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Abstract

This thesis focuses on the inkjet printing of UHF RFID tags in the form of transfer
tattoos for use on the skin. Inkjet printing of these tags is proposed as a cheaper and

more appropriate alternative to conventional etching.

The work seek$o assesses the performance of inkjet printed epidermal RFID tags
using parameters such as read range, transmitted power and backscattered power. The
effect of different printing parameters such as the number of conductive ink layers,
sintering time and taperature on the performance of the tags are assessed by
simulation and measurement. Additionally, techniques to reduce the volume of
conductive ink used for the fabrication of the tag are also examined and compared
with an aim to determine which has thesbachieved read range and ink utilization
balance. This would help to reduce the cost of fabrication of the tags.

Also, due to some defects being introduced to the tags during the printing process

because of printing conditions and characteristics imt&oethe printing technology,

the effects of these defects on the performance of the printed tag is also examined by
simulation and measurement. The robustness of the epidermal transfer tattoo tag was
further experimentally determined by exposure to eleyyuse conditions and

situations involving sweat and mechanical friction.

Finally, a diversity study on an inkjet printed tag integrated with a medical sticking
plaster was performed. This involved the use of two to four tags placed horizontally
and vertcally in order to determine which orientation offers better @adkragen

each of the diversity setups while a volunteer carried out a set of motions.
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CHAPTER 1

INTRODUCTION



1.1 Introduction

Radio Frequency Identification (RFID) can be used for a variety dicapipns such

as health care for patient monitoring, pharmaceuticals for protection against
counterfeiting, airports for passenger safety, retail for inventory tracking,
entertainment, manufacturing for tracking of items on the manufacturing line,
transpetation for payment and passenger tracking and in office environments for

personnel tracking and access restriction.

There has been a steady increase in the deployment of RFID systems in the past
decade. In 2013 there was an estimatetl llion RFID-tagged items and this
estimate was for UHF onlyl]. There is also a 35% to 40% year on year growth rate

on the use of RFID. It further cements the assertion that RFID technology has achieved
a solid penetration throughout commerce worldwide. This is boosted by dynamic

growth from retail app@l implementations.

Further expansion in the use of RFID technology is expected with the growing
research in the use of RFID as sensors. These tags have been used as sensors without
the need for additional etag electronics by studying the changes inrtharameters

such as backscattered power or read range and relating this to variations in the physical

property being sensed such as temperature or moj&jure

1.2 History of RFID

The earliest history of the condepf Radio Frequency Identification can be traced
back to theSecond World War when German aeroplanes identified themselves when
they received indication that they were being illuminated by friendly Radar. The pilots
rolled their planes in order to chanpe signal being reflected (backscattered signal).

RFID benefitted greatly from the advances made in the field of Radar technology
during the war and by 1948 the | andmarKk
Refl ected Powero by ®KH3].ry Stockman was p.l



The 1960s saw more work in the field of RFID technologyRby. Harringbn with

his publ i c &ield deassurensestc hsasagfiActi vdhe@y att er
of Loaded 8 at t §},[¥.IRabért RichardsoandJ. H. Vogelmaralso contributed
immensely[6]. By this time, commercialization of RFID technology had also started

with the development by Knogo and other companies of Electronic Article
Surveillance (EAS) for use as attiieft protection. Thisvas the first commercial use

of RFID[7].

The advancement of RFID technology is summarized in Tab]8]1.1

TABLE 1.1 ADVANCEMENTS IN RFID TECHNOLOGY 8]

Decade Advancement
194071 1950 Radar refined and used, major World War Il development eff
RFID invented in 1948.
195071 1960 Early explorations of RFID technology, laboratory experimen
196071 1970 Development of the theory of RFID. Start of applications fi

trials.

19701 1980 Explosion of RFID development. Tests of RFID accelerate. \
early adoptermplementations of RFID

198071 1990 Commercial applications of RFID enter mainstream

199071 2000 Emergence of standards. RFID widely deployed. RFID becol
a part of everydailjfe.

20007 Present| RFID explosion continues

A further boost was given to the growth of RFID technology in the early 2000s due to
the increased interest from organizations such as the United States Department of
Defence and major retailers including/al-Mart and Tesco. Each of these
organizations aimed to offer competitive pricing by lowering of operating cost with
the use of RFID stock invento[9].



In the 25t Century, the driving force behind the expansion of RFID is and will be the
growing area of Internet of Things (IOT) where RFID is expected to play a key role
as a means of low power interconnection between depi®ésin April 2015, major
companies such as Google, Impinj, Intel and SMARTRfA@Ned the Radio
Frequency ldentification (RAIN) alliance which symbolizes the synergy between
UHF RFID and cloud computing with the anticipated surge in data storage and
processing requirements with the increasing popularity of IOT. The vision of this
alliance is to connect 28 billion devices by 2020 with REIP

The UHF RFID frequency spectrum is divided into geographicabpelstra each with

its own equivalent isotropically radiated power (EIRP). The frequency regulations for
RFID technology in North America are set by the Fedé&aimmunications
Communication (FCC) and in Europe by the European Telecommunications
Standards Institute (ETSI). Other countries adapt either of these standards as deemed
fit. The UHF operating frequency and allowable power for some of the countries are

presented in Table 1.2

TABLE 1.2 UHF RFID OPERATING FEGULATIONS[11]

Region Frequency Band (MHz) EIRP (W)
Europe 865.61 867.6 3.28
United states | 9027 928 4
China 840.51 844.5, 920.5 924.5 3.28
Australia 92071 926 4

91871 926 1
Japan 95271 956.4 4

1.3 Advantages and Challenges of RFID Techriogy

RFID has the benefit of speed because identification of items by RFID is not as
demanding in the presentation of the tag as barcode scanning. Therefore there is

greater effectiveness in the processing of goods which involves item receiving,



packagingand shipping. Furthermore, unlike identifications systems such as barcodes,
RFID is not a serial system whiateanghat tagged items can bead simultaneously.

This implies that goods can be moved through the supply chain more efficiently and
by doing ® the demands of updating large inventories can be minimized.

The automation provided by RFID makes it straight forwards to tell when an item is
out of stock. This can lead to increase in revenue. In order words, RFID permits better
asset control and auuhg.

Use of RFID as a means of personnel tracking and access control helps to account for
the location of personnel in a building in case of emergency. It also helps to restrict
access to secure locations of a building by ensuring that only authorizshmpelr

with the right privileges can access the said location and that access can be denied

dynamically by reprogramming the authentication database.

Even with all these advantages, RFID technologies has some challenges. One of such
iIs standardization aslapal RFID standards are still being set, manufacturers
implement RFID in different ways and some of these are proprietary. The implication
of this is that a service provider has to pay the parent company to use its RFID device.
Alternatively, if every proider should have their own proprietary system, the
consumer would not benefit from unified technologies, resulting in the need for many

devices serving various individual systems.

RFID systems can also be subjected to intentional jamming. As they weeswir
transmission, they can be jammed by a signal with the right amount of power at the
right frequency. This could slow transmission or cause an outage. Similarly collision
between multiple readers or multiple tags in a vicinity could occur althougbathis

be prevented by careful system set up as well as by use of robusblhsitn

protocols.

There could also be security concerns over the widespread adoption of RFID
technology. The contactless nature of RFID tags is a security vulnerability sayce th
can be read without the knowledge of the user. This implies that details of a contactless
card can be read along with other personal defaR$.



1.4 RFID Use on the Human Body

RFID has been used on the human body for different purposes including personnel
tracking and identification and access control in office environments. Morel@omp
use on humans involves the embedding of RFID tags under the skin for medical

purposeg$13] as well as use as sensfi4].

In the near future, RFIDs are expected to play a significant role in the field of body
area networks (BAN) which can be used for ensuring workplace qafstyin the

growing concepbf the Internet of Things (IoT), on body RFID can be a major player
through applications such as environmental passive sensors and data processing and
human behaviour analysis such as gesture recognition and remote controlling of living

environment$16]. A prototype of such system has already been presenfed]in

With all of these present and potential uses of RFID, there has been research on how
best to make tags more efficient in the fatéarge loseswhen close to the human

body and in other harsm@ronments. While this research continues to solve some of
the problems, maintaining a low tag cost is also an objective. This is key to realising
the full potential of RFID technology because it will make the technology more

accessible to consumers.

In an aim to drive down the cost of RFID tags/technology, research has given rise to
some ingenious tag designs and fabrication methods. One of such fabrication method

is inkjet fabrication of the RFID tags which will be explored in this work.

1.5 Inkjet Pri nting of RFID Tags

The origin of inkjet printing can be traced back to the 18th century with the publication
in 1749 by Jea\ntoine Nollet of his work on the effect of electricity on a stream of
droplets. This was followed in 1833 by the discovery byxFeavart of the basics of

the principle used in modern inkjet printers which is the ability of an acoustic energy
to break up a laminar floyet into a train of droplets. The first inkjet device known as
the Siphon recorder was invented by William Thomsoh858 and was used for the

automatic recording of telegraph messgd8&$. With the use of acoustic energy in a



print head, the frequency of mechanical vibrations can be approximately equal to the
spontaneosi dropformation rate. Following other research, the first patent for a
continuous inkjet printer was filed in 1951 by Rune Elmqvist. By the 1960s inkjet

printers driven by electrical signals were produced.

Apart from the continuous deposition of inkstfjjag), the use of dropn-demand
(DOD) which enabled the release of iokly when required was introduced in 1971
by the Casio Company when their 500 Typuter with an electrostatic pull DoD device

was released. Since then, inkjet printers have cortitagvolve until the presewniay.

Inkjet prining is widely used for graphical applicatiortspwever, itwas onlywithin

the past 10 yearthatit has grown to a mature patterning technidtidhas gained
specific attention in scientific researowing toits high precision and its additive
nature which means thanly the necessary amount of functional materidéjsosited.
This makesnkjet printing of conductive materials relatively cheap alternative for
thefabrication of electronic devices when congziito other techniques such as photo
lithography laserpatterningand multi stage conventional wet etching which causes
material wastage as well as exposure to hazardous cheniicalpotential low cost
that Inkjet printing affords due to its mask fregure and efficient resource use is
particularly attractive for RFID technology due to the desire for low cost and

disposable tags.

Although metalsuch ascopper and gold haveeen used for inkjahk formulation
direct inkjet printing of conductive s#r tracksonto flexible substrates has gained
interest due to silver having the lowest resistivity vadmel the relatively simple
synthesis of silver nanoparticlgk9]. This has enabled the use of silver nanopatrticles
ink in applicationsuch arganic thinfilm transistorsinterconnections for circuitry

on a printed circuitboard disposable displays and radio frequency identification
(RFID) tags

For body mounted RFID tags such as the epidermal transfer tattoo tag presented in
this work, inkjet printing provides some impant unique features. First is the

flexibility of the deposited ink which is an essential physical property for a tag that is



mounted on the skin. This is because of the need for the comfort of the user which is
of prime importance. Also there should be msk of the tag causing irritation and
abrasion to the skin as a result of the skin being folded in an unnatural way by the
transfer. Finally, flexibility gives the tag some degree of tolerance to elastic distortion.

Another positive feature of inkjetipting for the fabrication of transfer tattoo tags is
the delicate nature of the transfer tattoo papewbich the tag is printed. The non
contact of inkjet printing as well as the lack of corrosive liquid chemicals involved in
the printing process makd#se use of this substrate possible. This, in addition to the

aforementioned, means that other fabrication methods are not appropriate.

1.6 Research Objectives and Contributions

1.6.1 Objectives

The main objective of this research is to developrg kv profile skin mounted tag
which is in the form of a tattoo by inkjet printing using conductive ink. This is to be
done while maintaining low fabrication cost by exploring some unique features of

inkjet printing. Other objectives of this work are:

(1) To evaluate the effect of inkjet printing fabrication parameters on the
performance of epidermal transfer tattoo tags.

(2) To evaluate the effect of fabrication cost minimization by ink volume
minimization on the performance of epidermal transfer tattoo tags.

(3) To evaluate the impact of the limitations of inkjet printing which lead to
defects in the printed tags on the performance of epidermal transfer tattoo
tags.

(4) To assess the robustness of transfer tattoo tags upon exposure to routine
everyday activities.

(5) To assess the diversity of performance of multiple printed tags when used

on body.



1.6.2 Contributions

The contributions to knowledge from this thesis are:

(1) The development of an inkjet printed epidermal RFID tag with optimized
conductive ink usage.

(2) Evaludion and quantification of the impact of variations in dielectric
properties of the body on the performance of inkjet printed epidermal
transfer tattoo RFID tags.

(3) Establishment of the effect of conductive ink conservation techniques on
the performance ofkjet printed epidermal transfer tattoo RFID tags.

(4) Evaluation of the impact of fabrication defects on the performance of inkjet
printed epidermal transfer tattoo RFID tags.

(5) Determination of the robustnessiokjet printed epidermal RFID tag for
suitability for everyday use.

(6) Diversity performance evaluation of multiple body mounted RFID tags.

1.7 Thesis QOutline

The organization of this thesis is as follows:

Chapter 2 presents an overview of RFID tag technology. Aspects such as
classification, operatingrpciples and some basic RFID operating parameters are
covered. Also discussed are the various design methods by which a match can be
achieved between an RFID antenna and an RFID chip. The antenna designs that have
been used for RFID tags mounted on a hurBady are presented. Inkjet printing

technology as a means of RFID tag fabrication is also discussed.

Chapter 3 discusses the simulation and fabrication of the transfer tattoo tag. The
simulation procedure and the prototyping of the tags with conventiatadtching of
a copper clad Mylar sheet is explained. The chapter also introduces the inkjet printing
of the epidermal transfer tattoo tags as well as their limitations. Also discussed is the
various measurementequipment in terms of modes of operatiarglibration,

measurement procedure and steps taken to ensure accurate measurement results.
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Chapter 4 considers the printing of epidermal transfer tattoo tags with a focus on the
printing parameters and considerations including the effect of the numbegrasitbd

conductive ink layers on the performance. Tag performance on different individuals
and placement on different parts of the body is also examined. Techniques for ink

usage reduction are also presented in this chapter.

Chapter 5describeghe effecs of defects arism from inkjet printing andorinting
tolerances on inkjet printed epidermal RFID tags are examined. The sources of these
defects in the printed tags are also discussed. The effects of typical geometric defects
are studied by simulation dnmeasurement using an etched copper sample. A
robustness test of the tattoo tag by testing tag read range over a period of time intervals

and over different conditions included

Chapter 6 presents an Inkjet printed tag integrated with medical stglkstgr. This

tag was fabricatedor use in a medical environment where it could easily be a
substitute for the currently used wristbands as well as the potentialcfoding a
sensor. A diversity study of the tagadswas conducted to establish howngaags
would be needed to achieve an ordimectional read around a subject. Both horizontal
and vertical polarizations were examined for cases involving two tags up to a

maximum of four tags.

Chapter 7 concludes thleesisandincludes relevant futureork that cardevelopthe
researcturther.
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CHAPTER 2

RFID BACKGROUND AND
LITERATURE REVIEW

This chapter presents an overview of RFID tag technoldggpects such as
classification, operatingrinciples and some basic RFID operating paramedegs
coveed Also discussedre the various design methods byhieh a match can be
achieved between an RFID antenna and an RFID Thgantenna designs that have
been used for RFID tags mounted @human Bodyare presented in this chapter

Inkjet prining technology as means of RFID tafabrication is also discussed.
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2.1 Introduction

Radio Frequency lIdentification is a wireless communication technology used to
uniquely identify tagged objects and peoflé Although Radio identification has
existed since the 1940scent years have seen a steady increase in the use of this
technology[2]. Applications havaliversified from the ordinary item level tracking in
retail systemsto use in access restriction iocations andsecure payment in
transactiong3]. It has also been used in transportati@tworks to build customer

profiles and for analyticpl].

This increase in the use of RFID has given risetbnicalproblems associated with

its reliability and efficiencyand abody of work addresses these issues using new
antenna designs and fabrication methoflsese problems include how the tags
functionin challenging environments such as on the human body and near, metals
both ofwhich tend to educe thdag efficiency [5]. Also limited energyavailability

presents challenges in operat[6ii

With the increasing progress made in the Internet of Things (10@)de of tags on
the human body ia growing useof RFID technologyApplicatiors such agatient
tracking in hospital environmen{sg], [8], [9], assistive technologifk)], deployment
to ensure the safety of workers in the workplfcH and entertainmeritave all been
reported12].

The total cost of an RFIEagwhich is between 7 15 cents for a passive tag,from

the antenna, the chip and the asserfiidy. In order for the huge potential of RFID
technology to be achieved, tkes need to mak#he cost lower than it presently is

This has driven research immethodgo reduce the cost of productiokvenues such

as tag chip manufacturing and tag fabrication materials are all being explored. One
new fabrication methodor the tag conductor and even the tag subsigiekjet

printing.

This chapter wilpresensome of the advances made in the field of RFID technology
with particularemphasion the design and fabrication ofrbody RFID tattoo tags.
The layout of this chapter is as followSection 2.2 provides amverview of RFD
technobgy. Section 2.3presents an overview of RFID tag impedance cimag

techniques. In Section 2.Body mounted RFIDtags are discussed. Section 2.5
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presents printing processes with a focus on inkjetipg and Section 2.6iscusses
ontbody tags tht have been fabricated witie inkjet printing process. Section 2s7

a summary of the chapter.

2.2 Overview of RFID Technology

2.2.1 Classification of RFIDTags

There are different criteria used to classify RFID tags. @wvision is based on thei
method of sourcing powemndgives rise to Active, Passive and Sgmssive RFID
tags.

When a tag has an dooard power supply (in the form of a battery) it is said to be an
active tag. ActiveRFID tagsare the most sophisticated typsually haing a £nsor
embedded in them which performs specific roles. The battery palesensors as
well asthetransmissions between the tag and the reader. In addition to targeg
memory tharother types of tagactive RFIDs also have a longer read ramiggbaut

300 feet (91 mees). These active tags are known as Electronic Product Code (EPC)
Class4 and Class.5

Passive tags haveo on-board power source but instead rely solely on the received
electromagnetic energy from the reader antenna. They are rmvhpkeg as the active
RFIDs hence they are cheaper to prod@eing tothe lack of an independent power
sourcethey do not have long read rargg@bout 40 feet or 12 nres) and cannot
ordinarily support sensar Passive RFIDs hav@mall memorysizein the order of a

few kilobytes and usually powerful readers are requifgfd Passive tags belong to
EPC Class 0, Class 1 and Class 2.

Sometags have the features of both active and passive tags and are knownas semi
passive. With these tags the battery is only for the operation of the embedded sensor
while the power for transmission of information between the tag and the reader is

obtainedentirely from theRF energyreceived from the reader antenna. Seassive

tags have the read reliability of active tags sharter read ranges the reverse link

[14].
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RFID tags are also classified based on memory, tiypguency of operatioand by

generationThese classifications are summarized in Tables 2.3[14].

TABLE 2.1 CLASSIFICATION OF RFID TAGS BASED ON MEMORY TYPE

EPC Device Class Definition Programming
Class 0 ARead onl yo |Programmed by the
Manufacturer

Class 1 i Wr -briceg reaéma n y ¢ Programmed byheuser;
passive tags cannot be reprogrammed

Class 2 Rewritable passive tags

Class 3 Semipassive tags Reprogrammable

Class 4 Active tags

Class 5 Readers

TABLE 2.2 CLASSIFICATION OF RFID TAGS BASED ON OPERATING

FREQUENCY
Band | Unlicensed Frequency Wavelength Classical Use
LF 125 134.2KHz 2,400 meters | Animal tagging and keyless ent
HF 13.56MHz 22 meters
UHF | 865.5867.6MHz (Europe) 32.8 centimetrey Smart cards, logistics, and item
915MHz (U.S.)) Management
950/ 956MHz (Japan)
ISM | 2.4GHz 12.5 centimetreg Item management
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TABLE 2.3CLASSIFICATION OF RFID TAGS BASED ON GENERATION

Feature Generation 1 Generation 2
Frequency 860/ 930MHz 860 960MHz
Memory capacity 64 or 96 bits 961 256 bits
Field-programmability (data| Yes Yes
entry after manufacturing)
Reprogrammability Class @ read only

Class B write once/ready| NA

Other features

NA

Faster and more reliable
reads than Generation 1
Better compliance with
other glolal standards

2.2.2 Operation ofPassiveRFID Tags

Communication betweenmassiveRFID tag and the reader depends on the two being

coupled. Coupling methods are generally classifisdinductive or Backscattezd

coupling. The coupling method used is determined by the distance between the tag
and the readeand the electrical size of the antefibd]. If thetag operates in the near

field (mainly LF and HF tags) inductive couplingcurswhile Backscattexdcoupling

is used for UHFRFID. Backscattering ishe reflection of a radio frequency signal

back towards theeader antennahere he amount of energy reitted by the surface

on which the electromagnetic wave impacts dependtherstrength of resonance

which determines the tag radar cross section (RE@)re lillustrates the interaction

between the RFID reader and the tag.
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RF signal fromdader

> Tag

Reader
(Transponder

(Interrogator)

A

Backscattered RF
signal from Tag

Tag
Antenna

ASIC

Fig. 21 Block diagram of a UHF RFIBystem

In backscatter RFID systems, ti@g transpondemodulates thereflected signal
through a process known as backscatter modulation which is a form of amplitude shift
keying (ASK)[16]. In this process the RFID chip switches its impedance between a
state where is ivell matchedo the impedance of the antenfiaw reflection),and a
statein which it is completely unmahed(high reflection) This switching is done in

accordance with thieit streanbeing sent.

Asthe chip depends on the tag antenna for paiwertwo are usually attached through
a feed line and their impedancage conjugately matched. This is to ensuhat
maximum power is transfexd from the antenna to the claipdthat the chip threshold
power @) is attained. This chip threshold power has a direct tefiethe read range

which can be illustrated using the Friis free space forrfildgas:

‘ _ 0 O O f%
ST 0 1)

where a i s tPheis tveapoveel transmitteth hy the read@igaderis the
gain of thereader antennd@wgi S t he gain of the recei

power transmission coefficient given by:

Vi

n
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TYQYO®
SANANAY)

T p % p (2)

whereli = tag antenna voltage reflection coefficiefd- R: - jX¢ is chip impedance

andZa = Ra+ jXais antenna impedance.

The chip hasa capacitive impedae as a result ofapacitancedue to fabrication
processes and the presence of a solid state simititte chip Thereforeto achieve

conjugate matchinghe antenna impedanosust have an equal inductive reactance

Figure 2.2 from[18] illustrates theschematidayout of a passiv&kFID microchip
connected to an antennhe tag cosists of a power control/rectifier to convert AC
power from the reader antenna signal to DC power. It also serves as a power source
for other components of the microchifhe clock extractor separates the clock signal
from the reader signal while theeemodulator processeshe ASK received reader
signal. Thegeneratedmodulated signal contains the tag response which is then
backscatteredo the readerThe communication protocol between the tag and the
reader is implemented by the logic unit while data ggra in the microchip memory.

In general, this memory is segmented and consists of several blocks diféld$e

passive tag antenna is used to draw energy from the reader signal for the energization
of the mcrochip which is attached directly to it and thus for exchange of information
between the tags and the reader

Analog front-end

Voltage N Voltage regulator
multiplier
- J‘ Clock F
©
c
5] Command
= Demodulator |® Symbol detector ||
< decoder 4| Reset [&—
Control
Load ] Transmitter | ¢—] -State machine .
modulator -collision arbitration > Non volatile
-Integrity check memory s

Digital Core

Fig. 22 A typical Passive RFID tag Architectufs]
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2.2.3 RFID Operating Parameters

)] Tag Read Range

The tag read range ike primaryRFID paameter andt is commonly used to gauge

the performancef an RFID tag. This parameter is simply the maximum distance at
which the tag can be detected by the reatlee.read range attained is a factor of the
sensitivities of the RFID chip and reader, the power transmitted by the reader, the
environment the @is being used in such as the presence of obstacles assthell
material the tag is placed ahe reader and tagntenna gasand theco-polarization

of the antenma

1)) Backscattered Power

This is the power level of the signal received by theeefdm the tag. It is defined
as[20]:
0 V0 O (3)
where P, is the power collected by the tag antenna &gag is the gain of theag
antennakK is a factor defined as:

, Y

@ as *)

The above equatierassumenatched polarizabins for reader and tag antennas.

i) Transmitted Power

This is the power transmitted from an RFID reader to an RFICatagshould be
distinguished from the transmitter power of the reatlbe power received by the tag
has to beat least equalo the chip hreshold powerHR) in order for the tag to be
activated The receivediransmittedpowercan be used to assess tagperformance

as it is usually minimum at the resonant frequeitye transmitted power is given as:
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0 — 80 A 80 K 8r& H & (5)

Equation (% assumes aon-perfect polarization match betwettre reader antenna and
the tag antenna. When a perfect polarizadod conjugate matchings assumed,
equation (}is simplified

v T=_l & 80 80 (6)

iv) Tag Sensitivity

The minimum voltage required to activate the tag is its sensitivity. It corresponds to

theminimum electric field strength at the location of theadatpined by

(0 — @)

Where— is the free space impedance

v)  EIRP

Equivalent Isotropically Radiated Power (EIRP) is the amount of poweireeday
an isotropic antenna to produce the maximum power density in the direction of a
directionalantenné Beam. It is the product of the transmitted power and antenna gain.

In an RFID system:

0"0YDD "0 (8)

The RFIDEIRP for various countries are specified by the Federal Communications
Commission (FCC) and the European Telecommunications Standards Institute
(ETSI). An EIRP of 4W isallowedfor by the FCC while 2W is specified by ETSI in

Europe.
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Vi) Input Impedance and Radian Resistance

The impedance presented by an antenna at its terminals is defined as its input
impedancelt is the ratio of the voltage to the curréiméterminals. The equation for

the input impedance is:

~

W Y  Q® 9)

W
0

whereVin andlin = Input voltage and currengéspectively.
The realpart of the impedance consists of two parts:
Y Y Y (10)

whereR-ad andRL arerespectivelythe radiation resistace and the loss resistance of
the antenna.

If the antenna is connectedaalevicewith an internal impedancén RFID
systemsthe chip, thechipimpedance can be written as:

) Y Qw (11)

The equivalenticcuit of an RFID Tagis shown in Fig2.3

® ), ,

Rehip Vo Rug
|

Xehip Veip R,
|

N/ Xa
'e) |

Transponder Antenna

Fig. 23 Equivalent Circuit of an RFID Tag
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The maximum power transfer between the chip and the antenna is achieved when

there is a conjugate matale. when:

Y Y Y (12

and
w w (13)

2.3 RFID Tag Impedance Matching

Efforts are made in tag antendesign to ensure the matching of the antenna and the
chip while keeping the antenna and hence thestagll In order to achieve this
matching many techniques are used. The antennas are made in such a way that changes
to their dimensions wouldas much as possibledependently vary their resistance

and reactancé&ome of these impedance matching techniquesow outlined.

2.3.1 Induwctively Coupled LoopMatching

As described if21], an inductively coupled small loop is placed close to a radiating
dipole and the terminals of the loop are in turn caetew to the chip. With this
arrangement there is an equivalent inductance in the antenna which aids the conjugate
matching with the chip. The shafsize)and the distance of the loop from the radiating

body controtthe strength of the antenreactance.

The inductive coupling can be modelled as a transformer and hence the input

impedance from the side of the lodgrminals is given aR2]:

AT - (14)

whereZa = antenna impedanc&pop = j2* fLioopis the loopimpedance and the total

input reactance depends onlytbe loop inductace Lioop Whether or not the dipole is
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resonantThe resistance is related to the mutual inductavicdetween the radiating
dipole and the small loofhe shape of the loop and the diptep distance have an
influence on this mutual coupling and therefon the total input resistancghile the

reactance.oopis affected mainlyy the loopaspect ratio.

Fig. 2.4[22], shows the schematic of an inductively coupled loop and its equivalent

circuit.

N

—p— M . 7

; "y
: ; a2 5 chip
| A L, L. terminals
a2

w’

C

——

w

Fig. 24 A depiction of an inductively coupled loop and its equivalent cirtaitength of the
radiating body, b = width of the loop, d distance of the loop from the radiating body;
thickness of loop element,aR antenna resistanck,, = inductance of the radiating body
Lioop, = loOp inductanceéyl = mutual coupling between thediating body and the loogj, =
input impedance capacitanf@?].

2.3.2 T-Match

This isan arrangement whereby a dipole of ledgghconnected to a transmission line
(antenna source) by a dipole of a shorter length and smaller raidju®.5[22], shows

the schematic of a-fhatch antenna design and its equivalent circuit
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1+a):1

Fig. 25 T-match antenna with an equivalent circuit [22]

The two dipoles are separated by a small disthnG@de current along these dipoles

is proportional to theiradii. The total input impedance can be obtainefak

A

Gw p | D

(19

whereU is the arrent division factor between the two conductas,s the input
impedance taken #te centrepoint freespace input impedance of the antenna in the
absence of the Imatch connection, and is the input impedance of the shortcuit

at the ends ahe T-match conductorR?2]:

. Qo
O @O e
c (16)
Given thatw e ¢ x @& 'Q—= is the characteristic impedance of the two

conductor transmission line with spacinge = 0.25w andi Y& 0 are the radii
of the dipole and the matching stub respectivalyepresents # current division

factor between the two conductors and is given as:

CXS'I—

) (17
a E—
I
Matching to thechip complex impedan¢&cnip, is achievedy adjusting the
dimensions of, b andw"!

The T-match acts as an impedance sfanrmer and in the case of halavelength
dipoles, the resulting input at its terminals is inductive. When applied to smaller
dipoles, the resulting impedance can be both inductive and capagitigtionally,

depending on the configuration af b andwY high inputimpedances could also be
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generated by the-matchmaking it difficult to match the impedance to real microchip
transmitters. The implication of these is that a singhlaalch wuld therefore not be
suitable for all kinds of matching conditiand this necessitatkgther degrees of
freedom in the structure leadingttee use of multiple fmatch stages as well as some

shape modification of the main radiafag].

2.3.3 Nested SloMatching

Marrocco in[22], describedhe use of nested slot antenneith theadvantage of the
inductive reactance property of a A@sonant slot. He noted that antennas of this
form have the capality of providing the needed complex impedance matching even
if the tag to be used is placed onto a kHygimittivity substrateAs in other antenna
types, the properties can be changed by adjusting its geomeperies. For instance

in Fig. 2.6, the maimum antenna gain is a direct function of the patch kidée
impedance of the antenna can also be changed until it matches the chip by aaljusting
andb. It was also observed that when the width of the BJas,muchsmaller than the
external sidel, the setup has stng reactance peaks which redasd increasesOn

the other hand, whel is nearly similar td (2b & 1), the input reactance becomes

slowly variable with frequency making the tag well tuned within a wide band.

[

Fig. 26 A typical H-slot antenn§2?2]
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2.35 Capacitive Tip Loading

In capacitively loadedipole antennas, the ends of the dipole are broadened. The result
of this action is an increase in the capacitance of the ansamnavinga decrease in

the capacitive reactance of the amma. By doing this, a capacitively loaded dipole
becomes more inductive than an ordinary dipole of the same I4@8th A
commercial tag which employs capacitive tip loading and inductive matching is shown
in Fig. 27. With this antenna design, the capacitance is proportional to the perimeter
of the broadened tirherefore, when used with RFID chip, the antenna reactance can
be matched to that of the chip by adjusting the perimeter of the tips. These kinds of
designs als provide better radiation resistance when compared to equivalent designs

without the capacitive loading.

tip-loading structure - 9cm
/

g _ad ' Gl Lshunt [ . | ;
< \ | o s
T -

Fig. 27 A Capacitively Loaded RFID Tag Antenna [19]

2.3.6 Meandering

Meandering is a technique used for both matchimgj size reduction in antennas
When the antenna is folded, te&ructurehas distributed capacitive and inductive
reactances that affect the overalpedance. The shape of the meandered antenna can
be periodic or individually optimized to match the impadaof the chipMeandering
techniqus have been used [23] where the technique was used for a ggitimized
antenna using genetic algorithm for use in RFIDaadin a very creative wain the

form of lettersor logosto makeantennas for RIP [24].

To improve the match with the chip, timeandering of thentenna wire can be
increased therefore making them longer than their resonant length. These antennas are
usually inductive which will tend to cancel out the caawe of the chip. To help

trim the radiation resistance to the input resistance of the chip, an additional bar can
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be added adjacent to the meander to act as a shunt capacitance. This is illustrated in
Fig. 2.8,[19]

9.6 cm

A

18 cm 15 cm

Fig. 28 A meandered dipole tag antenna with shunt capacitance [19]

2.4Body Mounted RFID Tags

2.4.1 Effect of theHumanBody on RFID Tags

When RFID tags are attached directly to an object with high conductivity, water
content or dielectric values, the parameters of the tag such as its input impedance,
operating frequency and radiation pattenfi change. This influence dearly seen

when tags are placed time human bodgr metals.

Kelloméki in [25] identified two ways e human body affects RFID tag$:the
dielectric loading provided by the body increases the electrical length of the antenna
andhence detuesthe tag and lowers its impedanag absorptiopwhich lowers the
radiation efficiency of the tagndhence its gainThis effect is becausef the high
salinewater content of the body.h& water molecules absorb RF enemgking
limited power available to the tad8]. Both detuning and absorptidead to a
reduction in tag read range.

In order to mitigatehe effecs of thehuman bodyon the performance of the tag
different approaches are adopted. Some of the approaches as explained by Marrocco
in [26], focus directly on the antenna design as a means of tuning mechanism for

matching ASIC chipA different approach ay be taken to reduce thestecs by
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decouplingthe antenna from théuman body Some of thesemethodswill be

presented in the followingection

2.4.2 Tag Designs for Use on Human Body

When RFID tags are required for use on the human body, it is desirable that they have
the following characteristicsmall dimensions, light weiglaindhigh immunity to the
effects of the bodf27]. In addition to these, it is also required that they do not interfere
with the movement of the body and cause discom&eteral workslescribebody
mounted RFIDtagswhich employ the matching techniques identified in Section 2.4
together with methodsf @eparating the tag from the body while trying to reduce the

bulkiness of the tag.

One design used fdrodytags s the planar inverteB antenngPIFA). Although an
ordinary PIFA would afford a reduction in sigempared to a standard patch antenna
this comes at a cost of reduced tolerance tontbantingenvironment.Therefore
Hirovonen et al[28] presented a platfortolerant PIFA. This was achieved by
decoupling e antenna from the boeth a ground plane as well as the useap8mm
Teflon substratebetween the patch and the ground plane. Another modified PIFA
antenna is demonstrated#9] which enabl& the RFID tag to be implanted under the
skin of a lab rat with good performance resultsis antenna had dimension of about
13.5 mmx 11 mmx 4.25 mnand operates in the 91928 MHz UHF RFID band.

Dipole and monopoldRFID tag antenna have been usedn humansin [30], a
meandered dipole was fabricated from conduatieéh. However, in order to ensure
functionality, this antenna was separated from the body by 20 Anmeandered
dipole with a Tmatch has been used by KellomdRb] with a minimum segaration
distance of 5 mm from the body with an assumption of use on loose cldth[Bd]

a conformal magnetic substrate was used agbatrate to decouple a capacitively
loaded meandered dipole from the body. Chen et g82hpresented the use of a
folded dipole antenna for RFID tags. Other works where dipoles have been used are
presented if26] where folded dipole antennas were used for RFID tags for monitoring
of humansin [33] where a foldd dipole structurdormed theRFID antenna which

was integrated in the collaf a shirt with up to 3 6 metes read rangerhenthere is
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a small gap between the tag and the body. The use of dipole afienR&ID tags

was also presented [B4] whereatag in the form of a wristband was demonstrated

Loop antennas hawdsobeencreated asnbodyRFI D t ags . Gvanda an
[35] presented a looped antenna @se on high dielectric materials and on metallic
substrates. The separation of the tag from the bodwp@rasvedvith the aid of a high

permittivity substrateThe work detailed ifi36] presented an inductively coupled loop

antenna on a 0.76 mm thick PVC substrate for use on the humanfbddgl square

loop antenna on a 600um silicone substrate prasented by Amendola et [@7]

while in [38] a dual loop antenna with tuning slates designed oa 1.8mm thick

substrate.

The work presented if89] and[30] respectivelyshow the fabrication oRFID tag
antenna using patcbswith a 1.4mm and 43 mmthick foam substrate for use on
human bodyManzari et al have presented[#0] atag antenna that utilized a folded
patch design with tuning capability while mounted on the b@ither tag designs
using patch antennasnmploy the dcoupling of the tag from the body using ground

planes or by mounting on a dielectric substfaid, [27], [42]i [45].

There are also works that have employed slottechaattor RFID tag suchas[46]
where a slotted antenng proposed fouse on perishable foods and on the human
body. This tag was falmated on a 1.5 mm FR4 substrate with a copper ground plan
and was able to attain a 20% read rangat 868MHzwhen attached to a container
filled with water Occhiuzzi et al have presentifnleeslot based tag antendasigns
[47]. These designs aeenested slot suspended patch antenna (NS8Rgandered
slot antenna (MSA) and slot inverteel antenna (SILA). The antennas have been

fabricated on a 4 mm thick substrate

A common trend in the presented tag designs is the presence of a ground plane, a
dielectric substrate or an actual separation of thétag the body in order to ensure

good performance results.

2.5 Printing Processes for RFID Tag Fabrication

The potential for the use of printing processes for the fabrication of RFID tags have
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been examined by Blayo and Pineaux48]. In that work the authors compared
processes such as offset lithography, flexography, gravure, screen printing, inkjet
printing and electrophotography. Each of these printing progdsaes their unique
features which give them an advantage over others in differentsspeletas printing
speed and printing flexibilityHowever it was noted that the versatility of inkjet
printing dominatesdue to its digial, norimpact and lowsubstate selective nature.

These features make it a good method for printed electronics.

2.5.1 Overviewof Inkjet Printing

The first inkjet printers were introduced in the 19708e main contributors to this
technology are Canon, Epson, Hewlettckard andlexmark[49]. Inkjet printing has
set a foundation for several other printing technologies such-xg@nting. In

addition to its ease of operation, in the general sense inkjetngriist faster and
cheaperthan other additive manufacturing technologiesich asgravure, screen

printing and flexography

Apart from using conventionadecorativeink, with inkjet printing, depositionof
conductive polymers and functional materials on cellulmssed substratdgms also

been achievedConductive traces for passive or active circuitrgluding filters,
antennas, frequency selective surfaces as well as nanoparticle microelectromechanical
devices (MEMs) have been printgsl0]i [52]. Structurescreated byinkjet printing

include thin-film transistors, lightemitting diodessolar cells, memory and magnetic
applications, contacts and conductive structures, sensors and detectors, biological and

pharmaceutical applicatiofis3][54].

2.5.2 Advantages of kpet printing

One advantagprovided byinkjet printed technalgy is its dropon-demand (DOD)
feature which enables the targeted and selective deposition of inks (conductive ink or
any other material being printed). Tipieventsvasteof materials as well as optimum
fabrication of printed samples[55]i[58]. When compared to wettching

(a subtractive procepwhere the unwanted metal parts are removed from the material
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being ethed, inkjet printing jets single ink droplet from the nozzle to the desired
position. This ensures that no waste is created leading to an economical fabrication
method.The simplicity of the inkjet process is alsoattractivefactorwith only a few

fabrication step®eing required.

With improving high resolution, inkjet can also be used to print narrow conductive
tracks which can be seen in circuit boafelg. track widths of 0.2mm or less)here

are only a few printing processeffering better orsimilar resolution tankjet printing
[49][59].

Inkjet printedconducting inkssamples have alsshownrelativelygood conductivity
values when compared to bulk silves seen ifi60], [61] and[62] with up to 56% of

bulk silver conductivity reported

For the transfer tattoo tagthat will be the subject of this thesigkjet printing is
particularly attractive because it provides flexibility which is desired in a-body
mounted tag. This flexibility means seamless integration on the skin which prevents

the useexperiencing discomfort.

2.6 Inkjet Printed On -Body RFID Tags

Therehasbeen work reported on inkjet printed RF&Y$ used on the human baaly

well asfor the fabrication of biosensing geported in63] which werein the fom

of a wrist bandA flexible magnetic composite has been used as the substrate in order
to enable this clost-body functioningThe inkjet printed RFID tag by Lee et[64]
utilized a 3mm thiclElectromagnetic Band Gap (EBG) to decouple the RFID tag from
the body. Finally, Inkjet printed RFID engy scavenging tags have also been
developed65] and[66].

2.7 Summary

In this chapter, an overview of RFID technologhich includes classification and

operating principlebas been presentebhe basic RFID operating parametefsead
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range, backscattered power, transmitted power and tag sensitiviéyalhso been

discussed.

Various RFID tag impedance matching techniques were presaste@ineans to
ensure good conjugate matching between an RFID tag and chip in cedabtegood
tag performance. These techniques include the use of inductively cdoppedr-
matching network, nested slot, meandering and capaddading of dipoleends A
section was also dedicated to body mounted RFIDv&gsea review of various tag

designs specifically for body mounted RFID tags was presented.

Some other possiblmeans for fabrication of printed RFID tags were mentioned and
the advantage of inkjet printed technology was revieweldrief discussion of inkjet

printed RFID tags used on human body gagn
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CHAPTER 3

TRANSFER TATTOO TAG
SIMULATION, FABRICATION AND
MEASUREMENTS

This chapter presents the simulation and fabricatioth® transfer tattoo tag. The
simulation procedure and the prototyping of the tags with conventional wet etching of

a copper clad Mylar sheet is explained. The chapter also introduces the inkjet printing
of the epidermal transfer tattoo tags as well ag fimitations. Also discussed is the
various equipment used to carry out the measurements in this work in terms of their
modes of operation, calibration, measurement procedure and steps taken to ensure

accurate measurement results.
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3.1 Introduction

Various approaches for studying the performance of RFID tags have been taken by
different researchers. The most common of these is the use of the tag read range
which represents the biggest distance from which the reader can activate or receive
signals from tk tag. Other significant RFID performance parameters include the
backscattered power received by the reader from tH&Jtagansmitted power which

is an indicator of how much power from the reader is required to activate the ASIC
(application specific integrated circuj®] and[3]. Additionally, the realized gain of

the tag which takes into account the mismatch between the tag antenna and the ASIC

can also be used as a measure for the performance of the RMDdad[5].

Care was taken prior to the measurementsrdleroto ensure the reliability of the
obtained results. These include a good understanding of how the equipment works,

proper calibration and use of the equipment.

The purpose of this chapter is to present the steps taken to ensure the reliability of
the esults presented and to layout factors that affect the presented results.
Additionally, the inkjet printing process, the printer hardware as well as the
calibration and use of equipment will be discussed. The layout of this chapter is as
follows: Section 3L will discuss the simulator and the simulation procedure as well

as introducing steps taken to ensure simulation accuracy. It also discusses the human
phantom used for the simulation. In Section 3.3, the tag fabrication is presented
which includes the ¢h selection, copper prototyping and inkjet printing. Section 3.4
introduces the equipment used in this work, its operation, calibration and steps taken
to ensure accurate results while Section 3.5 concludes the chapter.

3.2 Tag Simulation

All tags pesented in this work were simulated with the CST Microwave Studio
Simulator[6]. The finite difference time domain method (FDTD) in CST was used.
The FDTD is a griebased differential timelomain numerical modelling method

whichuses discretized Maxwell 6s equations
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difference equations. The electric field is solved at a given instance followed by the
magnetic field in another instance. This process is repeated until predefined

convergence criteé are met.

On completion of the 3D geometric modelling process an automatic meshing
procedure is applied prior to the start of the simulation engine. The 2015 version of
the CST Microwave Studio has various solvers. However, for UHF RFID tags, the
most slitable solver is the Transient solver. This is because with its ability to obtain
the entire broadband frequency behaviour of a simulated design from a single
calculation run, it is the most flexible tool for high frequency applications. The
frequency dorain solver is more suitable for situations where there are a few

frequencies of interest i.e. narrowband, not high frequgficy

Since the transfer tattoo tag is to be used directly on the skin, it is very important to
create a model that will closely imitate the body. In order to achieveathmgjltr
layered phantom consisting of the skin, fat, muscle and bone was created in the form
shown in Fig 3.1. The initial electrical properties obtained for the phantom were
obtained from[8]. The phantom was made to have dimensions close to the
circumference of the arm, though in order to reduce simulation time, the length of the
phantom was ot scaled to the length of the arm since the model already had a large
number of mesh cells occasioned by the high dielectric constant of the tissue and the
thin tattoo substrate layers. Simulatiests indicated that this did not affect the tag
simulationresults. This was achieved by comparing simulation results of the tattoo tag
on a phantom with the dimension of the full length of the arm to the results obtained
from scaled down phantoms. These results shawgdminimal disparity wittabout

0.5% chang between the full length phantom and the scaled down phantom.

In order to ensure accurate simulation results, for reduced total mesh size, localized
meshing was used throughout this work. This helped to ensure proper meshing in areas
of the tag with higkenergy concentration as well as in areas with fine details such as
on the feedline. An insufficient meshing regime would mean that small details cannot
be resolved. Conversely, very small meshing would lead to extended simulation times

with a possibilityof errors.

Perfect matched layers were used to bound the radiation space.
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i Tissue | Thickness | ¢ g
- (mm) | (s/m)
60 L Skin 1.5 0.855| 41.58
“ - Fat 1.3 0.050| 5.47
Muscle | 30 0.932 | 55.11
Bone 20 0.332 | 20.86
v

x

150

Fig. 31 Simulated Human Phantofdimensions in mm)

To excite the structure, a discrete port with a lumped elemenplaesdacross the

terminalsofte ant enna. The portodés resistance wa
i mpedance while the c¢chip capacitance wa
capacitance.

The prototype transfer tattoo tf&] developed at the University of Kent was chosen

as the tag to be used as a basis for the studies conducted in this work.
The schematic for the simulated tag is shown in Fig 3.2.

?%/—Feed point

U.EE 0 ] X
1.2

30

L

I'-: 64

Fig. 32 Schematic for Transfer Tattoo TédQimensions in mm)

Being a slot antenna, the electromagnetic radiation in the antenna is due to magnetic
currents as a result of the strong electric fields across the slot. Fringing of the field to

the human body is minimized as the field lies in the slot. These properties account for

the good performance the slot antenna halsamty. Also, the conducting patch around

the slot means that the current is not confined to the edges of the slot buspethadr

out across the metal sheet, Fig 3.3, improving the radiation efficig#@Fyrhis makes
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more energy available to activate the RFID IC and increases the backscattered signal

which translates to improvegerformance in harsh electromagnetic environments.

Fig. 33 Simulated Surface Current on Transfer Tattoo Tag

The antenna was simulated to have a conjugate match with the NXP G2X chip at the
EU UHF resonance frequency of the 8dHz, Fig 3.4.

-10

Return Loss, S11 (dB)

-12

-14

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1
Frequency (GHz)

Fig. 34 Simulated Return Loss for Transfer Tattoo Tag on Human Phantom
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The 3D plot for the gain of the transfer tattoo tag on the human phantom is shown in
Fig 3.5. The gainfahe tag at the simulated frequency (86/Mz) is-9.67dB. The tag
has low efficiency{13.96dB) which indicates the negative effect of body on the tag.

-----

-32.2

L
F e

SIERSSE

Type Farfield
Approximation enabled (kR >> 1)
Honitor Farfield (F-0.867) [1]
Component fbs

Output Gain

Frequency 0.867

Rad. effic. ~13.81 a8

Tot. effic. ~13.96 a8

Gain -9.667 0B

Fig. 353D Plot of Farfield Gain for Transfer Tattoo Tag on Phantom

Figures 3.6 and 3.7 show the elevation and azimuth polar plots of the tag directivity.
The transfer tattoo tag when placed on the human phantom has a directivitiof 4
In the elevation plane, the tag has@B3angular width of 118while this is 98in the

azimuth plane.

Farfield Directivity Abs (Phi=90)

0 farfield (F=0.867) [1]
30
60
o]
120
Frequency = 0.867
150 Main lobe magnitude = 4.15 dBi

Main lobe direction = 92.0 deg.
Angular width (2 dB) = 117.8 deg.

Theta / Degree vs. dBi Side lobe level = -1.0dB

130

Fig. 36 Simulated Transfer Tattoo Tgg component elevation {g) plane
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Farfield Directivity Abs (Theta=90)

0 farfield (f=0.867) [1]

Frequency = 0.867

Main lobe magnitude = 4,14 dBi
Main lobe direction = 90.0 deg.
180 Angular width (2 dB) = 94.8 deg.
Side lobe level = -1.5dB

Phi / Degree vs, dBi

Fig. 37 Simulated Transfer Tattoo Tgg component azimuth (x) plane

3.3 Tag Fabrication

3.3.1 Selection of RFID Chip

Two chips were used for this project. The first which wsedufor the epidermal RFID

tags is the NXP G2X chip. This is an EPC global Class 1 Generation 2 UHF passive
RFID chip. Itis suitable for use in conditions where ordinary tag operation over several
metres and high antiollision rates are requirddl1]. Additionally, with a thickness

of just 250 um, this chip suits the low profile sort for the epidermal RFID tag. Also to
be considered is the mounting of the chip on the tags. Alefhesited ink and transfer
tattoo substrate would not be able to withstand the high temperature of soldering, using
a chip with straps would enable the use of other means of attachment such as
conductive glue and adhesive tape. The manufacturer statedanqge is 14-828W

with and input capacitance of 1.35pF. The schematic of the chip is shown in Fig 3.8(a).
The second ASIC which was used for the sticking plaster tag described in Chapter 6,
is a Higgs4 chip from Alien TechnologieEl2]. It is also an EPC glob&lass 1
Generation 2 UHF passive RFID chip with a thickness of about 1 mm. It can either be
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attached to an antenna with a conductive glue or by soldering. The schematic of the

chip is shown in Fig 3.8 (b).

0o’y
o0'E

1

max. 0,250 3}

0,012
0,038 2)

1) metallization thickness 12um (copper)

2} substrate thickness 38um (PET)
3} package thickness max. 250pm

9,00£0.3

@

RF2 ) 1.85
Open {No 2
Connect)

0.65
3 0.6 I I
3x
RF1 10‘65
1Ll 0.55
3x

(b)

Fig. 38 Schematic of showing tag dimensions of (a) NXP @GRk [11] and (b) HiggsA
chip[12]. All dimensiorsin mm

3.3.2 Copper Prototype

Initial fabrication of the tags was donsing conventional wet etching of a copper clad
Mylar (polyethylene terephthalate (PET)) sheet. This provided a platform to test the
performance of the tag in accordance with indications by simulation. The copper clad
Mylar sheet had a thickness of aboQfiih. The choice of this thickness is because of

the flexibility it provides and also its close resemblance to the transfer tattoo paper
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which was the primary substrate used for this work. The photoresist developer used
for the etched samples was PotassiDanbonate (KCOs) while the acid used was

Iron (IlIl) Chloride (FeCl). Short intervals were used during exposure of the sample

to the acid in order to avoid over etching which could easily affect the thin feedlines

of the tag. The attachment of the RFIOpcto the antenna was done with the aid of

an adhesive tape. Proper contact between the straps of the chip and the antenna ports
was ensured and air gaps leading to increased capacitance between the two surfaces
were also avoided. This was done by makirgesal depressions on the point of
contact between the ASIC strap and the antenna ports. The tag measurement process
will be described in Section 3.4. The measured copper prototype tag Read Range is
shown in Fig 3.9. The tag was mounted on an arm and éxémam read range can

be seen to coincide with the EU UHF RFID frequency of 867MHz.

1.6

1.4 4
1.2

1 4
0.8 -
0.6 -

Read Range (Meters)

0.4 -

0.2 — Etched full Tag on Body

O T T T T T T T T
650 700 750 800 850 900 950 1000 1050 1100

Frequency (MHz)

Fig. 39 Read Range Measurement of Etched Copper Tag on Arm
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3.3.3 Inkjet Printing of Tags

For the inkjet printed fabrication of the misfer tattoo tags, the Dimatix DME831
Materials Printing Systenil3], Fig 3.10, was used throughout this wo¥l
fabrication (printing and sintering) was done by the Organic Materials Innovation
Center (OMIC) located in the School of Chemistry at the University of Manchester
who were collaborators for this peat.

Fig. 310 Dimatix DMP-2831 Materials Printing System

This printer allows the deposition of fluidic materials on a 210mm x 315mm or A4
substrate and handles substrates up to 25 mm thick with an adjustable height. The
printer is equipped with a disposable piezo inkjet cartridge, Fig 3.11, with 16 linearly
placed nozzles separated by 254 um with a typical drop size of 1 and 10pl. Each
cartridge has a usable ink capacity of up to 1.5ml and isfillabte. The cartridge

also fas a builkin heater which is capable of heating a fluid (printing solution) to a
maximum temperature of 7@o enable controlled jetting of viscous fluids. To hold

the substrates in place, the printer is fitted with a vacuum platen whose temperature
can ke adjusted up to 60°C. With a pattern editor program available, the Z33P

offers a variety of patterns. In addition to this, a waveform editor and awdxtmh
camera system allows manipulation of the electronic pulses to the piezo jetting device
for optimization of the drop characteristics as it is ejected from the nozzle. This system
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enables easy printing of structures and samples for process verification and prototype

creation

Fig. 311 Dimatix Printer Cartridge

The condutive ink used for this work is thE36465ALDRICH from SigmaAldrich
(Silverjet DGR40OLT-15C)[14]. This is a silver dispersion nanopatrticle ink. It has a
concentration of 3@5 wt. % intriethylene glycol monomethyl ether with a specific
resistivity of 11j\\W-cm and a surface tensioh35-40dyn/cm The silver particles have

a size of about 5@8m or less. The ideal curing condition is between®C2015C°C

for 307 60 ming[15]. This ink has been forulated for printing on plastic films which

makes it ideal for the transfer tattoo paper which has a thin layer of polymer.

The inkjet transfer tattoo paper which was used as the substrate for this work was
supplied by Crafty Computer Papd6]. The polymer coated tnafer tattoo paper
comprises a 26um thick inkreceiving layer which is noeporous. Its primary
constitution is polyvinyl alcohol (PVA)hich sets a 13& limit sintering temperature

on this paper. The schematic awhnning electron microscopy (SEM) images of the
crosssectionof the transfer tattoo paper is showith a deposit of a single layer of

the conductive ink in Fig 3.145].
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Fig. 312 Transfer Tattoo Papé€a) schematic of transfer tattoo paper (b) cross

sectional SEM imaging of transfer tattoo pajiéi

Before printing, the tattoo paper surface was sprayed with a jet of air to remove
impurities. Additionally, the paper was given an ozong {@atment in order to adjus

its surface tension. This was done in order to enhance the interaction between the paper
and the ink in order to improve print quality, reduce printing defects and reduce the
coffee stain effect. This will be discussed in Chapter 5.

As will be seen in Cépter 4, the printing of the samples can be done with different
drop spacing. This is usually done in order to reduce the volume of ink used. The drop
spacing is set before the start of the printing. The platen temperature is also set to be
between 48C ard 6C°C. It is important to ensure that the platen is at a suitable
temperature since this helps to ensure printing of good quality samples. However, it is
noteworthy that when the platen temperature is not properly set, it leads to the faster
evaporation bthe ink solvent at the substraienozzle interface resulting in the

clogging of the cartridge nozzles.

For a single layer print, only a single printing routine is required. However, in the case
of multiple layers, each deposited layer is allowed to lmfore the next layer is
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deposited on top of it. This will help in better definition of the details of the printed

samples as well as with the even distribution of the ink.

With the ink deposited on the transfer paper, there is need to expose the saample t

elevated temperature. This has two roles:

) To facilitate the evaporation of the solvent (carrier) in which
the conductive silver nanparticles are suspended (preventing
the agglomeration of the particles) and

Ii.) To enable the sintering of the silvemeparticles which is the
formation of o6énecksd®é between th
because although the evaporation of the solvent makes the
particles to come close together, conductivity is only possible

when there is metallic contact between thdigas[17].

The sintering process is illustrated in Fig 3.13.

— F__r_,_.a-rSoIvent
®0® @ & o
As Printed .‘. @ ® @ @ ...

. ... @ . . H__?,_,,.Silver
:. .. Y . . ,.-ﬂ Nano-particle

@ . .. k______r-—rSubstrate
0 © o o o ©%

Bonded Silver

—— Nano-particle

After Curing

Fig. 313 Sintering of Deposig Conductive Ink

The sintering of the ink is done at 285for 30 minutes in a convection oven. This
temperature, as earlier stated, is the limit placed by the transfer tattoo paper beyond
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which it will be severely deformed. Sintering beyond 30 minutesals®d been shown

to lead to the degradation of the transfer tattoo pdjagr

The mounting procedure of the transfer tattoo tag on the skin will be introduced in
Chaper 4.

Although inkjet printing provides a good means for the fabrication of transfer tattoo
tags, it also has some limitations and challenges which must be acknowledged. Some

of these limitations are summarized as follows:

- Difficulties with printing reséution
- Substrate limitations

- Conductor skin depth losses

The printing resolution of inkjet printing is of concern especially when the
performance of the printed sample is heavily dependent on the dimensions of some of
its fine resolution parts. Altholga printer with high resolution can be used, there is
the issue of the spreading of the conductive ink during drying which can lead to up to
25% increase in the width of a printed I[d&]. There is the possibility of this increase

in line width could lead to slight variations in the resonance frequency of the tag.
Although this is a minor issue, the disparities in the inkjet printing process and
sintering conditions ma lead to slight differences in the performance of two
seemingly identical tags. This is not of major concern since it does not present a major
inconsistency in tag performance between the samlilés.also good practice to
create wideband tags which Wdtill operate even when there is a reduction in the
centre frequency due to dielectric loading. Tags should also be designed with an
appropriate resolution to suit the printing capabilities and tolerances.

The use of inkjet printing on some substratey ralso not be feasible due to the
physical properties of the substrate. An example of this the temperature tolerance of a
substrate. Some substrates may not be able to withstand the high temperature at which
the curing of the printed ink is done. Anothactor is the porosity of the substrate. A
porous substrate would entail the deposited conductive ink being absorbed into the
substrate. In some cases, this can be overcome by saturatisigoisate with the
conductive in18]. This is a very wasteful approach for expensive ink.
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Skin depth is defined as the depth below the surface of a conductor at which the
amplitude of a incident electric field has decreased by a factaf19]. It gives an
indication of how deeply into a conductor a high frequency electromagnetic field will
penetrate and it has an inverse proportional relationship with frequency. It has been
reportedin [15] that the skin depth for a printed sample at the UHF RFID band was
3.7 um. This thickness is more than that of a single layer of wcthk ink @ 1um),

and abotithe same as 2 layers, while being about 67% of a 3 layer print, Fig 3.14.
Bearing this in mind, it is important to have at least two layers of conductive ink in the
printed samples in order to satisfy skin depth requirements otherwise an increase in
the antenna structure losses due to very small thickness will decrease the antenna
radiation efficiency{20].

Despite the factors noted above, none severely affected the performance of the tags
and satisfactory read range was obtained for tags that had atweaktyers of
conductive ink deposited during fabrication.
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Fig. 314 Profile Measurement of InkjéRrinted Tags
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3.4 Tag Measurement

The tag performance measurements for this project was carried out using the Voyantic
Tagformance lite UHF RFID measurement systefpl]. The measurement unit is
actually a network analyser which has beetinoged for RFID measurements. It can

be used for evaluating the performance and functionality of EPC class 1 Gen2 RFID
systems. The equipment can also be used to measure tag sensitivity, test and verify tag
protocol, study environmental interference, sttmrward and return link balance and
system level read range and analyse tag population behaviour. The device is connected
via USB to a PC that has the measurement software installed in it. The function of this
software is the generation of the waveforimat is sent to the tag for interrogation as

well as the actual measurements. The reader has an operating frequency of YOOMHz
1200MHz and is fitted with a linearly polarized antenna. The carrier specifications of

the Voyantic system are shown in Tablg 3.

TABLE 3.1 VOYANTIC TAGFORMANCE LITE SPECIFICATIONS

Parameter TYPICAL VALUE UNIT
Frequency Range (Standard) 800 to 1000 MHz
Frequency Range (Wideband 700 to 1200 MHz
Frequency Resolution 100 kHz
Frequency Accuracy +/- 10 ppm
Output Power 0 to +27 dBm
Output Power Resolution +/- 0.1 dB
Output Power abs. Accuracy +-1 dB
Output Power Uniformity +/- 0.5 dB
Output Impedance 50 W
Sensitivity -75 dBm

The calibration of the system before measurements was done \efttrence UHF
RFID tag at a distance of 35cmeasured with a tapéanufacturer instructions
recommend a distance of BH0 cm for this calibration. While a wider distance would
reduce the signab-noise ratio and increase the effects of radio reflecti@sstance
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of |l ess than 20 c¢cm would | ead to measuren
which would cause inaccuracies. After calibration, it is necessary to measure the tag

at exactly the same point as the reference tag as small variattagdocation would

affect the measurement. To minimize movements during measurements, the arm was
supported by a plastic pole. A minimum clear space distance of 2m was given around

the measurement area in order to reduce reflections. Fevdhisthe eqipment was

used to measure the backscattered power (the received RF signal power of the tag
backscatter measured at the device IN port), read range (the maximum distance the
reader can receive backscattered power from the tag) and the transmitted pewer (th

power sent to the tag by the reader).

The Voyantic Tagformance equipment is shown in Fig 3.15 while Fig 3.16 shows a

tag being measured.

Directional Coupler

To Reader input
port

To Reader Antenna

(©)

Fig. 315 (a) Tagformance lite unit (lwirectional couple(c) wideband antenna



57

A directional coupler is used inbetween the Tagformance lite unit and the reader
antenna to isolate the transmitted signal from the received skprathis coupler,
there is a 1.2dB insertion loss from reader transmitter to resdenna while this is

6.5db from reader antenna to reader receiver.

Fig. 316 Transfer Tattoo Tag performance measurement setup

The operation of the Tagformance lite unit is as follows: 1) the system measured the
backsattered power from the tag under test.TRe transmitted power is used to

determine the threshold power of the chip as a function of frequency. 3) The read range
can then be extrapolated by the equipment using Friis equation since the cable and

other losss have been subtracted during calibration.

The influence of the electrical properties of the skin and different body forms on the
functioning of the epidermal RFID tattoo tags was also considered during this work.
This aided in the understanding of thariations in read range of the tags observed
during measurement on different individuals. In order to achieve this, the conductivity
and permittivity of theareaon the forearm of 10 individuals were measured. The
conductivity and permittivity measuremsnivere carried out using the Dielectric
Assessment Kit (DAK) by Schmid & Partner Engineering [2]. This isa high
precision dielectric parameter (permittivity, loss tangent and conductivity)
measurement system. It can be used in the electronics, food, medical and chemical
industries for the measurementsailids, semisolids and liquids for frequencies from
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200MHz i 20GHz. The dielectric materials under tests are calculated from the
reflection coefficient at the probwaterial interface. Owing to this, measurement
accuracy is sensitive to change in the phase or amplitude of the incident and reflected
signals abng the cable and probe. It is necessary to avoid contacts that may change
the cable or probe positions during measurements. The system used tioéospen

load system of calibration where open is the air, close (short) is a metallic strip and
load is a meerial with known dielectric constant. For this work, water was used for
the load calibration. The calibration normalizes the phase changes and magnitude of
the probe and cable so that the reflection coefficient normalized to the reference plane
at the flange of the probe is measured by the VNA. The presence of the flange at the
end of the probe ensures that the ground plane is large enough to be considered an
infinite ground to the electromagnetic fields that radiate from the probe end. The
measured refléon coefficient is used to derive the permittivity of the material being
tested by the DAK software with the method present¢@3h

The applicable range of frequencies and dielectric properties which can be accurately
measured is determined by the size of the probe which should be such that the
electromagnetic fields from the probe end are coupled to the sample being measured
without appreciable radiation into the sample. If the probe is very small compared to
the wavéength in the sample, it will not couple fields sufficiently. This will make it
appear as an open circuit irrespective of the sample being measured. On the other hand,
a very large probe would lead to radiation into the sample which would lead to a

reducton in the sensitivity of the measurement.

The Dielectric Assessment Kit and measurement set up are shown in Fig. 3.17

Fig. 317 Measurement of Skin Dielectric Parameters with the DAK
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The diversity study of the skin mounted RFtBgs discussed in Chapter 6 was
conducted with a VICON motion capture systgd]. The systems consists of 8
synchronized infrared ogeras which enables the accurate location of the tags and the
reader by tracking the reflective markers placed on them. Based on these locations,
the X, y, z coordinates of the markers are generated by the motion capture software.
The coordinates can thée used to calculate the angles between the RFID reader and

the tags using trigonometry.
3.5 Summary

This chapter has discussed the transfer tattoo tag presented in this work. The CST
microwave studio simulator used for modelling the tag has been prsdihis
includes the selection of the appropriate solver for UHF RFID tags. The process the
simulator uses to solve the models as well as settings chosen to ensure accurate
simulation results were also presented. The Aaygred phantom used to model the
human body was also introduced in this chapter.

Also introduced in this chapter was the fabrication of the transfer tattoo tags. The
initial prototyping of the sample with the wet etching of a copper clad Mylar sheet was
discussed. The inkjet printing tifie transfer tattoo tags was also introduced in this
chapter. This includes the printer that was used for the fabrication of the tags in this
work, the printing process, the transfer tattoo paper used and details of the conductive
ink used. The ideal sinieg temperature of 13% and sintering time of 30 minutes

was also identified. This is due to the thermal limitations of the substrate. Some
limitations of inkjet printing was also discussed in relation to transfer tattoo tags such

as limited substrateskection and issues with printing resolution.

The equipment used throughout this work were also presented in this chapter. This
includes the Voyantic Tagformance kit, the DAK and the Vicon motion capture
system. The look into the equipment covered theidenof operation, calibration

schemes and steps taken to ensure accurate measurements results.
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CHAPTER 4

INKJET PRINTED EPIDERMAL RFID
TAGS

This chapter considers the printing of epidermal fieEamnmttoo tags with a focus on
the printing parameters and considerations including the effect of the number of
deposited conductive ink layers on the performance. Tag performance on different
individuals and placement on different parts of the bodysis @kamined. Techniques

for ink usage reduction are also presented in this chapter.
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4.1 Introduction

The utilization of RFID technology for the location tracking of people and their
activities is widely reported in the literature. This includes trackirsgcure locations
monitoringandaccess control to restricted areas. RFID technology has also been used
for making secure payments for transacti@lis [2] and tickets for transportation
systemg3]. In these stated scenarios, the tags are rarely used directly on body instead
being embedded in other items (e.g. in ID cards and wrist bands for tracking and access
restriction, and in bank cards and mobile phones for payments). The attra&fibo

tags for direct use on body arises because of the convenience and potential interface
with other onbody devices. However, body mounted tags are preferablnvasive

and it is particularly attractive for tags to be temporary rather than RFIB ttf@pare
implanted under the skiklnlike wristbands, bdy mounting also offers an additional

layer of security because tags cannot easily be transferred from one person to another.

Further to the uses mentioned above, there is potential for growth apptication of

cheap and readily available tags. In order to achieve this low cost objective, there has
been research into various means of fabricafijn [5] and [6]. Other mean®f
lowering the cost of tags, for instance by appropriate substrate selection have also been
examined7], [8], [9] and[10]. One such means féabrication of RFID tags is inkjet
printing technology which has been gaining popularity in recent years. This is because
of unique features that enable low cost fabrication including the possibility of
multilayer deposition of identical or different fldavith unique spatial resolution, the
ability to make digitally defined patterns without masks as required by many other
printing methods, and thus making it a rapid prototyping technology. Also inkjet
printing offers compatibility with ecological and poosubstrates like paper which

could not be used with corrosive etching chemicals.

Presently, the possibility of using inkjet fabricated RFID tags directly on body has not
been exploited in depth as most tags are separated from the body by a dielectric
material or an air gafll], [12] and[13].

The purpose of this chapter is to present an epidermal RFID tag printed on a transfer
tattoo paper wit a very low profile of a few microns. The use of inkjet printing affords
flexibility of the tag hence causing minimal discomfort when attached to the body.



65

The tag can also be attached to most parts of the body while maintaining appreciable
read range. Tdnwork presented in this chapter shows the use of inkjet printing as a
digital fabrication tool for the cost effective manufacture of RFID tags orclust/
flexible porous substrat¢$4], and the effect on tag performance of trimming off areas

of low current density on the tags in order to reduce the volume of ink used in tag
fabrication is presentefd5]. Also ink volume reduction is achieved by the use of
gridded designEL6].

The layout of thischapter is as follows: Section24presents general tag printing
conditionsand considerations. In SectiorB4he effect of the layer thickness of the
deposited conductive ink is discussedmsbme simulated and measushstudies
presented. Section4lexamines the performance of the tag when used on different
people with the focus on the variations in the measured dielectric properties on the
different individuals. In Section.8, the effet of the location of the tag on the body

in terms of tagead range is examined. Sectiof oks at the various techniques that
can be used to minimize the amount of ink used in tag fabrication as well as
comparison of how they perform in relation toleather. The lsapter is concluded in
Section 47.

4.2 Inkjet Printing of Tattoo RFID Tags

The setup for the inkjet printing of the tags is as stated in Chapter 3, where in order
for an optimal print, a 20um drop spacing was used for fabrication. Tdsschosen

as results indicated this drop spacing achieves a balance between good performance
and volume of ink. This is important because smaller drop spacing, hence increase in
conductive ink volume, does not always lead to an appreciable improvemagt in t
performance but does lead to increased fabrication [da§tsThis isin contrast to one

of the main objectives of this work which is low cost of production. The drop spacing

is the centrdo-centre distance of two consecutive ink drops (Fig. 4.1). Fig. 4.2 shows
the effect of sintering time on the obtainable resistivity of the tattoo tags for 15 pum
and 20 um drop spacing for single and double layer of deposited conductive ink

Resistivity meastements were done with apbint probe on 1cm x 1cm squares and
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0.8mm x 0.5mm linedMeasurements werabtained by collaborators at the Organic

Materials Innovation Center (OMIC), University of Manchester and reportddjn

15um -» 20um

Fig. 41 Drop Spacing of 15um and 20pm
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resistivity printed silver/resistivity bulk silver

Fig. 42 Electrical Performance &ampleswith Different Drop Spacing and Thickas [18]

An appropriate sintering temperature and time ensures evaporation of the ink solvent,
good sintering of the silver nanoparticles (formation of bonds between the
nanoparticles) and hence good conductivity and flexibility of the transfer tattoo tag
Observation shows that the optimum sintering time is 30 minutes due to the
temperature tolerance limitations of the transfer tattoo paper. Fig. 4.2 is a plot of
increasing resistivity values with respect to bulk silver for tag samples after sintering
for 30 minutes. After this time, only the double layer tag with 15um drop spacing
experiences further reduction in resistivity or port to port resist#ftes.45 minutes

of sintering, the single layer tags showed a rapid increase in resistivity. The éncreas
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in resistivity is more gradual for the double layer tags after this #muen Fig 4.2,

the conductivities of the samples were obtained as presented in Table 4.1.

TABLE 4.1 CONDUCTIVITY OF PRINTED TAGS BY DROP SPACING (DP)
AND THICKNESS [18]

Conductivity (S/m)
Sintering Time 15um dp 15 dp pm 20 dp pm 20 dp pm
1 Layer 2 Layers 1 Layer 2 Layers
15 mins 1.10E+06 1.57E+06 1.37E+06 1.57E+06
30 mins 1.57E+06 2.73E+06 1.66E+06 1.70E+06
45 mins 2.33E+06 3.14E+06 1.57E+06 1.57E+06
60 mins 3.70E+05 8.98E+06 4.34E+05 4.49E+05

Apart from sintering time, the temperature should also be considered. It is important

to understand how high a temperature the substrate can withstand and for how long to

avoid damage to the substas indicated in Fig. 4.3. The robustness of a printed tag

could also be compromised because even though the sample obtained could be

conductive, it would be brittle with poor flexibility. This will make it unsuitable for

use on body where tag flexibiliis essential.

Fig. 43 Effect of Excess Sintering Time and Temperature on Transfer Tattoo Paper
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The required sintering time and temperature is also dependent on the silver
nanoparticle ink used as various inks have diffemrdporation rates. Inks also
interact differently with different substrates hence the need to match ink properties to
the properties of the substrate. Fig. A49] shows the interaction between an ink and
two different substrates (Transfer Tattoo pgé] and PEL Nand?60 paper (PEL
paper)[21]) where identical sintering temperature was used%C%0In the case of

the tattoo paper, SEM images show that no sintering took place even after 60 minutes
of heating. On the other hand, sintering of the nanoparticles of the silver ink is

observed on thBEL paper after 15 minutes.

The viscosity of the ink also plays a factor in the quality of the print. A low viscosity
results in severe wetting of the substrate which leads to poorly defined patterns,
Fig. 4.5.

(b)
Fig. 44 Ink Sintered on (a) Tattoo paper (b) PEL paper [19]
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Fig. 45 Poorly Defined Pattern due to a Low Viscosity Ink

4.3 Effect of Number of Conductive Ink Layers (Total
Thickness) on Tag Performance

4.3.1 Simulated Effects

From the conductivity values presented in Table 4.1, the transfer tattoo tag
performance can be assessed by simulation. With this, the efficiency, retuandoss
frequency behaviour of the tags can be modelled in CST using the arm phantom
described in Chapter 3. Fig. 4.6 shows the efficiencies of the tag when the drop spacing
and thickness are varied. These efficiencies can be comparedd.tdB efficiency

obtained by a tag made of bulk silver

(@
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Fig. 4.6 shows that the best radiation efficiency is obtained from the 2 layer tag with

15um drop spacing. This tag showed improving efficiency with increasing sintering
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time with a peak efficiency 6fL4.4dB after 60 minutes. The single conduetiayer

ink showed the same trend up to 45 minutes with a reduction in efficienty.8uB

when the sample had been sintered for an hour. The change in efficiency over sintering

time is less noticeable in the 20 um drop spacing tags with an almostnunifo

efficiency value for the first 45 minutes (betwe#&b.02dB and14.94dB for the single
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layer tag and14.98dB and14.92dB for the 2 layer tag). This is followed by a drop

to -15.7dB after one hour. Comparison of the efficiencies after 30 minutestieslic
that the 15 um drop spacing 2 layer tag has the best efficiency. This is followed by the
20 um drop spacing tags with 2 layers of conductive ink with an efficiend/AddB.

In order to improve the efficiency, an additional layer of ink can be adsied the

same drop spacing.

Fig. 4.7 shows the effect of sintering time on the resonance frequency of one and two

conductive ink layer transfer tattoo tags printed with 15 um and 20 um drop spacing.
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Fig. 47 Effect of Ink Layer Thickness on Resonance Frequéaxi5um dps 1 Layer (b)
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Pure bulk silver is used as a reference for the simulated resonance frequency for the
tags. In all cases, the tags show a deviation from the 867MHz design frequency. The
shift in resonance reduces with increasing sintering time as the conductivity of the tag
improves. This is best illustrated in the 15 pum dp 2 layers tag (Fig. 4.7 (b)). Due to the
reduction in conductivity after sintering for an hour, the simulated resonance
frequency of these tags reduced after an hour. The biggest deviation in frequency is
seen in the 15 pm 1 layer tag (Fig. 4.7 (a)) with a simulated value of 849MHz, an
18MHz reduction. For both 20 pum tags (Figs. 4.7 (c) and (d)), the effect of prolonged
sinteing time is less evident with an almost identical resonance frequency for the first
45 minutes. This is followed by a 16MHz reduction after one hour. The Return loss

values are shown in Table 4.2.

TABLE 4.2 SIMULATED RETURN LOSS OF PRINTED TAGS BY DROP
SPACING AND THICKNESS

Return Loss, § (dB)
Sintering Time| 15um dp 15 um dp 20 um dp 20 um dp
1 Layer 2 Layers 1 Layer 2 Layers
15 mins -11.00 -11.44 -11.28 -1144
30 mins -11.44 -12.00 -11.50 -11.53
45 mins -11.88 -12.18 -11.44 -1144
60 mins -9.49 -13.00 -9.73 -0.78

4.3.2 Measured Effects

In order to have a more-uepth study of the 20 um drop spacing tag performance,
three samples were fabricated with respectively 1, 2 and 3 layers. The thickness of a
sinde layer 20 um drop spacing tag is less than half of the skin depth at the UHF RFID
frequency which is about 3.7 pmh8]. This is roughly equal to the thickness of two
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layers 20 um dp of conductive ink and ab@5% of the thickness of a tag with 3
layers. Therefore having a tag printed with 20 um drop spacing with at least two layers
of conductive ink would ensure that the skin depth requirements (at least 3.7 pm
thickness) are met and conductor losses anecest

i DC Resistance Measurement

The electrical performance of the tags was assessed by taking DC resistance
measurements at the tag ports with a multimeter, FigT4i8.was done in order to
enable a quick and convenient assessment of the qualitg pfinted samplesA low

DC resistance value indicates a good quality print with good conductivity.

Fig. 48 Effect of Ink Layer Thickness on Resonance Frequency

The relationship between the measlDC resistance and numluzé tag ink layers is
shown in Fig. 4.9.
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Fig. 49 Measured DC Resistance of Inkjet Printed Tag of Transfer Tattoo Paper
Dot Spacing = 20 um

There is a steady decrease in the tag port DC resistance with increasing ink layers
where one layer tag had anaverage si st ance of 14 Y. Thi s
additional layer was added. A further 30% reduction in measured DC resistance was

observed when a third conductive ink layer was added to the design.

il. Read Range

The attachment of the ASIC to the printednsfer tattoo tag was achieved with
adhesive tape and further enhanced by using point pressure. A thin adhesive layer of
about 5um was placed on top of the printed tag and then attached to the skin. The
backing paper of the transfer tattoo paper wasedettith ordinary water in order to
facilitate separation of the thin polymer layer from the paper. This is left to sit for a
few seconds after which the backing paper is carefully peeled off leaving only the
printed antenna sandwiched between the adhesige¢he ink receiving PVA layers.

This procedure is illustrated in Fig. 4.10.
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Fig. 410 Application of Transfer Tattoo Ta@) attachment of ASIC to printddg (b) 5um
thick adhesive otransparent film (c) adhesiapplied to printed tag (d) removal of adhesive
from printed tage) printed tag with adhesivayer (f) printed tag mounted on arm (g) back
of transfer tattoo paper wetted (h) backing paper desfle(i) printed tag transferred on arm.

The read range measurement procedure is as described in Chapter 3. Fig. 4.11 presents
the measured read range for the 3 and 5layer transfer tattoo tags. The presented

results are an average of three conseeutieasurements.
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Fig. 411 Measured Read Range of Transfer Tattoo Tags

From Fig. 4.11, the read range obtained from the single layer tag at 867 MHz was just
48cm. On the addition of an additional ink layer, there was an ircreasad range

by 10% to 53cm. For the three layers of conductive ink, a measured read range of
60cm was measured. This is an increase of 12cm when compared to the initial single
layer tag. Increasing the number of layers to 5 sees the read range ibgréase to

67cm. Howeverconsideringhe volume of ink used to achieve this, it is not deemed

to be economically viable given the only 12% increase in read range from that
achieved with 3 layers. However, it can be concluded that the read range afsfiertr

tattoo tag increases with reducing DC resistamzkincreasing conductivity

Apart from the increased read range, three layer tags have the additional advantage of
good robustness and hence can be used in harsh environments as will be demonstrated

in Chapter 5.
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iii. Transmitted Power

The effect of the layer thickness on the transmitted power from the RFID reader was
also measured. This is the required power the RFID reader sends to the RFID tag in
order to receive a backscattered signal as a fumct tag thickness. The measured

results averaged over 3 measurements are presented in Fig. 4.12.
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Fig. 412 Measured Transmitted Power of Transfer Tattoo Tags

From Fig. 4.12apart from the 5 layer tathe least transmissiggower from the reader
at 867 MHz was for the 3 layer tag. The measured transmitted power for this tag was
26 dBm. Decreasing the thickness of the conductive ink results in an increase in
transmitted power with a 1 dBm increase measured for the 2 layandag further 1
dBm increase also measured for the 1 layer tag (27 dBm and 28 dBm respectively).
Maintaining a low transmitted power is desirable in scenarios where there are power

constraints such as in handheld RFID readers which rely on batteries.

In the reverse link, the highest measured backscattered power received by the reader
at 867 MHz was from the 3 layer tag with a value-®f.4 dBm. There is also a
proportional relationship between the transfer tattoo tag thickness and the received
backscttered power with the received backscattered power measur&8.ZsdBm
and-60.3 dBm for the 2 and 1 layer tags respectively.
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4.4 Tag Performance on Different Individuals Due to
Variations in Body Electrical Properties

Bearing in mind that attributes&uas the electrical properties of the human body vary

on an individual basig2], it in inevitable that the transfer tattoo tag which is so close

to the body will have performance dependent on specific person on which it is
mounted. The electrical properties of thelpare affected by factors such as the skin
thickness which is influenced by environmg8] and ethnicityj24]. Also the density

of the underlying fat tissues, muscles and bone in the area being considered can affect

the electrical properties of the bo[#b].

The aim of this experiment was to establish the degree of influence these variations
have on the performance of the transfer tat&go For the purpose of this experiment,
therelative permittivity and conductivity of the arm region where the transfer tattoo
tag was mostly placed was considered. A probe based dielectric dysterhmid &
Partner Engineering A{27] was usedThe operation of the equipment is as discussed

in Chapter 31t should be noted that the reflection coefficient nnead by the probe

is composed of multiple reflections from the tissues underneath the skin and hence the
presented results are not solely that of the skin. This is because of the penetration of

the electric field of the probe into the underlying deepesué&g26].

Ten individuals participated in this experiment. These individuals were chosen to
represent diverse body types. Physical observation showed that the individuals had
different levels of fat and muscle density in their arms and this mteantthe
circumferaces of their arms were different. The tag placement and position of the
probe was on the same location on the arm in all of the individuals and it was ensured
that the end of the probe was as flat as possible on the skin in order to eliminate the
possibilty of air gaps. The Measured results are presented in Table 4.3. While the
measured relative permittivity and conductivity plots are shown in Figures 4.13 and

4.14 respectively.



TABLE 4.3 MEASURED DIELECTRICVALUES
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User Arm Relative Conductivity  Body Type
Circumference Permittivity (S/m)
(cm) (A
User 1 32 35.75965 0.50635 Very low fat
User 2 26.5 34.2291 0.4949 Normal
User 3 25 31.1189 0.4767 Normal
User 4 24.5 30.49095 0.43865 Slightly fatty
User 5 27.5 27.6384 0.3408 Fatty
User 6 26.5 32.79975 0.486 Normal
User 7 31 27.52105 0.38585 Fatty
User 8 24 32.84875 0.48895 Normal
User 9 32.5 31.1712 0.4386 Slightly fatty
User 10 25.5 34.39005 0.51 Very low fat
100
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80
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:E 70 User 2
E 60 User 3
€ User 4
E(IT.) >0 — User 5
% 40 ~ User 6
F 30 — User 7
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Fig. 413 Measured Body Permittivity of 10 Indivichls
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Fig. 414 Measured Body Conductivity of 10 Individuals

The measurement results show that the individuals observed to have higher fat content
on their arms had lower permittivity and conductivity values than the other
participants. In contrast, individuals with higher muscle derfityer fat)in the arms
compared to fatty tissues had higher permittivity and conductivity values. The
presented arm circumferences in Table 4.3 was to indicate the physical differences in
the ams. However, as indicated in Figs. 4.15 and 4.16, there is no direct correlation
between the arm circumference and the measured results. This is because the arm
circumference (and measured results) is determined by the prevalent tissue in the arm
(muscle o fat). An example of this can be seen in User 9 who was observed to have a
higher fat content in the arm and with a circumference of 32.5 cm at the measurement
point, has a lower dielectric and conductivity value than User 1 with almost same arm
circumfeence (32 cm) but who was observed to be more muscular. On the other hand,
User 9 also has lower measured values than User 10 with a smaller arm circumference
(25.5 cm) and who was observed to have lower fat content and more muscular arm.
The shielding, oftack of, of the dense bone in the arm by the overlying tissue could

also be a factor in the measured results.
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Fig. 416 Effect of ArmCircumference on Relativonducivity

Fig. 4.17 shows the plot of the relationship between conductivity and relative

permittivity.
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Fig. 4.17shows a near linear relationship between the measured relative permittivity

and conductivity of the individuals at 867MHz. From this plot, an approximate value

of permittivity can be found for a given conductivity and vice versa. This is useful for

the modellhg of a human phantom for use in tag design.

The effects of the diel

ectri

c

properties

can be sen in Figs. 4.18 and 4.1®leasurements indicate an inverse proportional

relationship between the measured raamge and the measured parameters

(permittivity and conductivity). From the presented graphs for the individuals used for

this measurement, 1% increase in the conductivity leads to a 1.5% decrease in the

measured read range of the transfer tattoo tag.rdteeof reduction in read range

decreases to 1.1% for a 1% increase in permittiVhe. references for the conductivity

and permittivity values are taken from the minimum measured results which are
0.3408 and27.52105 respectively as shown in Tabl&. 4or the read range,

transmission power and backscattered power, the references are taken from the

corresponding values at the minimum measured dielectric value i.e. conductivity or

permittivity.
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The effect of the relative permittivity and conductivity on the transmitted power

from thereader is shown in Figures 4.20 and 4.21



Percentage Tx Power Change (%)

Percentage Tx Power Change (%)

40.0

35.0

30.0

25.0

20.0

15.0

10.0

o,
o

o
o

85

e y = 0.8389x + 8.8335

o
o

30.0
25.0
20.0
15.0
10.0
5.0
0.0
-5.0
-10.0
-15.0

5.0 10.0 15.0 20.0 25.0 30.0

Percentage Permittivity Change (%)

Fig. 420 Effect of Conductivity on Transmitted Power

35.0

.- y = 0.6605% 11.744

0.3

10.3 20.3 30.3 40.3 50.3

Percentage Conductivity Change%o)

Fig. 421 Effect of Permittivity on Transmitted Power

60.3

Fig. 4.20 shows that the transmitted power from the reader increases with the

permittivity value. A 1% increase imeasured permittivity leads to an increase in

transmitted power by approximately 0.8%. For increasing conductivity, this increased

transmissiorpower by about 0.67%, Fig. 4.21

A factor in the change of read range observed for the different individuaks shift

in frequency. RFID tags are usually designed at overly high frequencies in free space
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so they will become resonant at the desired band when they are loaded by the mounting
platform. However to compensate for the variable tissue permittivitiesjeaband

RFID tag is recommended so that an acceptable read range can be obtained even when
there is a shift in the designed resonance frequency.

The simulated effect of the measured dielectric properties of the bdtig teg
resonance frequency shavn in Figures 4.22 and 4.23
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Fig. 422 SimulatedEffect of Conductivity on Transfer Tattoo Tag
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Fig. 423 SimulatedEffect of Permittivity on Transfer Tattoo Tag

From Figure 4.22it can be seen thaariation in the conductivity of the skin does not
lead to change in frequency but rather affects the match of the antenna with the chip.
This means that the efficiency of the antenna will be affected more by an increased
conductivity. On the other hanegriation in permittivity ledo shift in frequency. Fig.
4.23shows decreasing frequency with increasing permittivity with minimal change in

return loss.

4.5 Effect of Tag Location on Measured Read Range

Although most of the measurements for the epidétransfer tattoo were taken with

the tag placed on the arm, its use is not limited to the arms and the performance on
other parts of the body was assessed. The same measurement procedure was used for
measurements on the chest, forehead and stomacheanteisured e&l ranges are

given in Fig. 4.24
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Fig. 424 Tag Read Range in Different Parts of the Body

The results show that the best read range is obtained from the tag when it is placed on
the abdomen. This is followed by tBe62 metres read range obtained when the tag
was placed on the chest. No read was obtained from the tag in the UHF RFID band
when it was placed on the forehead due to a severe frequency shift because of the very
dense nature of the head with the presefiskin, skull, brain and cerebrospinal fluid.
Since this tag was not modelled for these tissue conditions, it could be retuned to
operate at the UHF RFID frequency on the forehead by simulation on an appropriate
head phantorf228].

4.6 Ink Usage Minimization Techniques

In order to achieve low fabrication costs, it is desirable to utilize minimal conductive

ink volume. Several technigues can be used as follows:

I. Selective deposition on conductivéian high current areas of the tag
il. Removing low current density areas of the tag and

ii. Use of gridded designs.

The following sections will examine the effect of these methods on the performance

of the inkjet printed epidermal tattoo tags.
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4.6.1 Selective Dgosition on Conductive Ink on High
Current Areas of the Tag

Simulation results indicate that the highest current density region occurs around the
feedline. In accordance with this, tags that were fully printed with two layers were
overlaid with additionalayers over just the feedline and port area. The region of
additional conductive ink layer on the tagshown irblack in Fig. 4.25

Additional Layers

Fig. 425 Selective Deposition of Conductive Ink

The percentage change (increase) in raade of these tags compared to the full three
layer tags are shown in Fig. 4.Jte result is referenced to a 3 layer tag.
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(2 full + 1 layer FL & PT) (2 full + 2 layers FL & PTJ2 full + 3 layers FL & PT)
Number of Layers

Fig. 426 Percentage Read Range of Selectively Deposited Conductive Ink Tags
(FL & PT = feedline and qrts)
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When a single layer of ink is added to the area around the feedline and ports a 9%

increase in measured read range is observed. The improvement continues to 26% for
3 layers on the feedline.

Fig. 4.27 shows the relationship between the achieved raadge and the used

conductive inkwith reference to a full 3 layer tag
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2 full + 1 layer FL
& PT

~
~

Percentage Read Range (%)
=
o

Measurement error

105 T r r T T
70.5 71 71.5 72 72.5 73 73.5
% Silver Nanoparticles

Fig. 427 Relationship between Utilized Ink and Achieved Read Range of Selectively
Deposited Conductive Ink Tags with Reference to a Full 3 Layer Tag

Fig. 4.27 indicates that each subsequent layer added to the feedline and ports

represents a 1% increase in the overall conductive ink quantity used for the tag
fabrication.

4.6.2 Trimming of Low Current Density Areas of the Tag

In this technique, instead @fkinting additional layers in regions with high current
density, areas with low current density are removed. This reduces the overall tag
surface area while not severely interfering with the flow of current. Two examples of
this method wassedto demonstte this. These were designagsdTrim 1 and Trim

2, Fig. 4.28Trim 1 has 48% of its surface area removed while Trim 2 has 65% of its
surface area cut.
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(b)

Fig. 428 Trimmed Tagga) Trim 1i 48% Trimmed (b) Trim 2 65% Trimmed

These tags were also printed with a 20 um drop spacing and three layers of conductive
ink. This means that they can be directly compared with the full 20 um drop spacing

tags with three layers of conductive ink.

The simulated efficiencies ofdliags are compared in Fig. 4.29
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Fig. 429 Efficiencies of the Trimmed Transfer Tattoo Tags
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From Fig. 4.29it can be seen that the efficiency of the tag reduces with increasing
trimmed area. Trim 1 had a reduction in effiig by 0.4dB when compared to the
full tag. A further reduction was seen when the trimmed off area was increased by
65% resulting in an efficiency 614.6dB. This is in comparison with the full tag that

had a simulated efficiency ef4dB.

The effect of he trimming of the tags on the measured read range is presented in
Fig. 4.30
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Fig. 430 Measured Read Range of Trimmed Tags

The trimming of the tags led to a reduction in measured read range. This can be linked
to the rediction in efficiency which was initially observed. As expected, the lowest
read range was obtained by the tag with 65% of the surface area cut. Trim 2, had a
measured read range of 45cm at 867MHz, a reduction by 16cm (25%) when compared
to the full tag. Tim 1 had a better read range of 53cm which translates to a reduction

of 11% compared to the full tag.

The effect of trimming the tag on measured transimmspower is shown in Fig. 4.31
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The results show an increasing measured transmission power for the trimmed design
with increasing trimmed off parts. This indicates that as the surface area of the tag was
reducing, the reader needed to increase the transmit powérrnemeler to get a
response. Trim 1 resulted in an increase in transmitted power at 867 MHz by 1.12 dBm
from the initial 26 dBm measured for the full tag. The measured transmitted power for

the Trim 2 tag at the stated frequency is 28.8 dBm.

The last pammeter examined for the trimmed tag is the backscattered pawen is

presented in Fig. 4.32
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Fig. 432 Measured Backscattered Power of Trimmed Tags
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Measurement indicated that as the trimmed area is increased, the measured
baclscattered power from the tags reduced. The least backscattered power was
received from Trim 2 with62 dBm measured. This is a reduction bggEEm from the
backscattered power of the full tag. Trim 1 tag had a measured back scattered power
of 60dBm.

The guantification of the mass of ink and silver nanoparticle used for each of the tags
was also computed. This was obtained from the manufacturer quoted silver content of

the ink as 35%. The results of this quanéfion are presented in Fig. 4.33
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0.25 Nk

m Silver Nanoparticles
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Tag Design

Fig. 433 Mass of Silver Nanoparticles and Ink Utilized Per Tag

The total mass of conductive ink used for the fabrication of the full transfer tattoo tag
was calculated to be 0.287Of this, the silver nanoparticles consist of 0.9:A/hen

the tag conductive surface is reduced by 48%, Trim 1, the total mass of silver
nanoparticles used for the fabrication of the sample is @038is represents a 49%
reduction in total silver nanoparticle utilized for the fabrication. For Trim 2ictiad

mass of silver nanoparticles used was calculated to be §.@26ch is just 34% of

the silver content of the original tag.
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4.6.3 Use of Gridded Designs

The use of gridded antennas has been reported in the literature. The purpose of these
gridded designs (also known as meshedtbeeugh or transparent) is for reasons
ranging from conformance with the surrounding 42€4, reduction of area used by
antenna given space constraif@6], and reduction in fabrication material volume

which was the case [81].

For the study of grids as a means to reduce ink volume, swgrdewill be considered.
Grid 1 is a mesh with 0.2mm wide grids and 5mm spacing with 4 horizontal grids in
the high surface currerdrea around the slot, while Grid 2 has 1mm wide grids with
5mm spacing and 4 horizontal grids in the area around thd kéotlesigns are shown

in Fig. 4.34
H I

(b)
Fig. 434 Gridded Designga) Grid 1 (b) Grid 2

As before, the performance of the gridded tag is assessed by achieved read range,
reader transmitted power and backsad powereceived from the tag. Fig. 4.35
shows the measured read range.



96

80
E’\i 70
S 60
c
©
O 50
©
o
>
& 30
c
g 20
(O]

o 10

0

Grid 1 Grid Design Grid 2
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Fromthe values presented in Fig 4,8%xan be seen that of Grid 2 with the wider grid
widths, achiees a read range of about 71% of the full tag. Grid 1 yielded about 48%
reduction in the original measured read range.

The readetransmission power in Fig. 4.3®ows an increased transmitted power for

both grids with the highest increase of 26% measwedfid 1. Grid 2 has a 19%
increase in transmitted power.
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Fig. 436 Percentage Increase in Transmitted Power
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The effect of the gridded design on the backescatt power is shown in Fig. 4.37
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Fig. 437 Percentage Backscattered Power

The measured backscattered power from Grid 1 has a 3.5% reduction when compared
to the full tag. This value is 4% for Grid 2.

The quantification of the silver nanoparticle useddmth Grids is shown in Fig. 4.38
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Fig. 438 Mass of Silver Nanoparticles and Ink Utilized Per Gridded Tag
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From Fig. 4.38it can be seen that considerably less ink was used for the fabrication
of the gridded tags than was used to print the full tag. For Gaely 0.021g (28%

of the mass used for the full tag) of silver nanoparticle was used in printing the tag
while 0.03g (44% of the mass used for the full tag) of silver nanoparticles was used
to fabricate Grid 2. These indicate a significate reductiamkintilization even though

it came at a cost of slightly reduced read range.

A summary of the obtainable read range and utilized silver nanopatrticles by each tag
with reference to the full tag is presented in Table 4.4. The figure of merit was defined
asthe ratio of the achieved percentage read range with respect to the percentage of
conductive ink used for the fabrication of the sample with reference to a full 3 layer
tag. Using this approach, a high figure of merit is desirable. )25 tised to illugate

the tags fabricated by selective ink deposition widlenoting the number of additional

layers on the feed line (I<O3) and 2F represents 2 full layers of conductive ink.

TABLE 4.4 COMPARISON OF INK UAGE MINIMIZATION TECHNIQUES

Tag Ink mass Ag Nanoparticle Mass Read Range Fig of Merit
Design (%) (%) (%)

Trim 1 51 51 88 1.72
Trim 2 35 34 75 2.14
Grid 1 27 28 52 1.92
Grid 2 44 44 71 1.61
2F+1 71 71 109 1.54
2F + 2 72 72 117 1.63
2F +3 73 73 126 1.73

Results from Table 4.4, show that the tags with selectively deposited ink on the
feedline and port provide the best read rafidgs however comes at a cost of higher
conductive ink quantity use. This accounts for the low figure of merit for these tags
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with the best being the tag with 3 additional layers on the ports and feedline with FoM
of 1.73. The highest read range of 88% whtained from the Trim 1 tag. However,

the trimmed conductive area tag with 65% of its conductive area removed (Trim 2)
provided the best conductive ink use and achieved read range balance with the highest
figure of merit of 2.14. The least ink utilizatievas realized with Grid 1 although this

also resulted in the most reduced read range measured from any of the tags. Grid 2
was able to achieve 71% of the read range of the original tag with 44% of the
conductive ink used for the full 3 layer transfer tattag. The use of the grid designs

as a transfer tattoo tag could also be of concern as the thin grids may be a source of

tag performance degradation if a break occurs.

From the presented results, a good tag design may be achieved with a combination of
Trim 2 andthe two full layers with one additional layer on the feedline printing

technique.

4.7 Conclusions

This chapter has presented the inkjet printing of epidermal transfer tattoo RFID tags.
The printing conditions of these tags in terms of sintdiing and temperature as well
and the spacing between each drop of ink deposited on the transfer tattoo paper were

considered.

The effect of the thickness of the deposited conductive ink (related to the number of
ink layers) on the performance of the tri@nstattoo was also discussed. The
performance was assessed in terms of effect on tag efficiency, resonance frequency
and return loss. Additionally, the DC resistance measurements of these tags were
carried out as well as read range, reader transmitte@rpamd tag backscattered
power measurements. It was shown that tag performance improved with each

additional conductive ink layer.

The influence of variations on in body dielectric properties were also presented.
Measurement results showed variations mdkelectric properties of the body of 10
individuals. These variations led to variations in measured read range for the

individuals. Simulation results confirmed the effect of conductivity and permittivity
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of the skin on the tag. Increasing conductivibynped to a decrease in efficiency, while
increasing the permittivity of the body led to a reduction in resonance frequency. Both
show how they can play a role in the reduced read range observed during
measurements. The measurements indicated that repedatthe tag reduced by 1.1%
(about 6.5mm) for every 1% increase in the relative permittivity of the body. On the
other hand, a 1% increase in body conductivity resulted in a 1.5% reduction (about
9mm) in measured read rangeedéurement results when tteg was placed on
different parts of the body also showed variations in measured read range.

Methods to reduce the volume of ink used for the fabrication of the tags were also
examined in this chapter. These include the selective deposition of ink where
simulation showed high current density existed, or trimming off parts of the tag with
low current density, and application of meshed designs. These results showed that
reasonable read range results can be achieved with a reduction in the amount of ink
used.The best read range was achieved when the surface area of the tag was reduced
by 48%. Although a 71% read range was obtained from one of the gridded tags, there
are concerns about the robustness of this tag because of the thinegidrim 4.39

shows asummary of the performance of the ink reduction techniques.
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Fig. 439 Comparison of Ink Reduction Techniques
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CHAPTER 5

TRANSFER TATTOO TAG PRINTING
DEFECTS AND TAG ROBUSTNESS
STUDY

In this chapter the effects of defects arising from inkjet printing as well as printing
tolerances on inkjet printed epidermal RFID tags are examined. The sources of these
defects in the printed tags are also discussed. The effects of typicadtgealefects

are studied by simulation and measurement using an etched copper sample. A
robustness test of the tattoo tag is also examined by testing tag read range over a period
of time intervals andinderdifferent conditions. The effect of sweat o tiag is also

tested and a more controlled study is carried out using saline solution which has a
consistency close to sweat to determine the role mechanical friction plays on the

degradation of tag performance during use.
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5.1 Introduction

The formation deformities in Inkjet printed samples is widely reported in literature
[1] 7 [12]. The authors if4] and[5] examined the influence of the substrate surface
energy and the ink surface tension the resolution of printed conductive features on
flexible substrates. These need to be tuned in order to obtain good quality prints. Also,
the dot spacing and 4itight droplet diameter also affect the quality of the print.
Soltman and Subramanian[ifi demonstrated the effect of different drop spacing and
temperature on the structure of printed conductive tracks. They also examined the
influence of substrate temperature oe formation of the coffee ring effect (Fig.
5.1[3]) by deposited conductive ink drops. The dynamics of drying drops of fluid was
investigated by Deegaat al in [9] in which they proposed the evaporati@te
distribution theory. This study gives more insight into the formation of the coffee ring
due to the action of evaporation of fluids.

Studies hve also been conducted specifically on inkjet printed conductive traces on
various substrategd 3] i [17]. These studies have looked into the factors that affect
the resolution and quality of printenductive tracesn these substrateSome of

these factors as noted if13] include the wettability of the substrate, the
hydrodynamics of the jetted micdboplets and the volatility of the constituentshe

ink. Fig. 5.2 shows the influence of the substrate surface energy on the resolution of
printed conductive tracks as well as the interaction between the substrate and a drop
of water as illustrated in that work. Further issues with printed trackieasfied in

[1] include: (i) Fluid mechanical instability which leads to the ink moving during or
after printing. The result of this motion is a significant loss in shape which can
significantly afect the functions of printed elements. (ii) Adhesion and mechanical
stability which is a concern when the printed track does not attach to the substrate on
which it is printed. The effect of various drop spacings on a printed tag is shown in
Fig. 5.3[7].

These variations in print quality and resolution are of concern because of the presence
of a thin feedline in the epidermabnsfertattoo tags. It was noted [48] that the

width of a printed line can increase by as much as 25% after printing due to the

spreading of the ink drops. As the matching of the antenna impedance to the

impedance of th ASIC is done around this sensitive region, poor printing quality in



10€

this region will have an effect on the tag operation in the form of poor matching and
frequency shift. The effects of these defects on the performance of the printed antenna
and RFID tag are not widely reported. This will be part of the focus of this chapter.
The work presented in this chapter was initially reportgd $h

Evaporation rate distribution

© . Contact angle T
A Dried film

Liquid moves to outer edge.

Fig. 51 lllustration of coffee stain [3]

Untreated TDA C..0 Cs” Cio

A Bs = Wicking 100 £ 6° 118 +5° 125+5° 128 +4°

10

Fig. 52 Influence of surface energy on ink interacfidnimagesof 1& L dr ops of wat
on a series of Canson tracing papers, modified aiffarent organosilanes, and their

corresponding static contact angles) (with standard deviation for= 7 measurements).

(TDA = Tris Dimethylamino Silane)B) Optical micrographs of silver wires printed on the

modified or unmodified Canson tracing gasubstrates using the reactive silver ink with a
target reso[l3iti on of 80 e&m
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Fig. 53 Effect of drop spacing on printed track quali&y uniform line, drop spacing is 50
um, (b) scalloped line, drop spacing is|i, (c) pairs, drop spacing is & (d) isolated
drops, drop spacing is 1Qn [7].

The structure of this chapter is as follows: Sett.2 provides a brief overview on

the type and sources of tag defects during printing. The simulated and measurement
studies of the defects will be presented in Section 5.3. The robustness tests on the tag
are presented in Section 5.4 while Section 5lbcanclude the chapter.

5.2 Sources ¢ Printing Defects

From the works mentioned in the previous section, the sources of printing defects can

be summarized thus:

I Blocked printer head nozzle
il. | mperfection in the printerds printi

iii. Incorrect singring times and sintering temperature

iv. Incorrect temperature of the substrate
V. The temperature of the ink

Vi. Inappropriate viscosity of the ink.

Vii. Unmatched nature of the substrate

The blocking of the printer head nozzle is caused by nanoparticlevimks have
high solid fractions. These particles would collect near the nozzle tips and create a
plug at the liquidair interface[1]. It can also be brought about by the evaporation of

n.
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the ink solvent in theaice of an elevated substrate temperature. Owing to these factors,
it is necessary to clean the nozzle tip to prevent bad quality prints brought about by

this clogging.

Printing parameters such as the ink drop spacing and ink drop frequency are controlled

by the printerdéds algorithm. This is i mpol
ink drops to be ejected in the right order to give them time to dry and set down on the
substrate before the adjacent droplet is ejected. This would ensure that thearop

not merge together which would result in the bulging of the ink on the receiving
surface[11].

Temperature plays a vital role in inkjet printing. This includes sintering temperature,
ink temperature and substrate temperature. Incorrect temperature for any of these can
lead to poor quality printingThis is shown in Fig. 5.418] in which the effect of
substrate temperature on the resolution of the tattoo tag was demonstrated. Two
identical transfer tattoo samples were printed under the same cosdifith the only
variation being the temperature of the substrate during printing. It can be seen from
the Fig. 5.4 that with an elevated substrate teatpee, the printed structurefisely

detailed due to the lack of spreading of the ink. This wastéded by the faster rate

of evaporation of the ink vol[l@til es whi cl

(b)

Fig. 54 The effect of sutrate temperature on print qual{®) substrate at 26 (b)
substrate at 3C [18]



The viscosity of an ink determines how fast it would spead when it comes in contact
with a substrate. An ink with low viscosity will lead to a loss of details in the printed

sample. In addition to this, another factor that determines the quality of a printed
sample is the nature of the subsiemate.
terms of how smooth or otherwise it is, how the subststrate interacts with fluids i.e. its
wettability, and temperature tolerance which will determine the sintering temperature

and time the substrate can be subjected to.

5.3 Defects Study

Figures5.51 Fig 5.9show some of the printing defects identified in the inkjet printed
RFID tags produced for this research. These defects were categorized as follows:

- Hairline cut on the feedline and ports, Fa¢b

- Pinhole defects, Fig.6 and Fig 5.7

- Notcheddefects due to poor edge definitions,. B¢
- Variations in feedline width Fic.9

Fig. 55 Defects on the RFID tag port due to Amonding of adjacent print lines
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Fig. 57 Pinhole on feedline
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Fig. 58 Notched defect on edges
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Fig. 59 Variation in feedline width

5.3.1 SimulatedDefects Study

The defective printed tags were simulate
the silver conductor was i mported from t
the conductivity was adjusted tepresent the condutivity of the printedngple

presented in Chapter #he simulated defects are as mentioned in Section 5.3. In the

case of the pinholes, they were distributed on specific parts of the tag around the slot
region where simulation indicated the highest current density to exispiitheles

were made (i) solely on the tag ports, (ii) solely on the feedlines, (iii) simultaneously

on the feedlines and on the ports, (iv) around the entire slot area including the feedline,
and (v) around the entire slot area including the feedlineteng@drts. Tie diameter

of all holes was 0r&am and their placement was arbitrary in order to mimic the random
occurrence of the defects.

For the notched defects, four instances were simulated: (i) with the insertion of a single
notch on just one of the felaks, this notch cuts into the feedline by 50%. (ii) Notched
defects on both feedlines. (il) order to depict an extreme case, the cut of the notch
into both feedlines was extended to 75% of the width of the feedlines. (iv) Finally,
multiple notches wee made on both feedlines to better resemble what was observed
in the printed tags.

A hairline cut defect was also introduced into one of the feedlines. This was done in
such a way that it represents a fault that cuts across the feedline of the RFIidag. T

kind of defect, as expected, severely affected the functionality of the tag as it directly
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affects the tagds connection with the ASI

no further investigation was carried out on the hairline crack.

In all cases, because of the size of the small size of the defects, very fine meshing with
dimensions comparable to those of the faults was used during simulation in order to
improve simulation accuracy. This was achieved at the cost of increased simulation

times.

The simulated defectrsictures are shown in Figs.107 5.13

Fig. 510 Simulated Tag Feed Area Without defects

(b)

(©)



(e)

Fig. 511 Pinhole defectga) on ports (b) on feedlingginhole FL (c) on ports and feedlines,
pinhole FL PT (d) on feedline and around slot, pinhole FL SL (e) on ports, feedlines and
around the slot, pinhole PT FL SL.

(b)

(€)
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(d)

Fig. 512 Notched defectéa) on one fedline, single notch 1 FL (b) 50% into both feedlines
width, single notch 2 FL (c) 75% into both feedlines width, deep single notch 2 FL (d) multiple
75% into both feedlines width, deep multi notch 2 FL.

Fig. 513 Cut on Feedlia

When compared to the tag without defects, it can be seen that in all cases that defects
affect the surface current flow in the tag albeit in different manners. This influence on
current flow, even though minimal in some instances, indicates that thé=sssd
woul d alter t WAeexgeded,dhe tadveth aoutifemdlime .shows that
there is no current flow on the tag.

The influence of the various defects on the simulated efficiency of the tag is shown in
Fig. 5.14
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Fig. 514 Simulated Tag EfficiencyFL = Feedline, PT = Port, SL = slot

Simulation results show that without defects, the tag has an efficient#.82dB. It

can be deduced from the graph that all the defects have clearly affected the efficiency
although this is marginal in some cases especially for the feedline notches. For these
notched defects, greatest efficiency reduction, which was for the notched defects in

both feedlines (single notch on 2 FL), was onlydB2which is not significant.

The hghest effect on the tag efficiency was observed when the pin hole defects were
on the region around the slot and including the port (pinhole PT FL SL). In this
scenario, there was a reduction in the tag simulated efficiendptédB, a 1.4dB
decreasdt was also observed that when the pinholes were either only on the ports or
on the feedlines (pinhole port and pinhole FL), the efficiency was not as reduced as
observed in the other pinhole defects with simulated efficier§46dB. These were

close to the effects of the notched defects.

The simulated gain and return loss{$f the tags are shown in Table 5.1
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TABLE 5.1 SIMULATED TAG GAIN AND RETURN LOSS (S11)

DEFECT GAIN (dB) S11(dB)
Fig. 5.10No defects -9.79 -10.69
Fig. 5.12 (a)Single Notch on 1 FL -9.87 -9.71
Fig. 5.11 (ePinhole PT FL SL -10.76 -6.94
Fig. 5.11 (aPinhole Port -9.98 -9.69
Fig. 5.11 (c)Pinhole FL PT -10.61 -6.95
Fig. 5.11 (b)Pinhole FL -10.02 -9.71
Fig. 5.11 (d)Pinhole FL SL -10.59 -7.73
Fig. 5.12 (b)Single Notch on 2 FL -9.91 -9.84
Fig. 5.12 (c)Deep Single Notch 2 FL -9.96 -10.42
Fig. 5.12 (d)Deep Multi Notch 2 FL -9.94 -10.25

* FL = Feedline, PT = Port, SL = slot

From the data presented in the table, the highgsif$6.94dB was obtained in the

case of pinhole defects around the slot including on the plot closely followed by an
S11 of -6.95dB which was obtained when the printing defects were located on the
feedline and on the port. This suggests that these defarted the largest impedance
mismatch between the tag and the ASIC. This will result in a reduced read range. The
best simulated return losses were obtained for the deep single notch on both feedlines
and the deep multiple notches on both feedlines witlnfS10.42dB and-10.25dB

respectively.

The same trend observed for the return loss values was also seen with the gains. When
the pinhole defects were around the slot region as well as on the ports, the simulated
gain of the tag dropped by 0.9B to-10.76dB. This is the most reduction in gain
caused by any defect on the printed tag. Having a single notch on just one of the

feedlines had the | east edBfeductibnimtaggdinhe t ag

The effect of the defects on the tagtenngortimpedance is shown in Fig. 5.15
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Fig. 515 Effect of defect on tag impedan(@ Real Impedance (b) Imaginary Impedance

Fig. 5.15(a) indicates variation in tagort resistance with the introduction ofeth
defects into the tag. Most on the defects resulted in an increase in resistance with the
most increase due to the pinholes on on thelifemdndications from Fig. 5.18)

show an increase in tag inductive reactance for most of the defects.
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From the tg gain and & results obtained from the simulation, the ASIC datasheet
[20] and a Voyantic Tagformance reading sysf2fj, the readanges of the tags with

these defects were calculated using the equation:

_ 0'0%b g
¢ 0

The percentage change in read range for each defective structure compared to the

perfect tag are shown in Table 5.2.

TABLE 52 CALCULATED PERCENTAGE CHANGE IN TAG READ RANGE

DEFECT READ RANGE (%D)
Fig. 5.12 (a) Single Notch on 1 FL -1
Fig. 5.11 (e) Pinhole PT FL SL -12
Fig. 5.11 (a) Pinhole Port -2
Fig. 5.11 (c) Pinhole FL PT -11
Fig. 5.11(b) Pinhole FL -3
Fig. 5.11 (d) Pinhole FL SL -10
Fig. 5.12 (b) Single Notch on 2 FL -2
Fig. 5.12 (c) Deep Single Notch 2 F -2
Fig. 5.12 (d) Deep Multi Notch 2 F -2

* FL = Feedline, PT = Port, SL = slot

The least reduction in calculatedacerange was obtained from the tag with a single
notch that was 50% into theidth of the feedline, Figh.12(a). This is as expected

since this defect caused the least disruption to the feedline current and therefore has a
small effect on the anterntag matching. Extending this notch to the second feedline

as well as inreasing the depth, Figures 5(b2, (c), (d), did not appear to significantly

reduce the read range as only 2% of the read range was lost in all of these instances.



For the pinhole defds, when the pinholes are locatady on the feedlines, Fi$.11
(b), the reduction in read range was only 2% which is equivalent to that obfilbst
notched defects (Figc.12a) i (d)). However, as the number ginholes was
increased, Fig5.11(c) i (e), there was a decrease in the tag read range with a
maximum reduction of 12% calculated for when the pinholes were on the pdrts an

also around the slot, Fi§.11(e).

During the assessment of the pinholes defects on the feedline, it was sosgéttaia

if the location of the holes affects the tag performance. For instance, if the pinholes
were aligned in a particular naandom way. To this effect, all the holes were aligned
and placed in the middle, top and battedge of the feedline, Fi§.16 (a), (b) and

(c) respectively.

Although it is acklowledged that this linear alignment is unlikely to occur, it had been
observed that when holes closer to the edge were removed, improvement on the tag

performance were more evident than in other cases.

OO OO O O Qg o I 1. o O 0 o 0 O o o O O

(@)

OOOOOOOOO{J. 1l Ot e O O DO D -0,

(b)
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Fig. 516 Pinhole Defects on Feedlirfa) Centre (b) Top (c) Bottom

The effect of the position of the pinholes on the feedlines is presented in Table 5.3.

TABLE 5.3 PINHOLE DEFECTS

DEFECT GAIN (dB) EFFICIENCY S11(dB)
(dB)

Pinhole on FL, Fig -10.02 -14.63 .71
5.11(a)
Pinhole on FL, Fig -10.59 -15.67 -7.07
5.164a)
Pinhole on FL, Fig -10.79 -16.40 -5.39
5.16b)
Pinhole on FL, Fig -10.75 -16.57 -4.91
5.16c)

It is noticed that when the pinholes are aligned on the top and bottom edge of the
feedline, the tag gain and efficiency was more reduced than when the distribution was
random or when the alignment of the pinholes was in the middle of the feedline.
However, simulations also indicate that pinhole defects close to the edge of the
feedline degrade the matching of the antenna to the ASIC more than the randomly
distributed pinholes. These effects can be due to the high current flow on the edges of
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thin lines (cowuctors), meaning the realized gain (Gainnput power transfer
coefficient) would be compromised.

5.3.2 Measured Defects Study

Samples with defects identical to those in Section 5.3.1 were fabricated using a copper
clad mylar sheet which had a combirtaickness of <LOOum. The fabrication was
carried out using conventional wet etching. The ASIC was attached to the tag ports
using adhesive tape and proper contact between the ASIC strap and the ports was
ensuredby point pressureThe measurements werarged out using Voyantic
Tagformance Lite equipmef21]. The feed area of the fabricated tags are shown in
Fig. 5.17

(@)
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(b)

()



(d)

Fig. 517 Fabricated Defect&@) Pinholeon feedline (b) Pinhole around slot (¢) Single notch
on feedline (d) multiple notch on feedline.

The defected tag performances were assessed using two parameters:

- Read Range

- Transmitted Power

To strengthen the confidence in the measured results, 1@diffemples of each tag
defect were fabricated and 10 independent sets of measurements were made. The

presented results are an average of these 10 measurements for each fault type.

The graph in Fig. 5.1Blustrates the percentage change in measuredraege of
the tags
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Fig. 518 Measured Tag Read Range as Percentage of PerfedtlTadg-eedline, PT = Port,
SL = slot

Figure 5.18shows a reduced read range in all tags with defects compared to the tag
without defects. The mogeduction in read range was seen for the tag that had
pinholes around the slot as well as on the port. This has a readthanh@@10% of

that of the tag without defect8he least reduction in read range was for the deep single
notch on both of the &slines. In this scenario,29% reduction from theead range

of the undefected taggas measured. This is closely followed by the deep multiple
notches on the feedline with a percentage change in read range of 30%. This low
influence on measured read ranby the notch defects is in agreement with the
simulated results seen in Section 5.3.1. In general, the measured results point to the
fact that pinhole defects influence the read range of the epidermal RFID tag more than

the notched defects.

A comparisormade between the measured and calculated read ranges of the defected
tags have shown a similar trend on the effect the various defects have on the tag read

range. Thiscomparison is shown in Figp.19 It can be seen that although the
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simulated defects mett well to measurement in trend, in practice physical defects are

much more deleterious to performance than expected.
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The transmitted power from the reader to the tag was also measured. This indicates
the level of power required to activate thelR tag by the reader. From Fig.20, the

tag without defects had the lowest trasmitted power of 18.99dBm. An increase in
measurd transmitted power was observed when the defected tags were measured. The
highest transmitted power was measured with the tag that had pinhole defects on the
area around the tag slot and on the ports. The measured transmitted power obtained
for this tag vas 23.25 dBm. The high transmitted power for this tag also corresponds
with the least read range which was obtained from it. The defected tag with the least
transmitted power was the tag with the multiple notched defects on the feedlines with
21.91 dBm mesured.

Transmission power is a source of concern in handheld readers where a higher
transmitted power would imply a faster

operation.

The results presented above show that the defects do affect the performadagf the

by varying degrees. Both simulation and measured results indicate that while the
defects in the form of notches do not have a significant effect on tag performance,
pinhole defects also affect the performance of the tag especially when they are on the
feedline area and around the slot. In general however, none of these defect would make

the tag lose functionality except in a case where the feedline has been cut by a defect.

5.4 Tag Robustness Test

5.4.1 Transfer Tattoo Performance When Mounted On Skin.

In order to test the robustness of the printed transfer tattoo tags, a sample of the tag
was mounted on the arm and measurements were taken at 30 minutes interval for a
total of 8 hours. This was to imitate an average working day. This sample was a 3
layer sample which would give the best read range performance. The fabrication is as
described in Chapter 3. Proper contact was ensured between the tag and the chip strap

by making several depressions on their point of contact in order to eliminate the



possilility of reduced read range over time due to losgrof the attachment.. Fig.

5.21shows the tag when initially mounted on the arm.

Fig. 521 Inkjet Printed Transfer Tattoo Tag initially mounted on arm

After about two hows of regular office use which includes PC keyboard use, writing

on a desk and walking around, some creasing was observed on the tag. However, this
did not adversely affect the reading of the tag because of the continued functionality
overthe course of thday. Fig5.22illustrates the creasing on the tag.
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Fig. 522 Crease on the Inkjet Printed Transfer Tattoo Tag During Use

In Fig. 5.23 the plot of the tag read range over 8 hours is shown
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Fig. 523 Measured Tag Read Range Over 8 hours
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The initial read range obtained from the tag was 0.6m. Although there was an increase
in tag read range when the tag was measured after 30 minutes, this does not follow the
overall trend of the measurement duringdbarse of the 8 hours. The increase in read
range could be attributed to errors during the measurement as slight changes in the
distance between the tag and the reader antenna would lead to a seeming increase in
read range (tests show that a 1cm geaimtag location would resulh about 20cm

change in measured read range). This also applies to other increases in read range
above the previous measured read range seen at any point during the 8 hour
measurement. At the end of the experiment, the final naaage was measured to be

0.57mi a 5% reduction in read ranged®).

In order to test how long the tag can function for, the tag was worn overnight for a
further 12 hours. Upon final observation, the tag had suffered a lot of abrasion, no read
was obtined from it. Fig. 5.24hows the tag after the additional 12 hours, (a) on skin

and (b) on a light box.

(@)
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(b)

Fig. 524 Inkjet Printed Transfer Tattoo Tag Robustness Tasafter 8 + 12 hours (b) after
8 + 12 hours on kght box

The Tag was also worn overnight on the side of the torso to check for its robustness.
The reason for this is because unlike the arms which could be very mobile during sleep
hence frequently rubbing on various surfaicedifferent directions, th movement of

the torso during sleep is relatively limited. The tag was worn for a sleep duration of
about 6 hours 30 minutes. Fi§.25shows the placement of the tag on the body while

the measurement resig shown in Fig5.26

(a) (b)
Fig. 525 Tag on Torsda) Before Sleep (b) After Sleep
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As with the tag that was placed on the arm, some creasing was also observed on the
tag after the sleep. However, this was not enough to cause significant reduction to the

tag performance (a reduction in read ranggust 1cm is shown in Fig. 5.26
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Fig. 526 Read Range of Transfer Tattoo Tag Before and After Sleep

5.4.2Effect of SweatroTagPerformance

In the previous durability measurement thear test was conducted while carrying

out normal daily office activities which were not strenuous. Therefore, the long
duration (8 hours) of the tagds funti on;
robusness bearing in mind its possible use intharvironments and conditions. In

order to assess this, the tag was attached to the torso of a volunteer who undertook 20
minutes of various exercise activities at the gym. The choice of torso as the mounting

area is to ensure exposure to sweat as wellogly motion during the exercises.

Fig. 5.27 shows the attachement of the inkjet printed transfer tattoo tag on torso prior

to and immediately after the gym activities.
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a) | (b)

Fig. 527 Tattoo Tag mounted on Torso for Gym TéstBefore Gym (b) After Gym

Fig. 5.28shows a comparison of the change in read range for the tag before and

immediately after the gym activities
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Fig. 528 ReadRange ofTransfer Tattoo Tag Before and Immediately After Gym Activities

Read range measurement after 20 mins of gym activities show a reduced read range
when compared to the initial measurements. While rtit@li read range was about



70cm, the measurement afterwards showed a reducion by about 13cm as seen in
Fig. 5.28. This reduction in tag read range was not considered to be adverse since the

final read range was about 57cm (approximately 19% reah)ctio

In order to establish whether or not sweat was a factor in the deterioration of the tag
as seen during the previous test, a more controlled experiment was set up in order to
eliminate the effect of movements hence friction on the tag. This experinoeid w

also help to determine the effect sweat had on the tag durability as opposed to ordinary
water (moisture). For this purpose a saline solution was made to have a close
resemblance to sweat. The concentratiosalf inthis solution was obtained from
information from[22] where the reported coentration of sodium in sweat is between

307 240mg/100ml.

Two tags were used for this experiment: one exposed to the saline solution and the
other exposed to ordinary water. This was done by dampening tissue paper with the
salt solution and with water aqdacing them on the tag samples. In order to ensure
that equal amonts of the solution and water were used, each was measured before

applying on the tissue paper. This set up is showigimb 29

(a) (b)

Fig. 529 Experiment Setufa) Top view (b) Bottom view

Prior to the start of this experiment, the tagse mapped as shown in Fig 5.30
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Fig. 530 Resistance Measurement Points

134

Resistance measurements were taken at these points prior to the start of the experiment

and then every 5 minues for 30 minutes using the orerlB, 2-4, 3.9, 410, 310,

4-9, 56, 67 and #8. The average of the resistances were taken for everyiragaent

and is summarized in Table 5.4.

TABLE 54 TAG RESISTANCE MEASUREMENTS

Time (Mins) 0 5 10 15 20 25 30
SalineRes. (M) | 1.08| 9.91| 79.08| 31501.68 90302.2| 183005.9] 1207002
Water Res.\() | 1.32| 8.93| 81.59| 41200.46| 86000.56| 189000.7| 1155556
The results from theable are illustrated in Fi¢.31
1400000
1200000
1000000
=
8 800000 salt solution water
3
(%))
% 600000
)
o
400000
200000
0
5 10 15 20 25 30 35
Time (mins)

Fig. 531 Resistance measurements of sample tags
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From the resistance measurements, no significant difference can be seen between the
two tags. This wouldead to the conclusion that the deterioration of the tag during the
gym activities was more as as result of motion and friction than the effect of exposure
to sweat. The most reliable indication from this measurements was during the first 15
minutes whereboth tags were in tact. This is because beyond this point, cracks
appeared on both tags which lead to increase in measured resistantdenaltd

there was also folding of the underlying transfer tattoo paper due to exposure to both

liquids.

5.4.3Effect of Showering on Tag Performance

To further test the effeaf exposure to liquid, the tagas worn during a shower for
about 1015 minutes. By doing this, the transfer tattoo tag was exposed to water as
well as bathing soap. Care was taken not tmseghe tago vigorous rubbing. The
imagefor this expeimentis shown in Fig.5.32 while the measureme results are

shown in Fig5.33

Fig. 532 Transfer Tattoo Tag During Shower
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Fig. 533 Measued Read Range of Transfer Tattoo Tag Before and After Shower

Fig. 5.33 shows the before and after shower measurements of the tranfer tattoo tag
read range. The indication is that the tag performance remains relatively unaffected
after exposure to water wh it was mounted on skin. It can be seen from the graph
that there is a slight increase in read range of the tag after shower by about 1.8 cm.
This increase in read range is due to the weakening on the adhesion between the skin
and the tag hence enablirgslight separation between the two surfaces with a
formation of an air gap, Fig %43

Fig. 534 Transfer Tattoo Tag After Shower



5.5 Conclusion

In this chapter, the defects that can occur during the inkjet printing of eidittoo
tags have been studied. The sources of these defects were presented and include
blocked nozzle, temperature conditions during and after the printing process, the ink

viscosity and the nature of the substrate.

A simulation based study of varioitkentified defects was presented: pinholes on the
ports, feedline and around the slot region; notches on the feedline; and, a hairline cut
on the feedline. Simulation results indicated these defects had varying degrees of effect
on the tag efficiency, gaiand return loss. The greatest effect on the tag efficiency was
due to the location of pinhole defects around the slot area and including the ports with
a 28% decrease in simulated tag efficiency. The lowest effects came from notches on
the feedline wherefficiencies only slightly reduced when compared to a tag without
any defects. The same trend was also seen in the effects on the gain and return loss of
the tag. With a 12% reduction in the tag read range, the read range of the various
defects calculateldased on simulation results and equipment manufacturer data sheets
showed that the read range was most affected when the pinhole defects were around

the slot and also on the port.

The simulated defects were also replicated on tags fabricated with egpea clad

mylar sheets. The tag performances were assessed based on read rangenatiddra
power. The read range performance of the various defected tags had a good agreement
with the simulated results with the least read range measured from thethag wi
pinholes around the slot area and the ports which had a read range of about 40% of a
tag without defects. Higher transmitted power for the tags were also measured for the

defected tags.

Overall, measurement and simulation results indicated that thetslefehe form of
notches on the feedline had the least effect on the tag performance while tag
performance were more affected by the pinhole defects. Tag functionality was also

sustained except in one case where there was a cut on the feedline.

Robustnes tests were also conducted on the tag to assess durability during use. The
first of these was the use of the tag for a period of 8 hours. Read range measurements

showed a gradual decline in tag read range but tag functionality was sustained
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throughout theourse of the test. The feedline of the tag was however damaged after
the tag had been worn for about 20 hours thereby leading to the failure of the tag to

read.

Exposure to sweat was also examined in order to determine the effect on tag
performance. Théag showed a reduction in read range by about 13cm (19%) after
exposure to sweat for about 20 mins. Further experiments showed however that the
reduction in tag read range had more to do with wear and tear due to mechanical
friction than exposure to swead DC resistance tests showed no significant difference
between exposing the tag to sweat (saline solution) and to water for a period of 30

mins. Also exposure to water during showering led to no reduction in tag read range.
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CHAPTER 6

RFI D READ DI VERSI TY S
| NKJET PRI NTED RFI D | N
MEDI CAL STI CKI NG PLAST

In this chapter, an Inkjet printed tag which was integrated with medical sticking plaster
is presented. This tag was fabricatedusein a medical environment where it could
easily be a substitute for the currently used wristbands as well as the pdtential
includinga sensor. A diversity study of the tag was conducted to establish how many
tags would be needed to achieve an edirdctional read around a subject. Both
horizontal and vertical polarizations were examined for cases involving two tags up to
a maximum of four tags. Initial test was carried out with the volunteers turning at a
spot. The study was then extended to the volunteers carrying out various other regular

motions.
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6.1 Introduction

In this chapter,@mporarily worn tags will be descat for use directly on the body
which provides a challenging platform for RFID owing to the electrical parameters of

human tissue.

Together with tag chip turan power sensitivity the antenna heavily influences the
general performance factors of a tagthwa given overall size, such as the
electromagnetic and mechanical compatibility with tagged objects and the maximum
reading range. Also special consideration must be made for the tag design when it is
to be placed near metals, liquids and on the hunoaly li] and in such situations
degradation in read range is well documenfB{B][4] and this often leads to severe
frequency detuning. UHF RFID tags face similar issues when used near liquids or
materials that have high liquid content such as the human body, and surface insensitive

designs are used, for instancg5h and &ielding could be employed as described in

[6].

For medical applications involving mediumlbng term skin mounting on patients, a

low profile tag is essential, and therefore a thin sticking plaster is a suitable substrate
for an RFID tag which could be fabricated on paper using Inkjet printing technology.
This has the advantage of flexibilibausing minimal irritation to the skin. Such a
design will be described in this chapter along with a multiple tag diversity study which
seeks to establish tag configurations that result in uninterrupted read access. Such link
reliability would be importanif the tags were to be performing a sensing function on

the skin of a patient

The structure of thishapter is as follows: Section 6.2 describes the tag structure and
its matched band as well as presenting a parametric analysis for guidance on input
matding. Section 6.3 outlines the fabrication of the prototype inkjet printed sticking
plaster tag. Section 6.4 gives measured results for read rargedarffbody together

with a study of read diversity when multiple tags are used. Section 6.5 exangines ta
diversity performance with different body motions based on percentage read times.

Section 6.6 concludes the chapter.
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6.2 Sticking Plaster RFID Tag Design

6.2.1 Tag Modelling ad Simulation

A Higgs-3 EPC Class 1 Gen 2 RFID Tag | with an impedance of (31216)W
was used for the tag and the antenna was designed to present a conjugate impedance
at its ports.

The sticking plaster integrated tag was derived from one created for modingicity

on the skir[8] and the modified design is shown in Fig 6.1.
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Fig. 61 Principal dimensions for the drody tag with 867 MHz centre match
Tag thickness was 1.5mm.

To ensure that the tag was resilient to anyiely effect of the bodythis tag was
also simulated on a multilayerétbck model of human tissue consisting of skin/fat
and muscle was implemented using the electrical parameters obtaing@Jfrom

The sticking plaster substrate was highbrous and was represented by a 1.5mm layer
of vacuum The final tagvhich had the dimensions given in Fig. @vas designetb
offer the Higgs3 chip impedancea conjugate matchSimulation wasby CST
Microwave Studio to resonate at 867MHz watheflection coefficient of24 dB and

a fractional bandwidth of 11%. This was sufficient to cover the Europeani(865
868MHZz), United States (902928MHz) and Korean (90515914MHz) UHF RFID
bands.

The simulated surface current is shown in Fig. 6.2 where rmari intensity is

observed to be located around the upper part of the loop on the lines connecting to the
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chip. Consequently adjustments made to this area greatly influermehiéna@orof the

tag and this will be confirmed by a parametric analysis in Geéti3.
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Fig. 62 On-body Tag surface current distribution (A/m) at 867MHz

To represent the human who forms the underlying platform for the tag, a torso model

shown in Fig 6.3 was created by 3D scanning of a test subject.

Fig. 63 3D Torso Model

The 3D scanning enables a HAoollow full human figure to be obtained with a height

of 6ft. However, with the required memory size of this model in mind and in order to
reduce simulation timehe lower part of the body was not used for the simulation

since the tags were all to be placed on the upper body. As the phantom is homogenous,

its material property was setto be thatof skinanfifdt = 1 4 ..Rtetrafledral 0. 2 5)
mesh was used for the simulation and the lower limit was set in such a way that the

fine details of the structure as well as that of the tag could be properly captured by the
simulator. For this simulation, no grouncipé was used to account for the floor. The
simulated on torso epolar elevation and azimuthal cuts are shown in Fig. 6.4 and 6.5

respectively. In free space the tag had a difkéeomni-directionalradiation pattern,



14¢

but when mounted ehody the patteris directed forwardsA gain of -12dBi was
simulated due to compromised radiation efficiency caused by the low profile of the
tag which is separated from the skin by only 1.5mm and has no rear ground plane.
This corresponds to a read range of about 2noewhichis adequate for short range

reading for equipment surrounding a hospital. bed
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Fig. 64 Simulated Orbody Tag[e component elevation {g) plane
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Fig. 65 Simulated Orbody Tagp component azimuthal {z) plane
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6.2.2 Parametric Analysis of the Gody Sticking Plaster
Tag

As the strongest surface currents occur near the port, the dimensions of the feed lines
are critical in matching the tag. The lendth, and width FW, asdefined in Fig.6.1,

were therefore the subject of a parametric stkdym Fig.6.6 it can be seen that there

iIs a significant, almost linear dependence, between matched frequency and loop
length,LL, with a 2mm increase in length corresponding to aroundHiBdecrease

in matched frequency.

Fig. 6.7 shows that the resistive and inductive parts of the input impedance also vary
with loop length,LL, with an almost linear slope. Over the 20 to 35mm range
investigated, the real and reactive parts have gradiést20hm/mm and 4 Ohm/mm

respectively.

The trends in changing feed line widE\V are illustrated in Figs.6.8 and 6.9. Within
the range 0.8 to 2mm, an increas&W causes an almost linear increase in matched
frequency of 24MHz, while the real angbictive impedances have linear gradients of

about 5.20hm/mm and 5.30hm/mm respectively.

Therefore, the relative difference between the resistive and reactive tag impedance is
mainly controlled by feed width, while the final values are simultaneoeslyysfeed

length. The almost linear dependence of impedance on feed dimensions aids the
matching process.
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Fig. 66 Loop length, LL vs. matched frequency and reflection coefficient
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6.3 Fabrication of the On-Body RFID Tag with Inkjet
printing

To be mechanically compatible with sticking plaster, the metalized tag patch was
fabricated with conductive ink using inkjet printing. This tag Fabrication method was
chosen to reduce possible irritation cause@xtgnded use on the skin for sustained

periods because of the flexibility it offers.

The tag conductingatch was inkjet printed using tBematix inkjet printer{10] and

asilver nanoparticle ink bigmaAldrich [11].

In order to achieve good definition of the narrow partd high conductivityof the

tag design, the samples were made of two layers of conductive ink deposition. The
second layer was deposited after the initial layer had dried attesoperature. A dot
spacing of 2amicrons was used for the printing. FinallyHaygs-3 RFID ASIC was
attached to the tag with the aid of a conductive glue and reinforced with an adhesive

tape. The sample is shown in Fig. 6.10.

Fig. 610 Inkjet printed Tag using conductive ink

6.4 Tag Measurements.

Read range and performance measurements were obtained using a F&M80AS
RFID reader and a Voyantic Tagformafidége RFID measurement kit. The Favite
system had a circularly polarized antenna with a gain of 8dBi and 32dBamum

output power.



6.41 Read Range On and Off Body

Using the Voyantic kit, read range measurements were first taken in free space and
then on the chest, the arm and the torso. The results presented in Fig. 6.11 show that
mounting the plaster on human tissue reduced the regd feom about 3.75 to 2m at
867MHz, though when mounted on skin the tag performance was relatively

independent of frequency.

5
— =Tagon Arm

- - =Tagon Chest
Tag on Air
-=-=-Tagon Stomach

45 A

=
1

Lo
w
1

ra
(@a]
1

-~ ’--- -
LI P A R
_-__,.\._../‘—-'—"--/—'ﬂ.-—l-——--

Read Range (m)

-
! R earra g

~a

—
o
1

1 : f ' f
850 900 950 1000
Frequency (MHz)

Fig. 611 Read range measurements for tag mounted on different parts of the body

Placing the tagn the abdomen or chest gave ranges of 2m, while mounting on the
arm gave slightly lower values just below 2m. The dependence of read range on body
mounting can be attributed to the different composition of the cavity filled chest region
in comparison tdhe forearm which has denser muscle and bone. At its worst read
range performance on body (on the arm), the tag had a range of almost 2m, it was
considered adequate for use in person monitoring applications inside buildings, for

instance for a patient @ small room or in bed.

Tags used in future medical applicatidasstream vital datavill require diversity to
reduce the risk of read outage. Therefore a study was carried out using motion capture

equipment to establish the angles where no read ocandce determine the number
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of tags required to offer reliable coverage. This was done for groups of 2, 3 and 4 tags

mounted on different body locations with the wearer turning on the spot.

6.4.2 Two Tag Diversity

To appreciate the overall body moumgtieffect on the plasters, the tags were first
measured in free space. Two identical tags were mounted horizontally either side of a
7cm thick expanded polystyrene bloek<£ 1.01) with optical markers on them using

the set up shown in Fig. 6.12. The ptyysne block was placed 1m from the reader
and rotated on the spot, Fig. 6.13. In free space the tags might be expeatbdte

as dipoles, hence the read performance was quite symmetrical with the read sector
widths measured to be 17ahd 174for tags 1 and 2 respectively, Fig. 6.14. The tags
had -aeado s ect mthispolarizatibn amdfthe dlight asymmetry in the
read sectors is accounted for by fabrication tolerances as well as reflection from the
surfaces of the room which measuedzbut 12m x 11m with a height of about 2.3m
and was not anechoic. For vertically oriented tags, both read for the entireta@on

as would be expected for significantly separated dipoles.

To allow a comparison in performance with respect to thgspgkne block, the two

tags were then mounted on the bodies of three volunteers, Fig.6.15. The same human
wearers were used for all measurements and the results were averaged over 6
consecutive identical measurements. A Vicon motion capture sysgmonsisting

of 8 cameras was used to locate the tag and the circularly polarized reader antenna
positions and orientations. This was done by tracking the optical markers placed on
them[13]. The coordinates of these markers generated by the system were used to

compute the relative angles between the tags and the read antenna.

Fig. 612 Tag mounting setup showing three optical markers
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Fig. 6.13 Horizontal tags mounted on opposing sides of a 70mm thick expanded polystyrene
block
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Fig. 614 Read sectors dforizontal tags, white and grey sectors correspond to single tag and
no tag read angles respectively
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1.4m

Fig. 615 Tag read sector measurement setup

The sector angles were obtained by taking the angles between the tagatesrand

reader coordinates provided by the motion capture system at the points where the tags
stop and start reading. In order to determine these two boundaries, a total of 6
measurements were takerthree in the clockwise direction and three in th&-an
clockwise direction. This was done in order to cancel out any systematic overshoot
errors in the tag read boundaries caused by human response time. In order to properly
implement this, the start positions of the clockwise turn were taken to be equigalen

the stop positions in the astiockwise turns (since this was in the reverse direction)
and the average of these was taken to be one read boundary. The same was done for
the stop position of the clockwise turn and the start position of the antigteckuwn.

This formed the second read boundary. The method of forming theses boundaries is
shown in Fig6.16.

Reader Reader Reader
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Fig. 616 Tag read boundary calculati@ Tag 1 clockwise start and stop angles
measurementgb) Tag 1 anticlockwise start and stop angles measurements (c) Tag 2

clockwise start and stop angles measurements (d) Tag-Zlackwise start and stop angles

measurements.
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The boundaries were formed based on the following equations:

For tag 1 readector boundaries,

q = and

Wheren = measurement number aRd= 3is maximum number of measurements

Tag 1 read sector width g q

Tag 2 red sector boundaries are defirsed

q = 5 a and
B

q _ q q

Tag 2 read sector widthgr g

Wheren = measurement number aNd= 3 is maximum number of measurements

Measurements were taken in the same position of the room used for the polystyrene
block measurement and no absorbing material was used so that the channel

represented an indoor éronment.

The average read boundary angles for the tags over 6 measurements for all three
volunteers are shown in Figs. 6.0.6.22. These plots show slight differences in the
angles which could be attributed to the variations in movement as welfea=wnitdes

in their body forms and posture.
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Fig. 617 Individual read boundaries for horizontal tags on the ehask setup
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Fig. 618 Individual read bandaries for vertical tags on the chest and back setup
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Fig. 619 Individual read boundaries for horizontal tags on the arms setup

H

Taq 1 160 -

a Tag 2

o 9 140 - ag Tag 2@ Tag 1

(@]

C u

3 A.’. 120 s

g 100 - ® . AUserl

c

3 80 - W User 2

m |

> 60 - ® User 3

. 40 1 * Avg
20 -

T T T IO T T T T

-180 -140 -100 -60 -20 20 60 100 140 180
Tag BoundanAngle

Fig. 620 Individual read boundaries for vertical symmetric tags on the arms setup
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Fig. 621 Individual read boundaries for vertical asymmetric tags on the arms setup

A comparison of the average read boundaries for each useref@ tdg diversity
setups are shown in Fi§.21. The variations shown the read boundaries are shown by

the spread in the plot.
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Fig. 622 Average read boundaries for 2 tag diversity setups

When the horizontally placed tags dmetchest and back are compared with the
horizontally placed tags in free space, there is a furtifeedQction in read sector as
seen in Fig6.23. On the other hand, in the case of the vertically placed tag seen in
Fig. 6.24, mounting on the body rétsal in a 92 increase in the neread sectors of

the tag compared to the ommuhirectional result obtained in free space. This is
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significantly smaller than the horizontal orientation condition. This change is

primarily due to body blockage which coulddt&ributed to the broadness of the torso.

Table 6.1shows a summary of the standard deviation of the two boundaries for the
read sector of the tags in each two tag set up. Each boundary is obtained from a
combination of the boundary values from 6 conigeumeasurements from the three

volunteers.

TABLE 6.1 STANDARD DEVIATION OF TAG READSECTOR BOUNDARIES

Tag Setup Tag . Tag 2
Boundary 1  Boundary 2 Boundary 1 Boundary 2
Chest andBack 19 34 20 21
Horizontal
Chest and Back 17 22 19 31
Vertical
Arms-Vertical 22 22 34 24
Symmetrical
Arms-Vertical 13 33 20 19

Asymmetrical
18 21° 15 18

Arms-Horizontal

282

271
940
03°

Fig. 623 Read sector plot for horizontally oriented tags placed on the chest and back
White and grey are single tag and no tag read sectors respectively



Fig. 624 Read sector plot for vertically oriented tags placed on the chest and back
White and grey are single tag and no tag read sectors respectively

Apart from the instance noted previously, in general thecadist oriented tags had
wider read sectors in the two tags scenarios. The simulatéiéléaplots shown in

Fig. 6.25 show that Tag 1 with the wider read sector is in agreement with its having
the higher efficiency in the vertical orientation. The redugain of the vertically
oriented Tag 2 (on the back) is because of the increased contact between the tag and
the body owing to the fact that the tag was placed parallel to the body. This increased
surface of contact translates to increased loading ¢athiey the body. This is not the
case with Tag 1 on the chest where theflesscontact between the body and the Tag
given the more flat surface provided by the chest. Although the tags are flexible they
were placed on a rigid frame to facilitate placthg optical markers. Therefore tag
contact to body surface varied according to body curvature. It can also be seen from
the simulated farfield radiation pattern that the -nead sectors of the vertically
oriented tags also coincide with the field nullhe nulls are less evident for the
horizontally oriented tags, though the cut off boundaries seem to occur-&édie

beam width points.
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Fig. 625 Azimuth plotsfor (a) vertically oriented tags placed on the clagst back (b)
horizontally oriented tags placed on the chest and back

Figs. 6.26i 6.28 show read sectors for tags mounted on the arms for vertical and
horizontal orientations. When the tags were placed on the arm, the vertically oriented
tags performedbetter than the horizontally polarized tags. This can be seen from the
combined read sector of the symmetrically placed vertical tags being 98% of the total
coverage area, Fig. 6.26ompared to the 6% read area for the horizontal tags, Fig.
6.27. Additianally, it is also seen that there was a region where the two tags read

simultaneously. This is because of the reduced blockage by the body on the tag unlike
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when the tags are placed horizontally. In a bid to increase the read sector of the
vertically polarzed tags, the tags were placed asymmetrically, Fig 6.28. This however
did not yield the intended result as the total read sector reduced to 91% with an increase

in the no read region and a decrease in the overlapping region as Bgpr6ia8.

40 10°
1
1

: Tag Tag 2
2709 . 000

2030
03 176

Fig. 626 Read sector plot for vertical tags mounted symmetrically on upper arms
White, grey and black are single tag, no tag and two read sectors respectively

180°

Fig. 627 Read sector plot for étizontal tags mounted symmetrically on upper arms
White and grey single and no tag and sectors respectively
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Tag Tag 2

90°

Fig. 628 Read sector plot for Vertical tags mounted asymmetrically on upper arms
. White, grey andlack are single tag, no tag and two read sectors respectively

In [14] it was noted that for a 3mm thick textile based RFID body mounted tag, vertical
polaization offered better performance on the chest while horizontal tags were
preferred on the arms. This runs counter to the data presented here, but is likely to be

caused by the specifics of the different tag geometries.

It can be seen that in aletwo tag diversity cases, the body blockage and mounting
effects have caused regions where neither tag read (grey sectorReddidlo Read
sector widths in eacbase are summarized in Table.@2om the read sector widths
provided, it is clear that the stecoverage was achieved when the two tags were placed
vertically on the arms with a total noead width of 8. When the tags were placed
horizontallyon the armsthe norread sector increased to a total of Adhich is the

largestnonread sector achied with any of the two tag setups.

As no combination of 2 tags offered complete round body coverage, therefore studies
were carried out for 3 and 4 tag diversity with the objective that for critical health
applications a higher degree of diversity woblkl required. Additionally, in a case
where one of the tags fails, this would give rise to a situation where 50% or more
coverage is lost. This would result in a much reduced effectiveness of this tag diversity

system.
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TABLE 6.2 READ SECTOR WIDTHS FOR 2 TAG DIVERSIT
ON AND OFF BODY

Sector Width
Tagmount& Tagl TltoT2 Tag2 T2to Totd
polarization  read no- read Tlno nonread
read/over read width
lap
Free space (V) 360 0 360 0 0
Free space (H) 173 e 174 4 13
Fig.6.14
Arms (V), 166 27 161 6 6
Fig.6.26
Arms 144" 3 182 31 31
Asymmetrical
(V), Fig.6.28
Arms (H) 108 66° 109 75 141°
Fig.6.27
Chest & Back 159~ 49 110 42 91
(V), Fig.6.24
Chest & Back 169~ 9 168 14 23
(H), Fig.6.23

6.43 Three Tag Divesity

The previous section illustrated the limitations of the two tag system which includes
limited coverage and susceptibility to large non read sector (up *@d80%) should

one of the tags fail. Due to this reason the number of tags was incre8sdthéatags
locations were identified empirically to establish the configuration with the largest
possible sectors of simultaneous tag reading. The averaged read sectors for each
individual is shown in Fig$.29 and 6.30. Mounting positions together waitbasured

read sectors are shown in Fig. 6.31 and Fig. 6.32.
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Fig. 630 Individual read boundaries for 3 weally oriented tags

Table 6.3shows a summary of the standard deviation of the two boundaries for the

read sector of the tags in each three tag set up. As before, each boundary is obtained

Tag 1

Tag 1

from a combination of the boundary values from 6 consecutiagsonements from

the three volunteers.
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TABLE 6.3 STANDARD DEVIATION OF TAG READ SECTOR

BOUNDARIES
Tag Setup Tag 1 Tag 2 Tag 3
Bl B2 Bl B2 Bl B2
3H 19 21 21 16 26 32
3V 17 22 19 31 24 23

For horizontal tags, Fig. 6.31, 90% coverage was obtained by the three tags with
regions of simultaneous tag read accounting for 19% of this coverage. Theré€ is a 36
region of no read during the transition betwd@eag 3 which was on the chest and Tag

1 which was on the back of the right arm. This represents about 10% of the total read
area. The wider overlap region between Tag 1 and Tag 2 is expected since they are

bothfacing backwards.

For 3 vertical tags, Fig.32, the transition gap between Tag 1 ard B has been
completely eliminated giving rise to a region 8b2erlap between the two tags. This

is a significant improvement on the°3fap observed for the horizontally oriented tags.
Additionally, the regns of simultaneous tag read increased to a total bivB&h
represents 23% of the total read area. This is an increase orntbhee@ap region
obtained with the horizontal tags. This increased region of overlap indicates that wider
region of coveragaill be maintained by the vertically polarized tags should one of

the tags cease to be functional or be blocked.

The above results are consistent with what was earlier noted with the vertically
polarized tags providing better coverage when mounted onbdldg than the
horizontally polarized tag. However, the overlap of orfyb8tween Tags 1 and 3

means that the diversity is not robust.
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Fig. 631 Read sector plot for 3 Horizontal tayghite, black and grey sectorsessingle tag
read, 2 tag read and-nead sectors respectively.

Fig. 632 Read sector plot for 3 vertical tagh'hite and black sectors are single tag read and
2 tag read respectively.

In order to assess how rolbtise three tag diversity set up can be in a case where there
is a failure or blockage of one of the tags, the effect the removal of each tag on the
outage regionsidetermined and summarized in Table &l no read regions for the

horizontally placed tgs presented in the table includes the no read region between Tag

3 and Tag 1.



TABLE 6.4 READ SECTOR WIDTHS FOR 3 TAG
DIVERSITY

Tag Setup Failed Tac No Read (de¢ No Read (

3H, Tag 1 91° 25%
Fig 6.31 Tag 2 107 30%
Tag 3 172 48%

3V, Tag 1 64° 18%
Fig6.32 Tag?2 58 16%
Tag 3 158 43%

From the results psented in Table 6.4he effect of a single failed or blocked tag can
be seen to be less detrimental in the case of vertically oriented tags. 8 riesult
of the wider read sectors the tags have in this orientation which enables the

overlapping of read sectors.

6.4.4 Four Tag Diversity

In critical situations where robust diversity is essential, 4 tag systems must be
considered. Therefore, aufiotag diversity study was carried out with tags on the chest,
back and on both upper arms. As presented in the 2 and 3 Tags diversity cases, the

averages for all three volunteers are presented in Figs 6.33 and 6.34.
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Fig. 634 Individual read boundaries for 4 horizontally oriented tags

Table 6.5hows the standard deviation of the two boundariethéread sector of the
tags in both horizontal and vertical orientations of the four tags. Each boundary is
obtained from a combination of the boundary values from 6 consecutive

measurements from the three volunteers.



TABLE 6.5 STANDARD DEVIATION OF TAG READ SECTOR

BOUNDARIES
Tag Setup Tag : Tag Tag 3 Tag 4
Bl B2 Bl B2 Bl B2 Bl B
4H 19 34 20 21 18 21 15 18
4V 17 22 19 31 22 22 34 24

For horizontal tags, Fig. 6.35mnidirectional reading occurred and the combined
simultaneous mukiag read sectors was 1983%) of the read area. When the tags
were placed vertically, Fig. 6.36, the overlapping regions where at least two tags read
represented 73% (263of the tothread area. In addition to the better simultaneous
tag read coverage afforded by the use of vertically oriented tags, it can be seen that
vertical orientation provides a region of°2éhere Tag 2, Tag 3 and Tag 4 read at the
same time. This provides vegpod robustness for 4 vertically oriented tags. The noted
observation is again consistent with the previous results where vertically oriented tags

provided better ofbody performance than horizontally oriented tags.

180

Fig. 635 Read sector plot for 4 Horizontal tai¢hite and black are single tag and 2 tag
read sectors respectively
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The effect of the failure of any of the tags on the overall coverage of the 4 tag diversity
system is summarized in Table 6.6

TABLE 6.6 READ SECTOR WIDTHS FOR 4 TAG
DIVERSITY

Tag Setup Failed Tac No Read (dec No Read (

4H Tag 1 81° 23%
Tag 2 66° 18%
Tag 3 Qe 3%
Tag 4 14° 4%

4v Tag 1 6° 2%
Tag 2 Q° 0%
Tag 3 49 4%

Tag 4 4° 2%
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Table 6.6shows very low percentage outage for the horizontally placed tags on the

arms. Thiss due to the wide read sector of the horizontally oriented tags placed on

the chest and on the back. The same explanation holds for the low outage percentage

for Tag 1 and Tag 2 for the vertically oriented tags with Tag 3 and Tag 4 which have

wide read setors making up for the loss ahy of the tags. This indicatdsat a 4 tag

system is highly robust.

Table 6.7gives the results for the 2, 3 and 4 tag diversity studies.

TABLE 6.7 TAG READ SECTOR WIDTHS FOR 2, 3 AND 4 TAG DIVERSITY

Read Sector Width

Study Pol Tagl Tag2 Tag3 Tag4
2 tags Chest Back - -
(ChestBack) _ _
159 110
169 168 - -
2 tags
(Arms)
192 188
H 108 105
3 tags Rear Right Arm Rear Left Arm  Left Chest -
Y, 148 139 182
114 171 139 -
4 tags Chest Back Right arm Left arm
_ _ _ 188
Y, 159 110 193
H 169 168 108 105

For better lllustration, the read sectors in Table 6.8 are presented intagesef the

total area in Table 6.8
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TABLE 6.8 PERCENTAGE TAG READ SECTOR WIDTHS FOR 2, 3 AND 4 TAG

DIVERSITY
Read Sector Width
Study Pol Tagl Tag2 Tag3 Tag4
2 tags Chest Back - -
(ChestBack) V 44% 31%
H 47% 47% - -
2 tags
(Arms) \% 54% 52%
H 30% 29%
3tags Rear Right Arm Rear Left Arm  Left Chest -
\% 41% 38% 51%
32% 48% 39% -
4 tags Chest Back Rightarm  Left arm
\Y 44% 31% 54% >3%
47% 47% 30% 29%

From these results for the sticking plaster tag of Fig. 6.1, we conclude that vertically
mounted tags have better performance than horizontally mounted tags in terms of
combined read sector widths though horiatigtplaced tags can also offer reliable
omntdirectional reading for 4 tag diversity. All measurements presented here refer to
a single reader, using multiple readers will improve read reliability and range, though
this would come at an increased infrasture cost which may be undesirafdéd].



6.5 Tag Diversity Performance with Regular Body
Movements

As a patient may be mobile while beingnitored, the performance of multiple tags

on the body during regular body motions was studied. Two, three and four tags as
defined in sections 6.42 6.4.4 were placed on the body and the volunteers were
asked to make picking, bending and twisting magi The volunteers repeated the
motions for a fixed time and the tag read was determined using the read count on the
reademwhich read about 35 times per secofiddag placed on the body while standing

still for the same duration was used as a benchnoarfafuging the tag read count in
percentage. The various motions are shown is.Bi§77 6.39.

Fig. 637 Picking Motion

Fig. 638 Bending Motion
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Fig. 639 Twisting Motion

The plots of the tag read counts in each diversity and motion are showrs.i6.EQ
I 6.48. Horizontal and Vertical tag orientations are also compared.
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Fig. 640 Picking motion with 2 tags on chest and back
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Fig. 641 Bending motion with 2 tags on chest and back
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Fig. 647 Bending motiorwith 4 tags on body
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Fig. 648 Twisting motion with 4 tags on body

A summary of the tag performance is shown in Table 6.9. It can be seen that as earlier
observed, the tags which were placed in a vertical orientation perfdretid than
the tags in the horizontal orientation although the difference is marginal in some cases.

The tags that were placed on the back had low read percentages due to blocking as the
user was facing forward. The tags placed on the chest also exjgergme blocking

during picking and bending because of the position of the head during these motions.
The tags on the three volunteers experienced varying degrees of blocking leading to
no-read because of the differences in their natural motion patsrmeell as body

shape.
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TABLE 6.9
READ PERCENTAGEFOR 2, 3AND 4 TAG DIVERSITY
Diversity
Motion Pol 2 3 4
T1 T2 T1 T2 T3 T1 T2 T3 T4

H 74 6 12 2 69 65 8 54 18
Bending

\% 77 32 30 6 81 76 15 86 17

H 71 1 1 0 79 71 8 36 6
Picking

v 84 5 8 2 8 84 8 70 11

H 57 37 28 16 72 60 25 45 24
Twisting

\% 58 4 31 15 73 55 15 57 35

Table 6.9 read percentage for 2, 3 and 4 tag diversity

6.6 Conclusion

An inkjet printed RFID tag integrated with a sticking plaster has been presented. The
modeled tadpad a return loss of 24dB atB8IHz with a 10dB bandwidth of 3MHz.

The simulatedsurface current distributiomdicatedhigh density around the slotted

loop in the antenna which accounted for the dominating influence of the loop
dimensions in determining thaginput impedance an@sonance frequencyhis tag

had a read range of over 4m on air and at least 1.6m when placed on other parts of the
body. The lowest measured range for this tag was for the arm which can be attributed

to the presence of dense muscle and bone.

Diversity studies were carried out using motion capture equipment to ascertain which

mounting positions would offer reliable read coverage using 4 tags or fewer. The



indications are that horizontally mounted tags on the chest and back can provide better
overall cowerage than vertically mounted tags which had narrower read sectors on the
back due to increased influence of the body on the tag as a result of increased contact.
With wider read sectors and narrower fread sectors, 2 vertical tags mounted
symmetrically on the arm offered significantly better performance than the
horizontally mounted tags. In a bid to improve the read of the vertical tags, the tags
were mounted so that one is displaced slightly forward, and the other displaced to the
rear. This did not igld the desired result as it led to a decrease in the overall read

sector of the tags.

Three and 4 tag diversity were also investigated for improvement in read sector
coverage. The three tags were placed in such a way that at least one tag cotld read a
any given rotation of the wearer. Although this mounting technique ensured that there
were multiple regions with an overlap where two tags read concurrently, there was a
region where no tag read during the transition from the read sector of Tag 8dadhe
sector of Tag 1 for the horizontally oriented tag. The stated gap was eliminated in the
vertically oriented tags by a small region of overlap between the two tags. In the case
of 4 tag diversity, with tags on the arms and on the chest and backat&ositwas
obtained where at two tags read simultaneously in all overlap regions. The vertically
oriented tags had 73% overlap regions compared to 53% for horizontally polarized
tags. 4 vertically oriented tags also had ar2gion where three tags readfa same

time. With this set up, reading should remain reliable even for recumbent patients lying
on their backs or sides. A summary of the performance of the different tags setup is
shown in Table 6.10.

Di fferent body mot i on seadwercertageslalsooinditated t e d .
better overall performance of the vertically oriented tags with these motions although

the advantage was minimal in some cases.
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TABLE 6.10 TAG DIVERSITY PERFORMANCE ASSESSMENT

TAG SETUP TOTAL DIVERSITY DIVERSITY WITH ONE F AILED TAG
2 TAGS CHEST/BACK H Good Poor

2 TAGS CHEST/BACK V Moderate Poor

2 TAGS ARMS H Poor Poor

2 TAGS ARMS V (SYMMETRICAL) Good Poor

2 TAGS ARMS V (ASYMM ETRICAL) Good Poor

3TAGS H Good Poor

3TAGS V Excellert Moderate

4 TAGS H Excellent Very Good

4 TAGS V Excellent Excellent
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CHAPTER 7

CONCLUSION AND FUTURE WORK

The work presented in this thesis has considered inkjet printirey fabrication
technology for body mounted RFID tagstive form of transfer tattoo tags as well as
tags integrated with sticking plaster. Various printing parameters have been discussed
as well as their influence on the performance of the printed tagstobustness of
these tags in the face of fabrication limitations as well as exposure to wear and tear
during use was explored. Also presented was the performance of multiple printed tags
on the body with the aim on providing good diversity in a case where is limited
mobility of the user. The purpose of this chapter is to present conclusion arising from
the work contained in this thesis as well as provide suggestions for future possible

work.
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7.1 Conclusions

The growing use of RFID technology for bmapurposes such as inventory tracking

and access control has been accompanied, in recent years, with an increase in
ingenious use of it such as for sensors on their own or when integrated with a full
standalone sensor. In the 2kentury, the growth oRFID has been fuelled by its
potential key role in the concept of Internet of Things (loT) where it is expected to
interface between devices as well as act as a bridge between these devices and humans.
This growth in RFID adaptation has also led to bettelerstanding of the technology

as well as its problems and limitations when used on different environments such as

on the human body. Some of these have been discussed in Chapter 2 of this Thesis.

There is also need to widen the growth of RFID by usibgdation methods that will

not only quicken the conventional means of making these RFID tags but also make
the fabrication costs lower. These new fabrication methods also seek to manufacture
RFID tags with materials and on substrates that would not temredchievable with

the traditional copper etching approach which employs corrosive chemicals which a
lot of materials cannot withstand. One of these alternative fabricabinodss the

inkjet printing ofthe tagswith silver-nanoparticles based condwetink.

Inkjet printing technology has some advantages such as thedigmand (DOD)
feature which ensures that ink is not wasted and it is only released from the ink
cartridge when needed instead of having a continuous flow. Another feature of inkjet
printing which ensures that the ink is not wasted is the ability to selectively deposit on
only the parts of the sample being printed. These are usually the critical areas such as
regions of high current density where proper definition has an effect on the
performance of the tag. The wide range of substrates on which inkjet printing can be
used is also an added advantage to this fabrication technology. Fabrication with inkjet
printing can be made on a wide range of substrates such as wood, plasticsamdetals
even porous materials such as paper. This suits well with the nature of the RFID tag
described in this work which is a transfer tattoo tag. A further advantage provided by
inkjet printing technology for the purpose of the epidermal transfer tattods tag
flexibility. One of the requirements of a body mounted tag is the comfort of the user.

A body mounted tag should not interfere with the daily activities of the person wearing
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it and should be worn with the user not bearing its presence in mind. Alttioeigh

transfer tattoo tag presented in this work is only a few microns thi&6 (1m), the
flexibility of the pdngnsuredthattie trangdenidteg@atess v e i
seamlessly with the body making it comfortable to use and not cause any irritation to

the skin due to friction.

In-depth details of the inkjet printed epidermednsfer tattoo tag were given in
Chapter 4. It was seen that a good balance between the amount of ink utilized for the
printing of the tags and the achievable read was achieved with tags that were printed
with 20um drop spacing and had 3 layers of déedsconductive inkThis thickness
satisfied skin depth requirements and also had a reduced DC resistance. The
importance of proper sintering of the printed sample was also noted. Improper
sintering would lead to samples that are brittle and would affeateeded flexibility

of the tag. For 20 um drop spacing tags, there was an increase in the simulated tag
efficiency after up to 30 minutes of sintering followed by efficiency drop. Owing to
temperature constraints in the transfer tattoo paper, sintegyand 30 minutes is not

advisable.

A 60 cm read range was achieved from the tag. This is a reduction of about 40cm that
obtained with an etched copper tag. The printed tag measured required transmitted
power was 26 dBm which compared to the 21 dBm ohddfren the etched copper

tag. Increasing the number of conductive ink layers to 5 increased the achieved read
range but this was not deemed to be economically viable because this improvement

was not commensurate with the increase in depositelgdeinke fakication costs

Owing to expected variations in the dielectric properties of individuals, a performance
study of the transfer tattoo tag on 10 individuals was carried out. This was done using
a probe based dielectric measurement equipment. The study sheveatidns in read

range of the tag on the individuals which was related to the fat and muscle density of
their body. It was also seen that a 1% increase in the relative permittivity of the body
led to a 6.5mm reduction in measured read range while e dagree of increase in
conductivity resulted in a 9mm reduction. Performance assessment of the tag on
various parts of the body was also carried out and resulted in variations in measured

read range.
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The effect of ink volume reduction techniques in ortdereduce fabrication cost on
the performance was also examined. Techniques which involved the selective
deposition of conductive ink on critical parts of the tag such as the feedline and ports,
trimming of low current density parts of the tag as wellsed of grid antennas were

examined.

The selective deposition of ink saw a tag printed with two full layers while additional
layers were added on the feedlines and ports. Additional layers from 1 up to a
maximum of 3 were deposited. Each additional lagev an increase by 1% in the
total conductive ink volume used for tag fabrication of the tag when compared to that
used for the fabrication of tags with 3 full layers of conductive ink. This also resulted
in an increase of up to 26% in read range for thevith additional three layers on the
feedline and ports. A drop in read range by 25% was measured for the tag with 65%
of its conductive area trimmed off. On reduction of the trimmed area to 48%, the read
range was reduced by 11% to 53cm. 0.11 g of ink wsed to fabricate this tag
compared to the 0.22 g used for the full 3 layer tag. This proved to be a good utilization
of conductive ink given the achieved read range. The grid tag utilized the least quantity

of ink although with a reduced read range estalistness concerns.

There are some issues with inkjet printing technology such as the formation of holes
in a printed sample due to blocked nozzle and coffee stain effect with can affect the
resolution of a thin printed line. This work has examined thgashof these defects,
some of which are formed by the limitations of inkjet printing technology, on the

performance of the epidermal transfer tattoo tag.

The studied defects were in the form of hairline cut on the feedline, pinhole defects,
notched defas and variations in feedline width. The effects on these defects were
studied using simulation and measurement. The most detrimental defect to the tag
performance was the hairline cut on the feedline which resulted in the total loss of
functionality. Apat from the cut on the feedline, the most effect on tag performance
was by the pinhole defect which were located in the ports as well as on the area around
the slot of the tag which led to a 28% reduction in efficiency and 12% reduction in tag
read range. ®the other hand, thedst effecn tag performance were by the notched
defects on the feedline. Experimental results have also confirmed indications by the

simulations.
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The epidermal transfer tattoo tag was subjected to a robustness test in ordegeto ga

its performance and suitability for everyday use. The tag showed good performance in
the course of a normal day office use. There was a gradual decrease in measured read
range during this test, however the tag did not stop functioning after 8 haessiod

but failing after about 20 hours due to a cut on the feedline. Additionally, rigorous test
on the tag was carriedubby wearing the tag for 20 mins of exercise activities in a
gym. The tag showed a reduction in read range by 19%. A more controlled experiment
using a saline solution however indicated that this reduction in read rage was more as
a result of wear and tedue to mechanical friction than exposure to sweat. There was

no reduction in measured read range of the tag after a shower.

This research work has also evaluated the diversity performance of an inkjet printed
tag integrated with a medical sticking plasiehe idea behind this is the suitability of
the use of multiple tags in situations where the user may be incapacitated and also

when the use of multiple readers may not be feasible due to cost constraints.

Two tag diversity studies indicated a better emage provision by the tags placed
horizontally on the chest and back. Vertically oriented tags placed in the same manner
showed a narrower coverage area. When the two tags were mounted symmetrically on
the upper arms, the vertically oriented tags provioettier coverage when compared

to the horizontally oriented tags. Mounting the tags asymmetrically in a bid to improve

read area did not yield the desired results as the coverage area reduced.

Three and four diversity tag implementation resulted inifsagmt improvement in

the two tag diversity system. With the three tag diversity system, the vertically oriented
tags provided better coverage than the horizontally oriented tags which had region
where no tag read. For the four tag diversity systemyvéngcally oriented tags
provided 73% overlap region compared to 53% overlap region the horizontally
oriented tags had. This is in addition to a° 28gion where three tags read
simultaneouslyWith the four tags vertical orientation set ugading shouldemain
reliable even for recumbent patients lying on their backs or sides.

Although minimal in some cases, further diversity performance studies with
volunteers performing routine movements also indicated the superiority of the
vertically oriented tags @r the horizontally oriented tags for diversity purposes. A

summary of the tag fabrication parameters and performance are shown in Table 7.1.
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TABLE 7.1 RECOMMENDEDFABRICATION AND PERFORMANCE
PARAMETERS FOR COST EFFECTIVE INKJEHRINTED EPIDERMAL
TRANSFER TATTOO TAG

Substrate

Substrate thickness
Conductive Ink

Drop spacing
Conductive ink layers
Sintaing Time
Sintering Temperature
Read Range
AverageBody -
AverageBody U

Effect of body dielectric

Best ink utilization desigr

%

Worst ink utilization

design

Durability
Most detimental defect
Best tag diversity
o = /:I I\-\
3'|\ 1 JJ,q '4.?3

u [l
I\ T

I-1
II

o J.‘\\_

Transfer tattoo papgfrom crafty computer paper)
26 um (ink receiving layer)

SigmaAldrich (Silverjet DGR40LT-15C)

20 pm

3

30 minutes
135°C

a 60
31.8

0.46 (S/m)
1% increase in conductivif®.46 S/m= 9 mm

cm on ar m, 1.1m or

reduction in read range

1% increase in permittivity31.8)= 6.5 mm reduction
in read range

Trim 2 (65% cut area) with 35% of total ink mass

used to achieve a read range 75% of full 3 layer ta

Trim 2 hasthe highest FoMDp— of 2.14

Two full layers with one additional layer on feedline
and ports with 71% of total ink mass achieaeead
range9% greater than that @ffull 3 layer tag Has
the lowest FoM of 1.54

> 8 hours

Pinholes around slot and ports

4 vertically polarized tags offering multiple
simultaneous read regions and performance when

tag fails




7.2 Further work

This work has described a novel inkjet peith epidermal transfer tattoo RFID tags.
While it has presented a study of the inkjet printing of this tag with a focus on the
printing techniques, effects of the method of fabrication on the performance of the tag
as well as a robustness assessmentssaat, it is acknowledged that this was carried
out using a single tag design. Although this has led to a reduction in the variables in
the study, there is need to carry out further study oot dyperformance of inkjet
printing for tattoo tag fabration with other tag designs. This would help to further
assess the viability of inkjet printing technology as a means for fabrication of
epidermal transfer tattoo tags. Other means of ink usage minimization can also be

exploited by using alternative tagsigns.

The effect of body dielectric parameters variation on the performance of epidermal
transfer tattoo RFID tags carried out in this work was done with a sample size of 10.
This sample size did not adequately cater to sources of these variations gectex,

race and age. Additional work using a larger sample size is needed in order properly
develop a system that can be used to evaluate the performance of epidermal transfer
tattoo tag based on these parameters. This would aid in understanding kew the
parameters affect tag performance leading to a possible performance prediction

metrics.

Preliminary work on the implementation of an active epidermal transfer tattoo tag has
been carried out and reportedh. This initial work has shown very promising results
with a remarkable increase in read range when compared pasisive tag. This was
achieved by using a flat soft batte®]. Further work is needed in order to fully
integratethe epidermal transfer tattoo tag with a printed battery of the kind reported
in [3]. A tag of this nature would lead to a less bulky, longer read range epidermal

tattoo tag.

There is also a possibility of extending the motions used for the diversity performance
study presented in this thesis. Thetions discussed in this work involved the
volunteer standing while performing these motions. Further study is required to assess
the performance of the various tag diversity systems for motions carried out while

sitting and lying down.
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