), but
fails on conditions (iii) and (v). Surface acoustic wave (SAW) touch screens [18]-
[19] satisfy condition (ii), could satisfy conditions (i), (iii), (iv) and (vi), but fails on
condition (v). An ordinary light switch could satisfy conditions (i), (ii) and (v), but
fails on conditions (iii), (iv) and (vi). The printed touch sensitive sensor solution
presented in this section satisfies all six conditions. The sensor solution is based on
a capacitive measuring technique and can be divided into three subsystems, see
Figure 5. Firstly there is the printed sensor structure which is connected to a
detection or readout electronic device. The readout electronic device converts the



analog capacitive sensor signal into a digital format which is sent to an external
device through the communication interface. The external device can be any type
of electric device, for example a computer, an mp3 player or a light switch.

2.1 PRINTED SENSOR STRUCTURE

The first part of the touch sensitive sensor solution is the printed sensor
structure. The sensor structure is based on a capacitive measuring technique. There
are many ways of manufacturing capacitive sensor structures from a single layer
[20] to multilayer structures [21]. One aim associated with this sensor solution is to
produce low cost sensor structures and therefore a single layer structure is
preferred to reduce the manufacturing cost. When using a single layer capacitive
touch sensor solution the sensor is triggered by the capacitance created between
the human hand and the sensor structure. By using a parallel pair electrode
concept in the sensor the sensitivity can be increased, as the human hand is
touching both of the electrodes. This is the reason why the sensor is based on a
finger structure, see Figure 4.

The printed sensor structure is fabricated using conductive ink on paper
substrates. The sensor structure is built up of four layers. Firstly there is a cellulose
based paper substrate, secondly there is a dielectric or insulating layer, thirdly
there is a conductive layer and finally there is a cover layer, see Figure 6.
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Figure 6. A cross section of the printed sensor for the touch sensitive sensor
solution

The first layer, namely the cellulose based substrate, is used because it is a
low cost material with good printability. However the disadvantage associated
with cellulose based substrates is that it changes its conductivity when the
moisture level in the surrounding changes [8], [22]. Thus a dielectric or insulating
layer is placed between the cellulose based substrate and the conductive third
layer. If this is not the case it is possible that a short circuit can occur in the
conductive layer at high moisture levels and this will cause the touch sensitive
sensor to cease working. The third layer, namely the conductive layer, is structured
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as a finger structure, see Figure 4. A finger structure is used because the sensor
should work both when touched by a hand but also when touched by a small
finger. The sensor must therefore be able to handle touch from a square centimeter
up to several square decimeters. The sensor samples manufactured had an
electrode width of 4 mm and a gap of 1.5 mm between the electrodes, see Figure 7.
The gap between the electrodes was chosen to be 1.5 mm in order to not create any
problems in the printing process.

(mm)

1.5
4.0

Figure 7. Overview of capacitive touch sensor with a pair of parallel
electrodes shaped as a finger structure

The fourth layer is applied on top of the conductive layer to firstly hide the
conductive layer but also to prevent the conductive lines from being short circuited
by a conductive material. The cover layer can be printed with a high quality print,
which means that the sensor is integrated into a graphical layout. Figure 8(b)
shows an example of a sensor layout designed to be integrated into a high quality
image Figure 8(a).

(b)

Figure 8. Example of a touch sensitive sensor layout designed to be
integrated in a high quality image (a) high quality image (b) the layout of the touch
sensitive sensor, where the black part represents the finger structure
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The measured capacitance value in the sensor is dependent on the
capacitance between the fingers in the finger structure (C, in Figure 6), the
capacitance through the surrounding air (here part of C,) and the capacitance
through the substrate (C, in Figure 6). The sensor setup can be seen as three
capacitors in parallel, and the total capacitance value is the sum of the
capacitances. When a conductive material, for example, a human hand, touches the
sensor area, an additional parallel capacitance is created and the total capacitance
value is the sum of the four capacitances, i.e. an increase in the measured
capacitance. By measuring this capacitance change, a touch event can be registered.

This sensor solution can be thought of as a means of producing low cost
touch sensitive paper. An additional advantage of using printing techniques apart
from its cost efficiency, is the possibility of easily producing sensor structures of
any printable size and shape, for instance, like a large star, a football or a gigantic
lion. The size of the sensor structure can as small as a square centimeter up to
several square decimeters. The printed sensor structure can be manufactured in
any conventional graphical printing process, for example, flexographic printing,
screen printing and inkjet printing [23]-[24].

1

u(t) = Ee ¢ (1)

2.2 READOUT ELECTRONICS

The readout electronic device measures the capacitance value of the printed
sensor and converts the analog signal to a digital format that can be read by a
microcontroller. There are different ways of measuring capacitance. One way is to
use some sort of charge transfer sensing used by commercial companies such as
the Quantum Research Group [25] and Microchip Technology [26]. However, in
this case another simple all digital circuit solution integration, where the sensor is
charged to a fixed potential (5 V) and then discharged over a resistor, is used. The
discharge time is proportional to the capacitance value of the sensor. In equation
(1) the discharge equation of a capacitor in series with a resistor can be seen. For
this equation, E is the initial voltage value, in this case 5 V and R and C are
respectively the resistor and capacitor values. In Figure 9 the typical discharge
curves from two capacitors, one at 10 pF and one at 20 pF can be seen. The marked
values are the time taken to discharge the capacitors to 37% of the initial value (in
this case 1.85 V). A longer discharge time for the larger capacitor can be observed.
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Figure 9. Typical discharge curves from two capacitors over a 100kQ resistor.

Solid line 10 pF, dash-dotted line 20 pF. The dotted lines mark the discharge time
to 37% of the initial voltage value

The readout electronic device can be made in several ways, for example, a
microcontroller that counts the discharge time of the sensor over an external
resistor. However, in order to increase the signal to noise ratio it has been decided
to construct a slightly more advanced readout electronic device consisting of an
instrumental amplifier and two resistors. The instrumental amplifier together with
the printed sensor structure using the electrode pair concept, enables the readout
electronics to filter out the noise picked up in the sensor structure, which leads to
an increased signal to noise ratio. The readout electronic device used in the
evaluation of the sensor samples presented in section 2.4 is charging the sensor
structures to five volts and is measuring the discharge time over a 100k€2 resistor.
The sensors are discharged to a low TTL level (0.8 V), thus the use of an all digital
electronic device. The readout electronic device can easily be integrated into
standard electronics solutions or into a single chip solution. In Figure 10 a
simplified equivalent circuit of the touch sensitive sensor solution can be seen.
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Figure 10. A simplified equivalent circuit of the touch sensitive sensor
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23 COMMUNICATION INTERFACE

When the readout electronic device has detected a touch on the printed
sensor, an event has to be sent to an external device which gives a feedback to the
user. The feedback could, for instance, be a sound or switching a light bulb on or
off. To be able to communicate with the external device a communication interface
is required. The communication interface can be divided into two system groups.
Firstly a simpler version with a simple analog wire solution, i.e. a wire is placed
between the readout electronic device and the external device. This is useful when
the distance between the printed sensor and the external device is short. The whole
system can, for example, be integrated into the same unit, with the readout
electronic device and the external device. However, for a longer distance, it may be
prove difficult to have a wired communication and, in this case, it is more
beneficial to use a more advanced sensor concept which is based on a distributed
sensor network with wireless communication links. In a wireless system the
readout electronic device (sensor node) is working alone and communicates with a
central node that triggers the external device when a touch has been registered.
More than one sensor node can be used in this setup. In Table 3 a comparison
between four possible wireless standards for use in creating a distributed sensor
network is shown [27]-[29].

Table 3. Comparison of different wireless standards

Name Wi-Fi Bluetooth Semi-active Zigbee
RFID

Standard IEEE 802.11b IEEE 802.15.1 EPC IEEE 802.15.4

Network Size 30 7 > 100 65536

Data Rate 11 Mbps 1 Mbps 30 kbps 250 kbps

Range 100 m 10m 5m 30 m

Power

Consumption

- Active 100 mW 48 mW 1mW 40 mW

- Sleep 180 uW 1 uWw 40 pW

In a distributed sensor network the sensor nodes are working by themselves
and therefore the power consumption is very important for a sensor network to
work efficiently. In an interactive point-of-sales display system the data rate of the
sensor network is not that important because a relatively small amount of data will
be sent through the network. However the network size may by very important if
the sensor network is working in, for example, a supermarket with multiple
displays. In the case of a point-of-sales display solution with multiple displays,
possibly the ZigBee communication interface, would be preferred because of its
large network size, long communication range and low power consumption. In
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other applications, such as packaging solutions, where the sensor is printed on a
package and when the package is picked up, an event will be activated. A semi-
active RFID communication system is better for this scenario as it has a very low
power consumption.

24 EXPERIMENTAL RESULTS

In this section the results from measurements on three touch sensitive sensor
samples are presented. The description of the sensor samples are presented in
Table 4. In the evaluated sensor samples a plastic film was used as the dielectric
layer because of an easier manufacturing procedure in this particular case. The
dielectric layer could otherwise have been printed using a dielectric ink. The
conductive finger structures had an electrode width of 4 mm and an electrode
spacing of 1.5 mm and a total size of 150x100 mm shaped in a rectangular fashion.
The measurements were conducted in a climate chamber where the temperature
and the humidity could be held at a constant level.

Table 4. Description of the touch sensitive sensor samples evaluated
Sample Substrate Dielectric Conductive Cover layer
TS Single wall C- 100 um thick ~ Screen printed [23] 100 pum thick
flute [30] plastic film conductive silver plastic film
corrugated board  from MACtac ink (26-8204) from  from MACtac
made out of [32] Coates Screen [33] [32]
kraftliner [31]

TS2 Single wall C- 100 um thick  Screen printed [23] 100 pum thick
flute [30] plastic film conductive silver plastic film
corrugated board  from MACtac ink (26-8204) from  from MACtac
made out of [32] Coates Screen [33] [32]
testliner [31]

TS3 Single wall C- 100 um thick  Screen printed [23] 100 pum thick
flute [30] plastic film conductive carbon plastic film
corrugated board  from MACtac ink (26-8203) from  from MACtac
made out of [32] Coates Screen [33] [32]

kraftliner [31]

As the touch sensitive sensor solution is based on a capacitive measuring
technique, the touch can be seen as a parallel-plate capacitor between the finger
and the conductive layer. The measured capacitance is dependent on the area that
it is touched with. This can be seen in the following equation for parallel-plate
capacitors:

A
C :‘C’.rSOE (@)
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where C is the capacitance in farads [F], A is the area of each plate in square meters
[m’], € is the dielectric constant of the material between the plates, €, is the
permittivity of free space [8.854e™ F/m] and d is the separation between the plates
in meters [m].

This means that a higher response is obtained when the sensor is touched
with three fingers than with one finger, which can be seen in Figure 11. The result
also shows that there is no significant influence of the sheet resistivity of the
conductive layer. This is an important fact because the price of the carbon based
ink is approximately 10% of the silver based ink. The carbon based ink has a sheet
resistivity of 18Q/0 and the silver based ink has a sheet resistivity of 0.02Q/0. Both
of these cases involve a layer thickness of 15 pm.
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Figure 11. Sensor response from two printed touch sensitive sensor samples
touched with one, two and three fingers, respectively. The relative humidity was
held at 50% and the temperature at 23°C. Solid line show sensor sample TS1
(Table 4), dash-dotted line show sensor sample TS3 (Table 4).

In Figure 12 a change can be seen in the base value (when the sensor sample
is untouched) in comparison to Figure 11. The difference is that in Figure 12 the
relative humidity is set to 85% in comparison to 50% in Figure 11. Research by
Simula et al [8] and Murphy [22] shows that the conductivity of a cellulose based
paper is dependent on the moisture content of the paper. The conductivity change
in the evaluated substrate has changed the base value of the sensor sample.
However, the touch sensitivity still remains the same. However, there is a small
tendency for a higher noise level at 85% relative humidity in comparison to 50%
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because of the higher capacitance value. However, this is possible to take care of in
the readout electronic device by, for example, different types of filtering methods.
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Figure 12. Sensor response from sensor sample TS1 touched with one, two

and three fingers, respectively. The relative humidity was held at 85% and the
temperature at 23°C
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Figure 13. Discharge time as a function of the relative humidity for two sensor

samples. The relative humidity was altered from 50% up to 90% and back to 50%
with variable time length. Solid line show TS1, dash-dotted line show TS2
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As can be seen in Figure 13 the evaluated sensor samples TS1 and TS2 are
sensitive to the relative humidity. However, a relatively long time constant with
respect to the humidity of approximately 20 hours saturation time in comparison
to that of a touch which has a time constant of seconds. This means that the sensor
solution can both detect a touch and, simultaneously monitor the moisture. The
moisture sensitivity in the touch sensitive sensor solution will be addressed in
more detail in section 3.1.

The result shows that it is feasible to manufacture a touch sensitive sensor
integrated into a high quality image on cellulose based substrates. It has been
shown that the touch sensitivity is the same at both 50% and 85% relative
humidity. However, there is a tendency of higher noise level at 85%. The sensor
solution shows no difference in touch sensitivity between the sensor samples
printed with silver or carbon based ink.
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3 LOW COST MOISTURE SENSORS

The introduction of RFID and the electronic product code (EPC) [6] standard
as a replacement for traditional barcodes in packaging, has opened up new
markets for intelligent packaging. Not only will it be possible to read many
packages simultaneously, it will also be possible to incorporate different types of
sensors into the packages. It is of significant interest to be able to track the
condition of a package during its transportation through the supply chain. This
makes it possible to guarantee that the package has not been exposed to the wrong
conditions or climate, for example, to check that frozen food has not been exposed
to temperatures that are too high.

When using cellulose based packages, for example, in the supply chain
moisture sensing is very important, since it is known that the strength of a
cellulose based package is considerably reduced when exposed to high relative
humidity levels [9]. For example Benson [10] shows that if the relative humidity is
changed from 50% to 90% the strength of the cellulose paper is reduced to half its
original value. Since cellulose based paper is a hygroscopic material it absorbs and
desorbs moisture according to the relative humidity in its surroundings. However,
the moisture content (the amount of water in the paper) is not only determined by
the present relative humidity level but rather depends on the history of the relative
humidity changes in the surroundings [9]. When many of the paper properties are
plotted against the relative humidity they display hysteresis phenomena [34].
However, these hysteresis phenomena can be removed if the paper properties are
instead plotted against the moisture content of the paper. One of the most critical
moisture situations with reference to cellulose based packages is when the relative
humidity cycles between dry conditions and high moisture levels when the
package is under a constant load [35]. This situation is significantly more crucial
than for the case where the package is exposed to a constant high humidity level.
Thus, moisture sensing in packages and moisture logging is very important in
order to determine the condition of the package.

In this section five different types of moisture sensors are presented. The
first involves a printed moisture content sensor, built on the same principle as for
the touch sensitive sensor solution described in section 2, and the second is a
printed relative humidity sensor for high humidity levels based on a resistive
measuring technique. The third is a printed relative humidity sensor for low
humidity levels utilizing unsintered silver nano particles as the moisture sensing
layer and the fourth is a action activated moisture sensor that are producing a
voltage signal when exposed to moisture. Finally, the fifth is a moisture sensor
utilizing ordinary passive or semi-passive RFID tags in order to measure the
moisture.
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3.1 MOISTURE CONTENT MEASUREMENTS IN SUBSTRATES

In this section a printed moisture content sensor will be presented. A typical
application is moisture detection in buildings and in smart packages. The sensor is
an extension of the touch sensitive sensor described in section 2 and is based on the
same basic geometrical structure. However, in this case the investigations are in
more detail in relation to what happens when the substrate resistance (R, in Figure
14) changes. The same capacitive readout electronic device presented in section 2 is
used. Thus, the sensor is charged to a fixed potential and by measuring the
discharge time the capacitance value can be determined.

In Figure 14 the manufacturing layers of the printed sensor can be seen.
Firstly the substrate which changes its conductivity when exposed to moisture and
is this case a cellulose based substrate. Secondly, a dielectric layer able to be
printed using either dielectric ink or is constructed using a plastic film and thirdly,
the conductive finger structure. It is also possible to cover the sensor with a fourth
layer as in the touch sensitive sensor. The need for a cover layer is dependent on
the placement of the sensor sample. The sensor samples evaluated in section 3.1.2
are without a cover layer.

As in the touch sensitive sensor solution described in section 2 the moisture
content sensor solution measures the capacitance between the fingers in the finger
structure. The measured capacitance value is dependent on the capacitance
between the fingers, the capacitance through the surrounding air and the
capacitance through the substrate. As seen in Figure 13 the base value of the sensor
sample is changed when the relative humidity is changed. By measuring the
capacitance variance the moisture in the cellulose based substrate can be
monitored.
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Figure 14. A cross section of the printed sensor for the moisture content sensor
solution

3.1.1 Readout electronics for the moisture content sensor

The moisture content sensor solution is an extension to the touch sensitive
sensor solution and therefore the same type of readout electronic device is used.
Thus the sensor structure is charged to a fixed potential (5 V) and then the
discharge time is measured. The discharge time is proportional to the capacitance
of the printed sensor and in this case also proportional to the substrate
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conductivity. Because the readout electronic device and the sensor structure are the
same as for the touch sensitive sensor solution described in section 2, the same
equivalent circuit (Figure 10) can be used to study the behavior of the sensor
solution.

3.1.2 Experimental results for the moisture content sensor

In this section the results from the moisture content measurements are
presented. The description of the sensor samples are presented in Table 5. In the
sensor samples evaluated, a plastic layer was used as the dielectric layer because of
an easier manufacturing procedure in this particular case. The conductive finger
structures had an electrode width of 4 mm and an electrode spacing of 1.2 mm
with a total size of 40x53 mm. The measurements were made in a climate chamber
where the humidity and the temperature could be held at a constant level.

Table 5. Description of the moisture content sensor samples evaluated

Sample Substrate Dielectric Conductive

MCH Single wall C-flute [30] 100 pm thick plastic ~ Screen printed [23]
corrugated board film from MACtac conductive silver ink
made out of kraftliner  [32] (26-8204) from Coates
[31] Screen [33]

MC2 Single wall C-flute [30] 100 pm thick plastic Screen printed [23]
corrugated board film from MACtac conductive silver ink
made out of testliner [32] (26-8204) from Coates
[31] Screen [33]
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Figure 15. Discharge time as a function of the relative humidity for the moisture

content sensor samples. (o) MC1; (O) MC2
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In Figure 15 the discharge time of the sensor samples MC1 and MC2 are
presented as a function of the relative humidity in the range of 50% to 90%. As
seen in Figure 15 the sensor samples show a hysteresis effect, because cellulose
based paper is a hygroscopic material [9].

In Figure 16 the discharge time is instead plotted as a function of the
moisture content in the cellulose based substrate for the sensor samples. The result
shows that the there is a good correlation between the sensor output and moisture
content in the substrate, both in the absorption and desorption stage.
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Figure 16. Discharge time as a function of the moisture content in the substrate
for the moisture content sensor samples. (o) Sensor sample MC1; (O) Sensor
sample MC2

Other results show that at very high moisture content levels, namely above
13%, the discharge time starts to decrease for the two sensor samples. To explain
this, simulations for the simplified equivalent circuit shown in Figure 10 have been
conducted. In Figure 17 the simulated sensor signal is shown as a function of the
substrate resistance (R,). The result shows a peak when the substrate resistance is
in the region of 100kQ. At lower resistances the measured capacitance value will go
towards the sum of the capacitances (C, and C’,) and at higher resistances the
measured capacitance value will go towards the capacitance value between the
fingers in the finger structure (C,). This means that at moisture content levels of
approximately 13%, the substrate resistance in the evaluated moisture content
sensor samples is around 100kQ and at even higher moisture content levels the
substrate resistance will decrease further [8],[22] and thus the measured
capacitance value will be reduced as seen in Figure 17. As this could unfortunately
give false readings from the sensors, it is preferable to manufacture the sensor in

22



such way that the substrate resistance (R,) should be in the region of 100k to 1M
for the region of particular interest as defined by the application.
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Figure 17. Simulated discharge time as a function of the substrate resistance

(R2) for the moisture content sensor solution. R = 100kQ, C1 = 7.6 pF, C2" = 194.1
pF

A study to determine whether the temperature had any influence on the
moisture content sensor samples was conducted. These measurements were made
in a climate chamber where the relative humidity was held at a constant level of
50% and the temperature was altered from 18°C up to 30°C. The results displayed
in Table 6 show that the sensor solution has no significant temperature
dependency.

Table 6. Temperature measurements on the moisture content sensor
samples at 50% relative humidity
MC1 MC2

Temperature Moisture Discharge time Moisture Discharge time

Content Content
18°C 7.45% 27.6 us 7.18% 27.4 us
23°C 7.45% 27.8 us 7.16% 27.6 us
28°C 7.43% 27.8 us 7.15% 28.0 us
30°C 7.38% 27.8 us 7.11% 28.0 us

In Figure 18 an example of a laboratory setup for a two chip semi-passive
RFID tag with a printed moisture content sensor is shown. The sensor prototype
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consists of a passive RFID tag, a microcontroller that alters the reading range of the
tag, a printed moisture content sensor, a printed resistor and two printed batteries
that power the microcontroller. The printed batteries provide 3 volts and an
average current of 3 pA to the microcontroller, which means that the device has an
average power consumption of 9 uyW. The device uses a simplified version of the
readout electronic device with only one external resistor and without the
instrumental amplifiers. This will slightly decrease the signal to noise ratio but it
still remains at an acceptable level.

Passive RFID tag

Microcontroller
Printed Resistor Printed Batteries

Figure 18. Example of a laboratory setup of a two chip semi-passive RFID tag
with moisture content sensing features

The result shows that it is feasible to manufacture a sensor solution that
monitors the moisture content in cellulose based substrates. The evaluated sensor
solution has a measuring accuracy with a coefficient of variance of 0.22% and a
temperature difference of 0.36%. A laboratory setup of a two chip semi-passive
RFID tag with moisture content sensor capability that has a power consumption of
9 uW has also been shown.

3.2  RELATIVE HUMIDITY SENSOR FOR HIGH HUMIDITY LEVELS

In this section a relative humidity sensor solution is presented. There are
many ways to manufacture a relative humidity sensor solution. For example
surface acoustic wave (SAW) sensors [36], capacitive-type [37] sensors and
resistive-type [38] sensors. In this thesis, the focus is on a low cost all printed
sensor solution and therefore a resistive-type relative humidity sensor solution has
been chosen. The relative humidity sensor solution is an extension of ideas used in
earlier work conducted by Norberg [39] and has been influenced by the Wetcorr
instruments developed by the Norwegian Institute for Air Research [40]. The
Wetcorr instruments are used to measure humidity conditions in the micro-
environments on surfaces and within building materials. Typical applications are
moisture detection in buildings and in packages.
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Figure 19. A cross section of the printed sensor for the sensor solution for high
relative humidity levels

The sensor has the same basic geometrical structure as the touch sensitive
sensor and the moisture content sensor described in a previous section. In this case,
the sensor is built up of two layers, see Figure 19. Firstly there is a substrate that
could be made out of, for example, a plastic sheet, secondly there is the finger
structure made out of a conductive material, which is possible to print. Here no
cover layer is used because the measured resistance depends on the water
absorbed on the surface of the substrate. By measuring the resistance between the
electrodes in the finger structure, it is possible to monitor the relative humidity in
the surroundings.

3.2.1 Readout electronics for the relative humidity sensor

The sensor solution in this section is based on a resistive measuring
technique. The idea is to measure the resistance between the electrodes in the
conductive finger structure. The gap between the electrodes can be considered as
being a resistor in parallel with a capacitor (see Figure 19). One method of
measuring the resistance between the electrodes in the sensor (R, in Figure 19) is to
insert a pulse on one side of the sensor and then measure the DC current through
the sensor. This is performed in this sensor solution by measuring the voltage over
a resistor in series with the sensor, see Figure 20. The pulse that is inserted into the
sensor, is centered around zero volts, i.e. it has both a positively and a negatively
charged pulse, so that the sensor does not become charged and changes its
response over time. The pulse, inserted into the sensor, is 1.55 V for 2s, 0 V for 2 s,
-1.55 V for 2 s and then 0 V for 2 s, which is then repeated. The DC current is
measured 2 seconds after the 0 to 1.55 V transition. The fastest frequency response
from the sensor solution will be 0.125 Hz. However this is highly dependent on the
sensor design (R; and C; in Figure 19 and Figure 20). In packaging surveillance
applications such a fast response is not necessary, it is the power consumption that
is required to be reduced, thus a time period of at least one minute may be
preferred. This can be achieved by increasing the length of the zero volt parts of
the sensor pulse.
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Figure 20.

3.2.2

Schematic picture of the printed relative humidity sensor

Experimental results for the relative humidity sensor

In this section the results from measurements with the resistive-type relative
humidity sensor solution are presented. The description of the sensor samples are
presented in Table 7. Here three different substrates have been used. Photo paper
from HP [41] was used for the inkjet printed sensor samples. This was because of
incompatibility problems between the inks on ordinary paper. Transparency sheets
from Xerox [42] were used for the flexography printed samples. A sensor with gold
electrodes on alumina substrate was used as a reference sensor.

Table 7. Description of the resistive-type sensor samples evaluated
Sample  Sheet resistivity  Substrate Conductive
RH1 110 mQ/o Advanced Inkjet printed [24] conductive silver
Photo Paper  ink (CCI-300) from Cabot [43]. Line
from HP [41]  width and line spacing 0.2 mm.
RH2 110 mQ/o Advanced Inkjet printed [24] conductive silver
Photo Paper  ink (CCI-300) from Cabot [43]. Line
from HP [41]  width and line spacing 0.3 mm.
RH3 480 mQ/o Transparency Flexography printed [23] conductive
sheet from silver ink (CFW-105X) from Jetrion
Xerox [42] [44]. Line width and line spacing 0.3
mm.
RH4 13100 mQ/o Transparency Flexography printed [23] conductive
sheet from carbon based ink (CFW-201L) from
Xerox [42] Jetrion [44]. Line width and line
spacing 0.3 mm.
RH5 10 mQ/o Alumina Gold electrodes. Line width 0.15 mm

and line spacing 0.1 mm.
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Figure 21. Output voltage as a function of the relative humidity for the sensor

solution for high relative humidity levels; (o) RH1, (X) RH 2, (+) RH3, (*) RH4, (O)
RH5. The bar at 70% RH shows the scattering between the samples presented in
Table 8

In Figure 21 the results from five sensor samples measured in a climate
chamber where the relative humidity was altered from 20% up to 90% are
presented. The results show that sensor samples RH1 and RH5 have almost the
same response within the entire range. Sensor samples RH2 and RH3 have a
slightly worse response than RH1 and RH5 at lower relative humidity levels. This
is because sensor samples RH1 and RH5 have smaller line spacing between the
electrodes in the finger structure, which gives a higher current through the sensor.
Sensor sample RH4 has almost no response at all within the entire range. This is
because of the high resistance in the printed electrodes. However, in order to
improve the sensitivity of sensor sample RH4 the serial resistor in the readout
electronic device can be increased. However, an increasing serial resistance will
increase the noise in the system and the signal to noise ratio will be lower.

None of the sensor samples shown in Figure 21 had any response at 40%
relative humidity and lower. This is because of the resolution of the analog to
digital (A/D) converter. The current through the sensor samples are so small that
the results are rounded off to zero. A better resolution in the A/D conversion
could probably lead to a higher sensitivity at lower relative humidity levels.
However, the currents are so small that the signal to noise ratio will be very low
and it may be difficult to detect the signal. There are, however, ways of increasing
the sensitivity in the sensor samples by applying a humidity sensing film over the
finger structure as has been seen in the earlier work by Jachowicz et al. [45], Wang
et al. [38] and Oprea et al. [46]. However, an additional layer will drive up the total
cost of the sensor solution.

27



Table 8. Repeatability measurements on the relative humidity sensor
samples at 70% relative humidity

RH11 RH12 RH13 RH14 RH15
0.75V 0.63V 0.78V 0.60V 0.85V
RH16 RH17 RH18 RH19 RH20
0.85V 0.86 V 0.87V 0.84V 1.55V

A brief study was conducted to see whether it was possible to achieve good
repeatability. The repeatability measurements presented in Table 8 show that there
is a small amount of scattering between the printed sensor samples with a
coefficient of variance of 13% (if neglected RH20). It is the opinion of the author
that this is rather good without any calibration of the sensor samples. Other
measurements show that the sensor samples evaluated do not have any significant
temperature dependency. The evaluated sensor solution has a measuring accuracy
with a coefficient of variance of 0.28% and a temperature dependency of 9% both a
70% relative humidity. It has a cyclic stability of 15% at 50% relative humidity and
0.08% at 85% relative humidity. The better stability at 85% relative humidity is
because of the higher current which gives a higher signal to noise ratio.

The result shows that it is feasible to manufacture a two layer relative
humidity sensor, with a substrate and a conductive layer. It also shows that in
order to make a good sensor with as high sensitivity as is possible, the line spacing
between the electrodes in the finger structure should be as short as possible and
the conductivity in the electrodes should be as high as possible in order to increase
the DC current through the sensor.

3.3 PRINTED NANO-PARTICLE BASED RELATIVE HUMIDITY SENSOR

In this section an initial study on a printed relative humidity sensor working
at very low relative humidity levels is presented. The initial study presented in this
section shows that with this concept it is feasible to manufacture a sensor that
works in very dry conditions. For the related physical properties reference should
be made to future work [47]. A typical application for the sensor solution is
moisture detection in smart packages in order to ensure that the content inside the
package does not dry up.

The sensor is based on the same finger structure as in section 3.2 but here an
additional layer is applied on top of the electrodes to act as a moisture sensing
layer. Similar ideas to use sensing layers have been conducted in previous research
by Jachowicz et al. [45], Wang et al. [38] and Oprea et al. [46]. Here a layer of
unsintered silver nano particle suspension for the moisture sensing layer is being
used. A cross section showing the different layers can be seen in Figure 22. The
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first layer is the substrate, the second layer is the conductive finger structure and
the third layer is the unsintered silver nano particle layer. The silver nano particle
ink that is applied over the conductive finger structure is dried at a low
temperature and is thus not sintered. By measuring the DC resistance between the
fingers in the finger structure, the relative humidity in the surroundings can be
measured.

Silver Nano Particles Silver Conductors
R":

<«— Substrate

Figure 22. A cross section of the printed nano-particle sensor, with the
substrate, the conductive sensor layer and the layer of unsintered silver nano-
particles

The humidity sensitivity is related to an effect in the charge transport
between the nano particles. The effect in the unsintered nano particles causes the
resistance to increase with increasing moisture levels. This is rather surprising
since one usually attributes increased moisture levels to reduced resistance.
However, the mechanism appears to be related to a reduced tunneling probability
between neighboring silver nano particles with increased moisture level, possibly
caused by an increased inter-particle distance (swelling). The overall result is a
distinctive change in the charge transport properties. A more elaborate model of
the physical properties of the sensor is provided in possible future work [47].

3.3.1 Readout electronics for nano-particle sensor

The output of the nano-particle sensor solution is a change in the DC
resistance. The DC resistance change can be measured by several different methods
using, for example, an ordinary multi-meter or similar tools. This means that the
readout electronics can be constructed using standard components or can be
integrated into a single chip solution that in the future, may, be printed together
with the printed sensors. In the evaluation of the sensor samples presented in
section 3.3.2 an ordinary multi-meter has been used.

3.3.2 Experimental results for the nano-particle sensor

In this section the results from the measurements associated with the nano-
particle sensor are presented. The description of the sensor samples are presented
in Table 9. The sensor samples have been produced by inkjet printing [24] with
silver based ink on Kapton® sheets from DuPont [48]. Kapton® sheets have been
used because of the high thermal stability [48]. The printed finger structure is
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sintered at a temperature of 150°C, while the sensitive nano-particle layer is dried
at 70°C, to prevent sintering which causes it to loose its sensing properties.

Table 9. Description of the nano-particle sensor samples evaluated

Sample Substrate Conductive Sensing layer

NP1 Kapton® [48]  Inkjet printed [24] conductive Inkjet printed [24]
silver ink (CCI-300) from Cabot conductive silver ink
[43] sintered at 180°C. Line (CCI-300) from Cabot
width and line spacing 0.3 mm  [43] dried at 70°C.

NP2 Kapton® [48]  Inkjet printed [24] conductive Inkjet printed [24]
silver ink (CCI-300) from Cabot conductive silver ink
[43] sintered at 180°C. Line (CCI-300) from Cabot
width and line spacing 0.4 mm  [43] dried at 70°C.
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Figure 23. Sensor resistance as a function of the relative humidity for the nano-
particle sensor samples. (o) NP1, (O) NP2

In Figure 23 the results from the nano-particle sensor samples measured in a
climate chamber in which the relative humidity was altered from 10% up to 50%
and back to 10% are presented. The sensor samples have a slow response time with
a saturation time of about 12 hours. To ensure that the sensor samples are stable at
a particular relative humidity level they were stored in the chamber for 24 hours
between each measurement. The results show that the sensor samples are linear
from 10% to 50% relative humidity. However, when the relative humidity level is
reduced down to 10% again the sensor samples shows a hysteresis effect. The
measurements could only be conducted at relative humidity levels up to 50%
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because the unsintered nano layer becomes liquefied at higher relative humidity
levels.

A brief study was conducted to determine how good repeatability could be
achieved. In this study, 40 sensor samples were produced in a batch. As can be
seen in Figure 24, there is an amount of scattering between the sensor samples.
Between all the 40 samples there is a coefficient of variance of 56% which is not
good. However, between 30 of the samples there is a variance of 8% which is rather
good without calibration of the single sensor samples.
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Figure 24. Resistance scattering between the forty printed nano-particle sensor
samples

The sensor samples show no significant temperature dependency over the
measured range. However, at very high temperatures above 100 degrees the
unsintered silver nano-particle layer will be sintered and the moisture dependency
will be lost.

The result shows that it is feasible to manufacture a printed relative
humidity sensor for very low humidity levels. 75% of the sensor samples had a
variance of 8% without calibration of the single samples. The sensor samples show
a linear response as the relative humidity is increased from 10% to 50%. However,
the sensor shows a hysteresis effect when the relative humidity is reduced down to
10%.

34 PRINTED ACTION ACTIVATED MOISTURE SENSOR

The action activated moisture sensor concept is based on an energy cell that
provides power to the readout electronic when activated by moisture. The concept
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is based on the Action Activated Tags (AAT) concept described by Sidén et al. [49].
This means that as the detector is triggered, it powers up an electronic circuit that
starts to communicate with an alarm server. Typical applications are moisture and
leakage detection in buildings and water pipes, moisture detection and control of
frozen food in smart packages and moisture and leakage detection in health care
systems.

For the moisture sensor concept to be competitive in the market segments
outlined, there are a number of demands which must be satisfied. Ideally it should
have a long life time (i). It should be very low cost (ii). It should be possible to hide
or incorporate the device inside objects, for example, inside walls or in diapers (iii).
An active system that logs the moisture [50] and reports back if the moisture
content is too high could satisfy conditions (ii) and (iii), but fails to satisfy
condition (i) because of a built in energy source. Humidity indicators [51]-[54] that
visually show whether the sensor has been exposed to harmfully conditions easily
satisfies conditions (i) and (ii), but fails on condition (iii), because it requires to be
read visually. The action activated moisture sensor concept utilizing printed
energy cells described in this section meets the three conditions.

The concept is based on a printed energy cell that provides power to a
readout device when activated by moisture. There are many energy cell types
using different chemical compounds to store and provide power that could be
used in the outlined applications. For example lithium-ion energy cells [55]-[56],
nickel-metal hydride energy cells [57]-[58], zinc-carbon energy cells [59]-[60] and
zinc-air energy cells [61]. The energy cells named cover the full range from partly
printable to fully printable. In the proposed concept one of the most important
aspects is the cost. For a sensor to be placed in, for example, every diaper the
associated cost must be low. For this reason a zinc-carbon type of energy cell is
used in the sensor concept presented in this section. The zinc-carbon type is chosen
because it can be fully printed in conventional printing processes, which can drive
down the cost. The energy cell provides sufficient power to drive the readout
electronics and the necessary cost for the chemical components are relative low,
which, all in all, offers a low cost energy cell.

The energy cell is a multilayer structure with two layers of paper. One paper
is printed using an ink mixture of zinc and carbon and the other by an ink mixture
of carbon and manganese dioxide. An electrolyte is placed in between the paper
layers and this is usually ammonium chloride or zinc chloride. In moisture
detection sensors, it is possible to place a moisture absorbing material instead of
the electrolyte. When the moisture absorbing layer becomes wet an electrochemical
reaction starts and the energy cell provides power to the readout electronics.
Different moisture absorbing substances can be used to tune the humidity
sensitivity of the energy cell. For example in a diaper application the trigger level
should be very close to 100% humidity while in moisture detection in buildings the
trigger level may be in the range of 80 — 85% humidity [11]. The moisture
absorbing material can be doped with a mixture of ammonium chloride and zinc
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chloride to increase the sensitivity of the sensor at low relative humidity levels. An
example of a printed energy cell can be seen in Figure 25.

Figure 25. Sensor element consisting of two layers of paper, one printed with a
mixture of zinc and carbon and one printed with a mixture of carbon and
manganese dioxide. An absorbing electrolytic layer is placed between the papers

In Figure 26 an example of a simple laboratory setup for a simple moisture
sensor sample is shown. When the energy cells are wet they provide 3.4 V to a
microcontroller that drives a crystal beeper.

Figure 26. Example of a student laboratory setup of simple serial sensor
configuration

3.4.1 Experimental results for the action activated moisture sensor

In this section the results from measurements on the carbon-zinc energy cell
samples are presented. The description of the sensor samples are presented in
Table 10. The sensor samples are produced by screen printing [23] the said
substrates (Table 10) with the carbon-zinc and carbon-manganese dioxide ink
mixtures. In between the substrates the said electrolyte (Table 10) is placed. The
active part of the evaluated energy cell samples has a dimension of 15x30 mm. The
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energy cell sensor will always be connected to some sort of readout device with a
resistive load. The measurements for the energy cell samples were made using a
data acquisition tool from Keithley [62] over a 500k resistor. The measurements
were made in a climate chamber where the humidity and the temperature could be
maintained at a constant level.

Table 10. Description of the energy cell sensor samples evaluated
Sample Substrate Electrolyte
EC1 Paper substrate with mix of Porous electrolyte made out of cellulose
synthetic fibers fibers soaked in moisture absorbing
substances
EC2 News-paper Porous electrolyte layer made out of

cellulose fibers with a top layer of moisture
absorbing substances

EC3 Paper substrate with mix of Electrolyte made out of porous plastic
synthetic fibers
EC4 Paper substrate with mix of Porous electrolyte layer made out of
synthetic fibers cellulose fibers
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Figure 27. Sensor sample signals at 90% relative humidity for printed energy
cell samples (EC1 — EC4)

In Figure 27 the sensor signal from the four sensor samples (EC1 — EC4) are
presented after a long exposure time in a climate chamber with 90% relative
humidity. The different samples are built up of different materials for different
types of applications. For example, sample EC3 only responds to direct contact
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with water i.e. humidity levels near 100% (diaper products) while, as can be seen in
Figure 28, sample EC1 has a response at levels around 70% relative humidity and
above (moisture detection in buildings).

In Figure 28 samples EC1 and EC2 are exposed to a cyclical humidity from
50% relative humidity to 90% and back to 50% again. Each step was scheduled for
8 hours. It can be seen that the sensor samples have some sort of memory effect
resulting in hysteresis of the sensor signal. The origin of the hysteresis effect is a
thermodynamic process in the moisture absorption in the cellulose fibers [63],
which is the same process as previously described for the moisture content sensor
samples in section 3.1. The strength of the memory effect can be adjusted by
selecting different materials in the porous electrolytic layer. It is desirable to
possess the hysteresis effect in an action activated sensor (AAT), since it allows
time for the registration to take place when the sensor is triggered by a peak in the
humidity. The memory effect provides energy for data processing during a longer
time than actually provided by the event itself.
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Figure 28. Signal response as a function of the relative humidity for printed
carbon-zinc energy cell samples; (O) Sensor sample EC1, (o) Sensor sample EC2

The power driving capability from the carbon-zinc energy cell sensor
depends on the volume of the sensor. A typical sensor has a driving power of a few
mA and provides between 1.1 V to 1.5 V as a single cell. The difference in the
voltage level depends on the design of the sensor with respect to its chemistry and
layout.

Sensor samples produced in batches show that the sensor solution is very
stable with less than 10% variation in signal for the same humidity level using
simple manual printing techniques. This value can of course be improved by using
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better printing techniques. The sensors can be configured in such a way that they
provide substantial levels of electric power. For example, a thin sensor the size of
square decimeter can provide as much as 0.5 W in power over several minutes.

The sensor solution can effectively be used as a “defrosting” alarm, for
example in frozen article monitoring systems. In this case the sensor is preloaded
with water and frozen together with the item to be monitored. When the article is
removed from the freezer or the temperature control fails the inner electrode
releases moisture and the sensor is triggered. Even when the sensor is frozen some
sensor signal (voltage) can be registered but the driving capability (current) is
extremely low. As can be seen in Figure 29, if the sensor sample is maintained at
room temperature, the signal increases and sensor becomes a power generating
element within a minute or less. The sensor sample evaluated in Figure 29 has been
slightly modified in order to reduce current leakage when frozen and thus the
sensor sample only has a maximum signal level of 1.2 V.
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Figure 29. Sensor signal from frozen sensor sample (EC4) as a function of time
after exposed to room temperature

The result shows that the concept of using carbon-zinc energy cells as an
action activated moisture sensor is feasible. It also shows that the sensor can be
manufactured with different trigger and signal levels to enable it to be optimized
towards specific applications. The sensor can utilize the hysteresis effect of
hygroscopic materials, such as cellulose based paper, to provide a stable triggering
signal.

3.5 REMOTE MOISTURE SENSOR THAT UTILIZES ORDINARY RFID TAGS

The moisture sensing concept presented in this section has the ability to be
read remotely. Typical applications are remote moisture sensing and leakage
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detection inside a building, for example, inside walls. Some technologies do exist
in which it is possible to remotely monitor the humidity inside walls. There are for
example microwave technologies [64]-[65] in which a hole in the wall has to be
drilled. There are also surface acoustic wave (SAW) based sensors [36], [66] and a
resonant frequency sensor [67], which has a reading range of about one cm. Active
wireless humidity loggers [68], require built in power supply, which means that
they possess a limited life time.

In this section a remote moisture sensor concept is proposed which utilizes
ordinary RFID tags. Two tags are incorporated into one label in which one of the
tags is embedded in a moisture absorbent material and the other is left open. In a
humid environment the moisture concentration is higher in the absorbent material
than in the surrounding environment, which causes degradation to the antenna of
the embedded tag in terms of dielectric losses and a change of input impedance.
The amount of water in the absorbent material is determined for a passive RFID
system by comparing the difference in output power required to power up the
open and embedded tag respectively. For a semi-passive RFID system the
difference in the backscattered signal strength is proportional to the moisture in the
absorbent material.

Wall

Open
tag

Moisture M
Label absorbing
inside material
wall / W
RFID
\ Reader

Embedded Minimum required
tag signal strength is
higher for embedded

tag than for open tag

Figure 30. Remote moisture sensor label incorporating two RFID tags where
one is embedded in moisture absorbing material and the other is open

The sensors can be constructed at a very low cost because ordinary low cost
passive RFID tags can be used as remote moisture sensors, i.e. sensor signal inputs
are not required on the RFID chip. Figure 30 shows how a remote moisture sensor
label inside a wall could work. The idea is that the sensor label is inserted inside
the wall during the manufacture of the wall. The tags location is somehow
registered, for example, on the outside of the wall. The tags can then be read
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periodically by means of a handheld reader and can then prevent costly damage
due to mold or putrefaction in the building. By using passive RFID tags that, in
theory have an unlimited (in practice very long) life time (no built-in power
supply), the remote moisture sensor concept can be used throughout the entire life
time of the building.

3.5.1 Experimental results for remote moisture sensor

In this section the results from measurements for the remote moisture sensor
concept are presented. The measurements were made using two different RFID
systems. Firstly, this involve a passive system, operating at a frequency of 865-868
MHz and secondly, a semi-passive system, operating at a frequency of 2.45 GHz.
The passive measurements were made using EPC Gen 2 tags from Alien
Technologies [7] (Figure 2) that measures 95 x 8 mm. The embedded tag was
covered with papers whose dimensions were 103 x 20 mm. The semi-passive
measurements were made using tags from TagMaster [69] measuring 85 x 54 mm.
In this case the embedded tag was covered with papers with a dimension of 90 x 58
mm. In the passive system the measurements were made using two tags
simultaneously, one open and one embedded according to Table 11. By comparing
the power difference required to power up the two tags respectively, the moisture
content in the absorbing material could be determined. The measurements for the
semi-passive RFID system were made using only one tag at a time because the
reader setup only allowed a direct readout of the backscattered signal. Since this is
the total received strength, the investigation could only be made for one tag at the
time and not for pairs of tags. The concept is, however, directly applicable for pairs
of tags if a reader can be constructed which is able to extract individual
backscattering powers. At present, the difference in backscattered power is
extracted from the same tag when open and embedded in paper and not
simultaneously for two backscattered tags.

Table 11. Description of the remote moisture sensor samples evaluated
Sample RFID system Tag 1 (embedded tag) Tag 2
P1 Passive - 868 MHz Open Open
P2 Passive - 868 MHz 5 mm blotting paper in front Open
P3 Passive - 868 MHz 5 mm blotting paper in front and Open
behind
SP1 Semi-passive - 2.45 GHz* 2.5 mm blotting paper in front Open
SP2 Semi-passive - 2.45 GHz* 5 mm blotting paper in front Open
SP3 Semi-passive - 2.45 GHz* 5 mm of Luna Core [70] paper in Open
front

* Measurements with one RFID tag at a time
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Figure 31 and Figure 32 show the results from measurements on the remote
moisture sensor samples described in Table 11. The measurements were made in a
climate room where the relative humidity and temperature could be maintained at
a constant level. The time intervals between the measurements were 24 hours. The
results in Figure 31 show that at 50% relative humidity there is no difference
between the open and embedded tag. However at 90% relative humidity there is
about 5 dB difference. The sensor sample that is embedded with blotting paper
both in the front and behind (P3) show a little higher difference than the sensor
sample with only the blotting paper in the front (P2).
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Figure 31. Minimum output power difference required for the RFID reader to

read the open and the embedded passive tags as a function of the relative
humidity; (0) Sensor sample P1, (A) Sensor sample P2, (O) Sensor sample P3

The semi-passive RFID system shown in Figure 32 shows an increased
backscattered power at higher humidity levels. This is the reason for the inclusion
of negative numbers. The phenomenon of increased backscattering is possibly
because the impedance of the tags becomes even closer to a perfect matching than
for the original tag antenna, which leads to an increased reading range. The
introduced ohmic losses would then have a smaller effect than the increase in
impedance match. The result shows a 1.5 dB stronger backscattering power for the
embedded tag at 50% relative humidity and 4 dB at 90% for sensor sample SP2.
This provides a 2.5 dB difference between 50% and 90% relative humidity as
opposed to the passive system which had a 5 dB difference.
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Figure 33 and Figure 34 show the results from measurements on the sensor
samples in situations of real wetness. In this case water is applied directly onto the
moisture absorbing material. Water drops are added one drop at the time with aid
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of a pipette and distributed at about five drops per gram. The measurements were
conducted approximately two minutes after the appliance of the water. A real life
comparison to this real wetness situation could be when the labels are put in
locations inside walls or in floors where there is a risk of water leakage, for
example, from leaking water pipes.

For the measurements with the passive sensor samples shown in Figure 33
there is a 13 dB difference of the transmitted power required to power up the
embedded tag when 12 grams of water is applied to the paper sheets in
comparison to dry paper sheets.
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Figure 34. Backscattering power difference between open and embedded

semi-passive RFID tags as a function of the amount of added water to the moisture
absorbing material; (0) SP1, (A) SP2

For the measurements on the semi-passive sensor samples shown in Figure
34 the same behavior can be seen as for that in the climate room (Figure 32) where
there is an increased backscattering power for a small amount of added water to
the paper sheets. However, when the amount of water exceeds five grams the
system shows a decreased backscattered power. If the initial negative values are
ignored, the difference for the semi-passive system is slightly smaller than for the
passive system. It should, however, be remembered that the semi-passive tag is
covered by paper sheets of a larger area than the passive tags, but the comparison
is made using the same amount of water.

The results show that the concept for remote moisture sensors using
ordinary RFID tags is feasible. The difference in power levels for different levels of
relative humidity is of the order of approximately two three decibels for the 80%
relative humidity, and in which this humidity might initiate a source of mold. The
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results may be improved by using embedding materials that changes their
dielectric properties even more at moderate humidity levels. The hysteresis effect
of paper materials could be a source of a problem since it may give incorrect
readings due to memory effects. However, an incorrect reading due to hysteresis
still indicates that the humidity level has been high.

3.6 SYSTEM INTEGRATION OF PRINTED LOW COST MOISTURE SENSORS

The printed sensors presented in the previous sections (3.1, 3.2, and 3.3) are
intended to be incorporated into RFID systems for the surveillance of cellulose
based packages in logistic chains. The sensors are intended for measuring or
logging of the moisture in the supply chain, in order to have both knowledge
regarding the condition of the package and to be able to track the point within the
supply chain at which a particular incident occurred. In this section, three different
RFID systems concepts with sensor capability are presented. The readout
electronics for the different sensor solutions are rather complex so the readout
electronics must either be built into the RFID chip (one chip solution) or to be a
stand alone chip that is connected to the RFID chip (two chip solution). There are
some advantages and disadvantages associated with these three RFID sensor
concepts. The semi-passive solutions have the advantage that they can measure the
moisture during, for example, a transport even when no RFID reader is present. In
a one chip solution the RFID chip and the sensor chip are integrated into the same
chip and therefore the size and cost of the chip can be relatively low. The
advantage associated with the two chip solution is that the RFID chip can be
standardized so that every application has the same RFID chip and the sensor chip
can be specially designed for the application. This will drive down the cost of the
entire sensor solution.

RFID
chip

| | Antenna

Sensor

Figure 35. Example of a one chip passive RFID tag with sensor capability

3.6.1 One chip passive RFID sensor solution

The first concept is based on an ordinary passive RFID tag system where the
RFID chip has been designed to have sensor inputs, see Figure 35. Similar ideas can
be seen in a project such as that of IntelliSense RFID [71]. This solution does not
have any built-in power supply so the sensor can only be read instantaneously, in
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other words the sensor cannot store any data. However the associated cost for this
sensor solution will be relatively low because no power supply is required.

RFID

.. |
chip

| | Antenna

Sensor Printed

Sensor chip battery

Figure 36. Example of a two chip semi-passive RFID tag with sensor capability

3.6.2 Two chip semi-passive RFID sensor solution

The second concept is based on a semi-passive RFID tag where the system
has two chips, one RFID chip and one sensor chip, see Figure 36. There are many
examples with regards to how these setups could work and one idea is that the
sensor chip reprograms the identity of the RFID chip. One example of a tag that
could be used for these situations is a semi-passive RFID tag from TagMaster [69].
The idea is that the sensor chip is powered by a printed battery so that the sensor
could reprogram the tags identity when no reader is present. Another method is to
use some kind of slow modulation of the backscattering power, for example a
pulse-width modulation of the transmitted power back to the reader, where the
pulse width is dependent on the sensor output.

I (D
chip
with
built-in Antenna
sensor
S chip Printed
ensor battery
Figure 37. Example of a one chip semi-passive RFID tag with sensor capability

3.6.3 One chip semi-passive RFID sensor solution

The third concept is based on a semi-passive RFID tag but as opposed to the
two chip semi-passive solution (section 3.6.2) the RFID chip is designed so that the
sensor could be connected directly to the chip, see Figure 37. Apart from this it
works in a similar manner to that for the two chip solution (section 3.6.2).
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4 SUMMARY OF PUBLICATIONS

The five papers in this thesis deal with low cost sensors, some printable and
others which are applications of low cost commercial tags.

41 PAPERI

A simple printable moisture sensor that is based on a carbon-zinc type
energy cell is characterized. The energy cell based sensor provides power to a
readout electronic circuit when activated by moisture. Typical applications are
moisture and leakage detection in buildings, water pipe lines, smart packages and
health care systems. In the study some critical parameters are characterized such as
power driving capability and internal memory effects. In addition a specific
application for the surveillance of frozen articles during transport is examined.

4.2 PAPERII

The performance of a capacitive printed touch sensitive sensor is
investigated and compared to other commercially available touch screens. The
advantage associated with the proposed sensor solution is that it is a low cost
sensor that can be integrated into a high quality print. The targeted applications
are large area touch sensitive commercial stands, flat keyboards at the point of
purchase and touch and manipulation surveillance in logistic chains. The study
also compared different kinds of communication links between the readout
electronic circuit and external devices, from high-end wireless systems that are
utilizing RFID or ZigBee to simple analog wire solutions.

4.3 PAPERII

The paper presents a concept where pairs of ordinary RFID tags are
exploited for use as remotely read moisture sensors. The pair of tags is
incorporated into one label where one of the tags is embedded in a moisture
absorbent material and the other is left open. In a humid environment the moisture
concentration is higher in the absorbent material than in the surrounding
environment which causes degradation to the embedded tag’s antenna in terms of
dielectric losses and change of input impedance. The amount of water in the
absorbent material is determined for a passive RFID system by comparing the
difference in the RFID reader output power required to power up the open and
embedded tag, respectively. It is similarly shown how the backscattered signal
strength for a semi-active RFID system is proportional to the amount of water in
the absorbent material. Typical applications include moisture detection in
buildings, especially from leaking water pipe connections hidden beyond walls.
The presented solution has a cost that is comparable to ordinary RFID tags. The
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passive system also has infinite life time since no internal power supply is needed.
The concept is characterized for two commercial RFID systems, one passive
operating at 868 MHz and one semi-active operating at 2.45 GHz.

4.4 PAPERIV

This work presents a study related to the performance of printed low cost
moisture sensors fabricated using conductive ink on paper substrates. The sensors
are intended to add value to the surveillance of packages. Two different kinds of
sensors are evaluated and characterized. The two sensors have similar geometrical
shapes, but different measuring principles are employed. The first sensor measures
the moisture content in cellulose based substrates, while the second measures the
high levels of relative humidity in the surroundings. The sensors have been
developed so that they can be integrated into Radio Frequency Identification
(RFID) systems for surveillance in logistic chains. A laboratory setup of a RFID tag
with sensor capability based on an ordinary passive RFID tag has been shown.

45 PAPERV

This work presents an initial study on the performance of inkjet printed low
cost moisture sensors fabricated using conductive ink on plastic substrates. The
evaluated sensor solution is intended to add value to the surveillance of packages,
thus it has been designed to be easily incorporated into Radio Frequency
Identification (RFID) systems. The evaluated sensor utilizes an effect in unsintered
silver nano-particles to measure the relative humidity in the surroundings. The
sensor solution is a three layer structure with a plastic substrate and with two
layers of inkjet printed silver nano particle ink. The relative humidity is read out
from the printed sensor by DC resistance measurements. The results show a linear
response in the measured range from relative humidity levels of 10% up to 50%.

4.6 AUTHOR’S CONTRIBUTIONS

The contribution of the author of this thesis has been essential to all the
papers listed in Table 12.
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Table 12.

Author's contribution (M = Main contribution, C = Co-author)

Paper# | TU' HN? BO® Js* XZ° | AK® 1O’ PJ? MG® | UL
C M C C ] ] C
TU: Measurements (32%)
HN: Main writer and measurements (32%)
| JS:  Initial discussion and measurement setup (32%)
AK: Initial discussion (1%)
TO: Initial discussion (1%)
PJ: Initial discussion (1%)
MG: Initial discussion (1%)
m | c | ¢ I N
" TU: Main writer and measurements (70%)
HN: Supervisor and writer (25%)
BO: Supervisor (5%)
c | ¢ | . m [c[ c | | | |
TU: Measurements, writing and discussion (30%)
i HN: Supervisor and discussion (5%)
JS:  Main writer, measurement and discussion (33%)
XZ: Measurements and writing (30%)
AK:  Supervisor (2%)
M | c | | L | | | |
I\ TU: Main writer and measurements (95%)
HN: Supervisor (5%)
m [ c | | [ [ [ Te
v TU: Main writer, measurements and discussion (90%)
HN: Supervisor and discussion (8%)
UL:  Model (2%)
1. Tomas Unander 5. Xuezhi Zheng 9. Mikael Gulliksson
2. Hans-Erik Nilsson 6. Andrey Koptyug 10. UIf Lindefelt

3. Bengt Oelmann

4. Johan Sidén

7. Torbjérn Olsson
8. Peter Jonsson

47






5 THESIS SUMMARY AND CONCLUSIONS

The fabrication and characterization of printed low cost sensors have been
presented in this thesis. An introduction to the research area has been provided in
section 1. In section 2 a printed touch sensitive sensor solution has been presented.
The targeted applications for the touch sensitive sensor solution are large area
touch sensitive commercial stands, flat keyboards at the point of purchase and
touch and manipulation surveillance in logistic chains. In section 3 five different
moisture sensor solutions are presented. Some are printed whilst others utilizes
ordinary commercial available systems to give moisture sensing features. The
moisture sensor solutions are targeting applications such as the moisture
monitoring of cellulose based packages, moisture and leakage detection in
buildings and health care systems. Section 4 gives a brief summary of the original
papers that this thesis is based on.

The low cost sensor solutions evaluated shows a good correlation to the
targeted specification set by the applications. In the following sections a more
detailed summary and conclusion for the different sensor solutions are presented.

5.1 PRINTED TOUCH SENSITIVE SENSOR SOLUTION

In section 2 a printed touch sensitive sensor has been presented. The concept
of the sensor solution is to incorporate a touch sensitive sensor into a high quality
image. The sensor solution is based on a capacitive measuring technique. The
building blocks of the sensor solution are presented with the printed sensor
structure, the readout electronics and the communication interface.

The result shows that it is feasible to manufacture a touch sensitive sensor
integrated into a high quality image on cellulose based substrates. It has been
shown that the touch sensitivity is the same at 50% as 85% relative humidity.
However, there is a tendency towards higher noise level at 85%. The sensor
solution shows no difference in touch sensitivity between sensor samples printed
with silver or carbon based ink.

5.2  PRINTED MOISTURE CONTENT SENSOR SOLUTION

In section 3.1 a printed moisture content sensor has been presented. The
sensor solution is based on the same capacitive sensor concept as the touch
sensitive sensor solution presented in section 2, but here the effect of the moisture
dependency is characterized.

The result shows a good correlation between the sensor response and the
moisture content in cellulose based substrates. The evaluated sensor solution has a
measuring accuracy with a coefficient of variance of 0.22% and a temperature
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difference of 0.36%. A laboratory setup of a two chip semi-passive RFID tag with
moisture content sensing features was also presented.

5.3  PRINTED SENSOR SOLUTION FOR HIGH LEVELS OF RELATIVE HUMIDITY

In section 3.2 a relative humidity sensor has been presented. The sensor
solution is based on a resistive measuring technique that measures the DC current
through a sensor. The DC current is determined by measuring the voltage over a
resistor in series with the sensor two seconds after a 0 to 1.55 V transition.

The experimental results show that in order to manufacture as good a sensor
as possible the sensor should be manufactured with a highly conductive material
and the line spacing between the fingers in the finger structure (Figure 4) should be
as short as possible to increase the DC current through the sensor.

54 PRINTED NANO-PARTICLE BASED RELATIVE HUMIDITY SENSOR

In section 3.3 an initial study on a printed nano-particle based relative
humidity sensor has been presented. The sensor solution utilizes an effect in
unsintered silver nano-particles to measure the relative humidity in the
surroundings. The measurements are conducted by measuring of the DC resistance
in the printed sensor.

The result shows that it is feasible to manufacture a printed relative
humidity sensor for very low humidity levels. 75% of the samples had a variance
of 8% without calibration of the single samples. The sensor solution shows a linear
response as the relative humidity is increased from 10% to 50%. But the sensor
shows a hysteresis effect when the relative humidity is reduced down to 10%
again.

5.5 PRINTED ACTION ACTIVATED MOISTURE SENSOR SOLUTION

In section 3.4 a printed action activated moisture sensor has been presented.
The sensor is based on an energy cell that provides power when activated by
moisture.

The result shows that the concept of using carbon-zinc energy cells as an
action activated moisture sensor is feasible. It also shows that the sensor can be
manufactured with different trigger and signal levels to be optimized towards
specific applications. The sensor can utilize the hysteresis effect of hygroscopic
materials, such as cellulose based paper, to provide a stable triggering signal. A
defrosting alarm for the monitoring of frozen articles has been presented. The
sensor is triggered after approximately a minute or less after the sensor
temperature rises above zero degrees centigrade.

5.6 REMOTE MOISTURE SENSING UTILIZING ORDINARY RFID TAGS

In section 3.5 a remote moisture sensor that utilizes ordinary RFID tags has
been presented. The concept is based on an idea where a pair of RFID tags is used,
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in which one is embedded in a moisture absorbing material while the other is left
open. The power difference required to power up the tags is used to determine the
humidity in the moisture absorbing material.

The results show that the concept with remote moisture sensing using
ordinary RFID tags is feasible. The difference in power levels for the different
levels of relative humidity showed to be of the order of approximately two to three
decibels for the 80% relative humidity and in which this humidity might prove to
be the starting point for the source of mold. The hysteresis effect of paper materials
could be the source of a problem since it may make incorrect readings due to
memory effects. However, an incorrect reading due to hysteresis still indicates that
the humidity level has been high.
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