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Abstract
4

This work explores the practical functionality of ultra-high frequency (UHF) radio frequency
identification (RFID) tags screen printed onto various low=cost, flexible substrates. The need for
integrated and automated low-cost point-of-care diagnostic solutions has driven the development of
automated sensing and connectivity for implementation with these devices. This work explores
wireless communication for paper-based point-of-care diagnostic solutions through screen printing of
UHF RFID tags onto various low-cost and flexible substrates. Manual screen printing and assembly of
RFID sensor integrated circuit packages and UHF RFID dipole antennas onto various substrates was
performed and the practical functionality of these tags was assessed. Print quality including
parameters such as resistance, roughness and print thickness are reported to illustrate the effect of the
substrate on the printed result. Practical read range measurements are presented for the various tags in
passive and active modes, as well as_with a load connected, for different tag orientations. Results
showed that the tags are_adequate for clinical requirements with read ranges of at least 75 mm
achieved in passive mode across the'different substrates. Our results indicate that a variety of low-cost
substrates can be utilized as different packaging and label options for paper-based diagnostic tests.
This work presents the feasibility of implementing such devices towards low-cost, integrated point-of-
care diagnostics, using straightforward fabrication techniques and realistic testing environments to
illustrate the possibilities.
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1. Introduction

The goal of this work is ultimately to develop low-cost, all-printed sensing, read-out and connectivity
components for point-of-care diagnostic applications. A major component towards achieving this goal
is to investigate different types of substrates onto which these connected sensors can be printed. This
work explores the practical functionality of ultra-high frequency (UHF) radio frequency identification
(RFID) tags with sensing capabilities printed onto various flexible substrates that could be applied as
different packaging and label options directly onto paper-based diagnostic tests and/or integrated<as
part of the paper-based diagnostic device itself.

The need for effective point-of-care diagnostics, particularly in resource-limited settings, has been
emphasised by the World Health Organisation, who have established thef ASSURED. principles
(Affordable, Sensitive, Specific, User-Friendly, Rapid and Robust, Equipment-free and Deliverable to
end users) [1]. In addition there has been a drive towards implementing conneetivity of devices, as
current methods in resource-constrained or rural clinics use manual data capturing. This introduces
immense challenges in the tracking of samples and results betweendthe clinic and laboratory [2], as
well as storing and back-up of results and data [3], and can cause delaysiand errors in recording of
patient results. Automated digital data capture would be optimal te enable result storage, as well as
the ability to access, share and file results. A number of equipment manufacturers have started to
implement connectivity solutions for their instruments! As annexample GeneXpert utilizes
connectivity software platforms such as C360 by Cepheid or software by third-party companies and
organizations including the Connected Diagnostics Platform by FIND. However, modems and internet
connectivity are required and can be problematic in resource-limited settings.

Paper-based microfluidics have led to the evolutionnof low-cost point-of-care diagnostics suitable to
resource-constrained settings that meet many of the ASSURED principles [4,5]. In addition, printed
electronics enable sensors, processing andireadout to be implemented on paper and flexible substrates
[6]. Integration of paper-based diagnostieshwith printed functional components is currently being
explored [7,8], with a clear need for automated and connected solutions to be realized through digital
capturing and communication of theytest result obtained from the paper-based diagnostic device.
Towards achieving this goal, we examinesa number of different paper-based and flexible substrates
and assess the printability and functionality of a wireless communication module in the form of a
RFID sensing tag onto these substrates:

Printing of antennas onto_different substrates has been explored for specialized printed electronics
substrates [9] and cardboard or tecycled substrates using both inkjet [10] and screen printing
techniques [11,12]. UHE RFID. antenna designs typically have simple form factors, which are easier
to print, and have longer read ranges than near field communication (NFC) implementations, where
near-contact methods,are utilized from a reader device such as a mobile phone. UHF RFID enables a
“black box” reader solution to be implemented, a favourable implementation for rural clinics [13],
eliminating the risk of theft ontampering with the reader device, while the disposable RFID tag can be
either passive,(without/a battery) or active (with a battery), the former reducing the cost considerably
and incréasing thedong term reliability.

We dnvestigate-a printed UHF RFID tag design, utilizing a sensing RFID integrated circuit (IC)
(SLY900A-DK-STQFN16, ams, Austria), to provide a compact, integrated solution that could enable
automated read-out and communication of results to an external device in a wireless, contamination-
free manner. These tags also enable identification, verification and tracking of the devices and allow
for datarto be logged in real time towards fully integrated and connected point-of-care diagnostic
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solutions. The SL900A is advantageous for both detection and connectivity of paper-based
diagnostics as it is a single chip solution with extensive sensing capabilities, where resistance,
capacitance, voltage and current can be measured. The IC complies with the Electronic Product Code
(EPC Gen2 1.2), operating in the UHF band, with read distance in the cm to m range for a wireless
solution to be realized using a straightforward dipole antenna design that can easily be printed:

The sensing capabilities of this IC have previously been shown for fluidic detection on¢photo paper
[14], but printing of the tag antenna has been limited to printed electronics‘substrates such<as
polymide [15,16], with one example of printing onto cardboard packaging [17]. We, expand en
existing investigations of SL900A-based RFID tags by exploring the feasibility of printing and
assembly of these tags onto a variety of substrates that could be applicable in the development of low-
cost point-of-care diagnostic devices for health and environmental applications. Thergoal is to
integrate a low-cost yet reliable analysis and communication unit with paper-based microfluidics,
thereby transforming a straightforward paper test strip into an automated,/complete diagnostic device.

This work aims to assess the feasibility of using various substrates ranging in functionality,
characteristics and cost, for implementing manually screen printed and assembled RFID sensing tags.
The substrates include specialized papers optimized for either paper-based diagnostics or printed
electronics, low-cost, standard printing and packaging papers, ‘and adhesive vinyl substrates. Print
quality of tag antennas was assessed across various substrates. Practical functionality of the tags was
investigated by performing read range tests to assess the read,ranges for detecting the tags as well
reading out sensor values. Tags were tested in both passive and active modes, as well as with a load
attached in real-world settings to assess practical functionality of the tags, potentially in a rural clinic
environment. Varying orientations of the printeditags to the reader were also tested to assess the less
than optimal/non-ideal test situations that may resultin.a real-world testing environments.

2. Methods

Characterization of screen printed RFID tags on,20 different substrates (Table 1) was performed. Tag
antennas and additional electronic circuitry required for the RFID sensing chip to be integrated as part
of the device were printed onto each substrate. Manual screen printing was performed using a
modified stencil printer (ZelPrintt LT300, LPKF Laser and Electronics, Germany). Printing quality
was characterized using electrical Qsistance measurements and brightfield microscopy techniques.
Practical functionality of the'tag antennas was assessed by performing read range tests. The screen
printed RFID tags were compared to printed circuit board (PCB) devices of the tag antenna (category
CB, Table 1), as a benchmark, iincluding the development kit (SL900A-DK-STQFN16, AMS,
Austria) and a milled PEB of the tag antenna manufactured and assembled in-house.
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2.1. RFID tag design

The tag design was based on the reference design implemented as part of the development kit and
consists of a dipole antenna resonating at 868 MHz. A 39 nH surface mount device (SMD) inductor is
connected to one arm of the antenna to match the input impedance. Dipole antennas have
advantageous omni-directional characteristics, allowing for flexibility in the positioning/of the tag
relative to the reader. Figure 1 shows the tag design used for printing, along with the points used for
resistance measurements.

RFID IC footprint:

T matching_—~ ‘
diool inductor 1 ch
e, e
i \
Smm :

battery holder

Figure 1. Tag design (110 mm x 35 mm) based on development kit for printing onto different
substrates. A to B and C to D show the longest path over which resistance measurements are made for
each antenna arm, while E to F and G to H show the centre;paths over which resistance is measured.

4
2.2. Substrates

Table 1 lists the substrates that were utilized. These,were selected based on their potential suitability
to developing low-cost point-of-care diagnostic tests forshealth and environmental applications. The
main categories for substrate selection areul) suitability to paper-based microfluidic implementations
(category PM), 2) suitability to printed electronics (category PE), suitability to low cost, accessible,
and practical uses, including both 3) direct application to flexible packaging (category FL) or 4)
flexible sticker/adhesive formats thatican be applied separately to a diagnostic device that may be
manufactured on a different substfate (category FA), and 5) disposable, environmentally friendly
biodegradable packaging (category. BP). It should be noted that some substrates that have been
specifically developed for printed“electronics are also biodegradable. For truly environmentally
friendly solutions to be realized, the disposability and biodegradability of all the inks and electronic
components used would need to be considered. Costing of the different substrate categories varies
with functionality and specialized properties. Costs are typically higher for specialized substrates that
are suited to printed electronicsior paper-based microfluidics, but vary substantially depending on the
specific properties of the substrate.
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2.3. Printing techniques

Manual screen printing of the tag designs was performed to illustrate printability. The screen was
manufactured by Chemosol (Pty) Ltd. (Johannesburg, South Africa) using a synthetic mesh.of 71
threads/cm (71/180-55 PW, SEFAR® PET 1500). Screen printing was carried out using a ZelPrint
LT300 stencil printer (LPKF Laser and Electronics, Germany) with modifications made to enable
screens to be manually mounted into the frame of the printer. A silver screen printable ink (AG-800,
Applied Ink Solutions, USA) was used for screen printing with a rubber squeegee (70-75. Blue
Apolan, Chemosol). Once printed, the devices were cured in an oven at 90 °C for 15 minutes.

2.4. Characterization of printed features

2.4.1.Print quality

Printed features were analysed using a brightfield microscope (Meiji Techno EMZ-8TR) with
different magnifications (7x and 45x) to assess the consistency of the printing, the edge irregularities
and resolution of fine detail, specifically for the IC pads. A laser scanningsmicroscope (LSM 5 Pascal,
Carl Zeiss, Germany) was utilized to assess the thickness and uniformity ofrthe printed features on
different substrates. Surface roughness measurements were-conducted ising LSM for both the
substrate and the printed layer on the substrate to assess the effect,of the substrate on the printed
result. Three roughness measurements were conducted for‘each at a 200x magnification, with surface
roughness calculated using the arithmetical mean roughness value. (Ra). Six thickness measurements
were also performed for each substrate using LSM. Measurements Were performed across the antenna
arms (200x magnification), with two devicestanalysed for each substrate. A theoretical wet print
thickness of 28 um is expected from the screen mesh.used, and a corresponding reduction in thickness
of down to 30% can be expected for the dried ink thickness, resulting in expected print thicknesses of
approximately 8.4 um.
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Table 1. Overview of substrates grouped into categories according to'their primary application.

Label | Substrate Substrate characteristics: Product: Manufacturer:
8 description:
Paper- PM1 | Chromatography paper | Porous, suited forfluidic control Whatman No. 1 CHR GE Healthcare, UK
based PM2 | Chromatography paper | Barriers for fluidic control and Whatman No. 1 CHR with GE Healthcare, UK
microfluidi with wax melted containment XER108R00749 - Xerox
csubstrates through Black Solid Ink Stick
PM)
Printed PE1 Photo paper Coated paper, suited to printed NB-RC-3GR120 Mitsubishi, Japan
electronics sensors, electronics, ink-jet printing
substrates | PE2 Polyethylene- Smooth, transparent film suited to Teonix Q65HA (125 um) DuPont Teijin Films, UK
(PE) naphthalaté(PEN) flexible electronic applications
film
PE3 Polyethylene Smooth, transparent film suited to Melinex 506 (125 um) DuPont Teijin Films, UK
terephphthalate (PET) " | flexible electronic applications
film N
PE4 Ultratsmooth High-definition patterning of printed | Powercoat HD 230 Arjowiggins Creative Papers,
electronics paper electronics France
PES Cellulosicelectronics | High-throughput printed electronics | Powercoat XD 125 Arjowiggins Creative Papers,
paper France
PE6 Smart printed High dimensional stability of printed | p_e: smart paper Type 1 Felix Schoeller Group, Germany
electronics paper electronics, non-porous surface
coating, hydrophilic primer layer
PE7 Smart printed High dimensional stability of printed | p_e:smart paper Type 2 Felix Schoeller Group, Germany
electronics paper electronics, hydrophilic nano porous
surface coating
PES Polyester primered Heat stabilized polyester film, acrylic | Kemafoil MTSL W Coveme, Italy
film primered
PE9 Ceramic coated paper | Inorganic coated paper for Nano P60 paper Printed Electronics Ltd, UK

electronics, absorbs solvents, low
temperature sintering
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Label | Substrate Substrate ch, istic Product: Manufacturer:
g description:
Flexible, FL1 Standard printing Readily available standard paper Typek White Paper A4 80 SAPPI, South Africa
low-cost paper GSM Premium
substrates | FL2 Cardboard packaging | Readily available packaging Typek White Paper SAPPI, South Africa
(FL) packaging box
FL3 Poly(methyl Transparent, somewhat rigid, readily | AXSUHIC001250012501 Maizeys Plastics, South Africa
methacryalate) available plastic Acroglas XTUHI SHT -1
(PMMA) mm
FL4 Transparency/laser Transparent and readily available 17404081, Penguin Waltons, South Africa
overhead projector film Transparencies
film
Flexible, FA1l Transparentadhesive Transparent film with adhesive Grafitack Promo P100 Grafityp Selfadhesive Products
low-cost vinyl Transparent Film N.V., Belgium
substrates | FA2 | Glossy adhesive vinyl | Glossy finish film with adhesive Megarex D-MG Glossy X-Film, Germany
with Vinyl
adhesive FA3 | Matt adhesive vinyl Matt finish film with adhesive Grafitack 1106 Black Film Grafityp Selfadhesive Products
(FA) N.V., Belgium
Biodegrada | BP1 Transparent, Transparent, compostable, heat NatureFlex NVR Futamura Chemical Co. Ltd, Japan
ble compostable; heat sealable film
packaging sealable film
substrates | BP2 /| Transparent, Transparent, compostable NatureFlex NP Futamura Chemical Co. Ltd, Japan
(BP) compostable film
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2.4.2.Electrical characterization

Resistance measurements and subsequent sheet resistance calculations were carried out for<printed
features on different substrates. Figure 1 indicates the points at which the resistance measurements
were conducted on each printed antenna using an LCR meter (LCR-8110G, GW Instek, Taiwan) to
perform four probe resistance measurements. Two devices were characterized for each substrate,
resulting in four resistance measurements for each substrate. The sheet resistance (Rs) values were
calculated from the resistance measurements (R) using

Rs =R x w/l (1)

where w is the width (7 mm), and [ is the length (63 mm) of the printed antenna arm design across
which the four probe resistance measurements are performed. The AG-800 silverink'used to print the
devices has a sheet resistance of < 0.015 Q /sq for a 25 pm layer.

2.5. Characterization of assembled tags

Assembly of the various components onto the printed RFID [tags was,performed using the brightfield
microscope for visual alignment of the components onto the printed tracks. A two component silver
epoxy conductive adhesive (186-3616 RS Pro Silver,/RS Components, South Africa) was used to
mount and secure the IC, 39 nH surface mount matching indu(?[or (WE-MK multilayer ceramic,
Waurth Electronik, Germany), and CR1220 3 VAithium manganese dioxide coin cell battery (CR1220,
RS Pro, RS Components) with copper adhesive. tape (3M Copper Foil Tape 1126, Digikey) to the
printed RFID tag. The epoxy cured for 24 hours at room,temperature. The inductor is connected on
one of the antenna arms for impedance matching. ‘Although the ideal value of this inductor varies
according the substrate used, and consequent.input impedance, the value of 39 nH was implemented
for all tags, as per the design implemented forthe tag development kit. This allowed for relative
comparisons to be made across allsubstrates, and eliminated the need for specialized antenna
optimization software and characterization equipment which would be required to calculate the

matching inductor values for each'printed antenna.

N
The assembled RFID tags were characterized by performing read range measurements using the

reader development kit (AS3993-QF_DK_R Fermi reader, AMS, Austria) which is recommended for
use with the SL900A and .includes’a monopole antenna connected to a reader module. The focus of
this study was to provide.insight into the use of different flexible substrates for implementing read-out
and wireless communicationymodules in real world settings. Read range measurements were thus
performed as these are most important in terms of performance and practical implementation of the
wireless communication, father than focussing on optimization parameters for the antennas or
transmission speeds. Maximum read ranges and received signal strength indicator (RSSI) values were
recorded forypeach, tag! RSSI is an indicator of signal strength from a tag to the RFID reader.
Measurements were carried out for three tags for each type of substrate, both in passive (no battery)
and active (battery-assisted) modes. Figure 2 shows the measurement set-up with a sliding mechanism
for /adjusting the height of the mounted reader antenna, as well positioning for testing different tag
orientations.
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Mounting plate

Monopole antenna

Adjustable
J (underneath) Tag orientations

clamp

AS3993
reader

Upright

-45°

Printed 7 )
RFID tags \

Lateral A-\ /
displacement Tag orientation

plate plate

Figure 2. Measurement set-up for testing the printed RFID tags. The reader antenna and reader are
connected via USB to a personal computer and measurements are captured through a user interface.

3. Results

4

Figure 3 shows selected examples of printed tags onto different substrates, along with the complete
assembled tags which were tested for read-out and wireless'communication functionality.

Figure 3sExamples.of printed tags onto different substrates (left) and complete assembled tags for
read out and wireless communication testing (right). Substrate examples shown are PM?2 (a,b) PE9
(¢,d) and FL2 (e,f).
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3.1. Printed features

Brightfield microscopy was used for visual assessment of print quality. LSM scans enabled surface
roughness and thickness measurements. Substrate and printed layer roughness and thickness/were
verified using surface profilometry (Form Talysurf PGI 820, Taylor Hobson, UK) for selected
substrates and produced comparable results.

LSM scans at 200x magnification produced surface profiles at the boundary between the substrate and
the printed ink layer, to enable print thickness measurements to be made. Thickness measurements
varied across substrates and different devices as a result of the manual screen printing process. The
average measured thickness across all substrates and devices (60 measurements in total) gave an
average thickness of 7.82 um (SD 3.27 um). The average thicknesses of/the" printed, ink for all
substrates ranged between 4 um and 16 pm, with large fluctuations from 1.5 um to 23 um noted in

the PM substrates.
~

Figure 4 shows the roughness measurements obtained using LSM; along with sample brightfield
microscopy and LSM images. Paper-based microfluidic substrates (PM) as well'as printing paper and
cardboard packaging (FL1 and FL2) produced the highest substrate roughness ' measurements, with the
roughness of the print lower than the substrate as a result of the.fibrous substrate being coated by the
ink. Printed electronics substrate PES is a cellulose-based substrate with a roughness specification of
1.5 pm, which is similar to the measured result and is rougher than many of the other specialized PE
substrates. The printed layer on this and slightly rougher'substrate:FA3 is smoother than the substrate,
with the ink coating the fibres and rough substrate surfaces. The Iﬁajority of PE substrates and other
smooth substrates in the FL. and FA categories,have very smooth substrates with roughness values
well below 1 um, and corresponding print roughness values substantially higher than that of the
substrate. Substrate PE4 has a large printed layer roughness arising from bubbles forming in the print.
This is likely a result of the solvent phaserin.the ink that dissolves a binder component in the coating
of the paper. This does not occur with aqueous ink and does not degrade the conductivity.

Sheet resistance measurements areralso shown in’ Figure 4, with standard deviations across four
resistance measurements are indicated for each substrate. Using the average thickness value of
7.82 um obtained from LSM measurements across all tags, a theoretical calculated sheet resistance of
0.048 Q/sq was obtained. The average experimentally calculated sheet resistance for all substrates is
0.07 Q/sq (SD = 0.057 Q/sq). Many of the individual sheet resistance values fall within or close to
this range, with large outliers being the BP substrates.
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the RFID link budget, which takes into account the various gains and losses in the system, can be
estimated. Path loss is a function of the wavelength and the distance between the tag and the reader.
The forward link or power incident on the tag is determined as: reader transmit power (EIRP) + path
loss =24.2 dBm - 25.6 dB = -1.4 dBm. The wake up power of the SL900A IC in passive mode is 0.2
mW (sensitivity = -7 dBm), thus the forward link has enough power to power on the tag I€. The
reverse link or the power received by the reader from the backscattered tag signal is detérmined as:
power incident on tag + modulation loss + path loss = -1.4 dBm - 10 dB - 25.7 dB'=-37 dBm
(assuming a typical modulation loss of -10 dB). Thus the reader can detect the incoming tag signal
of -37 dBm, as the reader is more sensitive (-68 dBm). However, this does not takesin to account any
additional losses that may be present in the system or that may be introducéd by the manually
assembled tags on different substrates.

Read ranges of between 75 mm and 300 mm were measured for tags in passive mode (average of
212.1 mm for tag detection (SD 78.9 mm) and 177.5 mm for temperatare readout:(SD 66.8 mm)),
and between 150 mm and 400 mm for active mode (average of 352.4 mm. for tag detection (SD 137.4
mm) and 300.8 mm for temperature readout (SD 96.7 mm)), excluding, the benchmark development
kit device (CB1) which had slightly higher read ranges of more than 900 mm. in active mode. Longer
read ranges are achieved in active mode as expected, and variations,in the read ranges for the same
substrate can be noted as a result of manual fabrication and assembly of the individual tags. The
average RSSI values recorded for the various tags range from -44 dBmyto -40 dBm for passive mode
and -54 dBm to -47 dBm for tags in active mode. Largesvariations in RSSI values can be noted for
PEA4, potentially as a result of the print quality affecting the tag measurements.

Read range results were also performed by 'commercial RFID company Synertech (Pty) Ltd
(Johannesburg, South Africa) with a commonly, used commercial RFID reader (Impinj Speedway
Revolution R420, Impinj, USA), circularly polarized reader antenna (SF-1101, Flexiray, Czech
Republic) with a gain of 0 dBi, and 4vith'region ‘setting South Africa. The reader settings were
adjusted in the software and included a reader transmit power of 26 dBm and a receive sensitivity of -
70 dBm. The measurements showed that all printed tags were functional with read ranges between
170 mm to 510 mm obtained for tags in,passive mode, and between 313 and 863 mm in active mode.
RSSI values obtained ranged from-46 dBmito -39 dBm for passive tags and -63 dBm to -46 dBm for
active tags. Longer read ranges were obtained compared to the development kit reader measurements
as a result of the difference infeader antenfia properties and settings.

To assess practical tag, functionality further, individual tags for 9 selected substrates (Table 2) were
analysed to determine the effect of distance between the tag and the reader on the RSSI values (Figure
6). RSSI values overddistance were also tested with a load connected to the SL900A for each tag to
simulate a practical ‘application towards an integrated point-of-care diagnostic solution. This entailed
components attached to both EXT1 and EXT2 pins of the IC mounted to the tag, as resistive and
optical sensor/inputs, namely a 100 kQ resistor and an optical sensor (VITB8440B photodiode,
PerkinElmer Optoelectronics, USA), respectively, as well as a 575 nm green LED (TLLG4400,
Vishay, USA) connected between the battery supply for potential user feedback or displaying of
results.

To further understand the practical functionality of the printed tags, read ranges for different tag
orientations were recorded. The default 0° orientation provides optimal read range results, but in a
practical.sitbation the tag orientation could vary. The set-up used for the orientation tests is shown in
Figure 2, with results presented in Figure 7 and summarized in Figure 8 to illustrate the overall effect
of tag orientation on the readability of the tags.
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37 Figure 5. Maximum read ranges and RSSI values recorded for 3 tags per substrate type. Active
38 and passive modes were investigated, both for tag detection (blue) and sensor readout (orange).
39 Insets show ordering of read/ranges from highest to lowest across the substrates for each of the

41 N
Table 2. Selected tag substrates for performing further practical functionality testing.

tag readout modes.

Substrate

Description

CB1
CB2
PE3
PM2
PE1
FA2
FLA4
PE6

Development kit PCB#benchmark device for comparing to printed devices

Milled PCB: benchmark manually assembled device for comparing to printed devices
Printéd electroni¢s substrate: performs well with large read ranges achieved
Chromatography paper with wax: typically used for paper-based microfluidics
Photopapet: standard substrate for printed electronics, particularly inkjet printing
Adhesive substrate: large variations in read range performance

Transparency: low-cost substrate, poor performance without battery

Printed electronics substrate: lower read ranges recorded
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Figure 6. RSSI over distance with maximum read rangés individual tags of selected substrates to

illustrate practical functionality in passive and act s well as with a load connected.
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imum read range results for different tag orientation for 8 selected substrates in both
assive and active mode. Maximum read ranges for successful detection are shown in darker colours
rresponding maximum read ranges for successful temperature readout in lighter colours.
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Figure 8. Summary of tag orientation results across 8 different substrates. Average maximum read
ranges for successful detection (blue) and temperature read-out (orange) are shown, to illustrate
trends for varying orientations in both passive and active mo@

4. Discussion

This work illustrates the feasibility of implementing printed UHE RFID tags with sensing capabilities
onto different substrates, with focus on low-cost point-of-care diagnostic device development. A
manual screen printing set-up and assembly process enabled low=cest, rapid prototyping of devices
which could be assessed in terms of practical functionality.

Surface roughness measurements for substrates and ptinted ink layers (Figure 4) showed two main
trends: 1) fibrous substrates high in roughness had a‘smoother print layer, with the ink coating the
fibres and filling the irregular spaces, and 2) smoother 'substrates resulted in print layers with
increased roughness with values in the range of 1 — 1:Sum, independent of the substrate roughness.
Outliers in print quality such as PE4 highlight the need to consider the ink composition and its
compatibility with the substrate being used to avoid print irregularities. Complete sets of brightfield
microscopy images, LSM images and roughness measurements for each substrate can be found in
Appendix 1: Supplementary Information.

Printed thickness variations result from the manual screen printing process and variations in the
substrate structures. Resulting sheet,resistance values were comparable to the value provided for the
silver ink on most of the substfates, butiwith large resistances noted for the BP substrates (Figure 5),
where the extreme flexibility andéwarping of the substrates could affect the print uniformity and thus
conductivity. Howeverjypaper-based substrates can be incinerated and thus biodegradability need not
be a primary concern,‘andithe substrate to be utilized should be chosen according to the desired
properties for the application, be it fluidic, electronic or other. PE substrates generally have the
lowest sheet resistance values\as expected as these are designed specifically for printed electronics.
Print quality doessnotshave/a direct effect on the resistances of the printed tags, but for fibrous
substrates such as PM1, .PM2 and FL2, this could result in increased ink coated surface areas, which
contribute to improving the read ranges of these tags (Figure 5).

Suitability of theé, assembled tags to practical applications was assessed through read range
measurements, which showed a high degree of functionality (Figure 5). All 60 printed tags tested
were operational, with minimum read ranges of 75 mm achieved in passive mode. This is adequate for
the purposes of the intended point-of-care diagnostic applications for contactless and contamination-
free communication of results from the test device. Maximum read ranges for the development kit in
this. work were around 900 mm in active mode and 360 mm in passive mode, and used as a
comparative baseline. Other research that utilized the SL900A and carried out optimization of the
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antenna design and impedance matching achieved read ranges of between 800 mm and 1100 mm in
passive mode [18-21]. These are generally implemented on optimal substrates using high precision
printing techniques and each with different antenna and reader settings. The development kit tag and
reader manufacturer reports a read range of up to 2 m achievable in active mode, but this can be
affected by a number of parameters including antenna gain, antenna polarization, output powersreader
sensitivity, transponder (SL900A IC) antenna type, which are not specified for this result/ Variations
in read range and RSSI values in this work can also be attributed to the manual printing and assembly
procedures, as well as environmental factors as the tags were tested in a standard laboratory, where
reflections in the RF signal can occur. Impedance mismatch and poor antenna gainscan be,caused by
printing, and could be improved by printing thicker, more uniform layers [21]. The printing technique
used can also affect the performance of the RFID tag, but can still produce reliable tags:[22], which is
the ultimate goal of this work. Practical functionality of the tags is the objective rather than
optimization of the antenna properties, using an existing tag design and testing, the repeatability and
reliability of this for practical applications. The results show that if the working distance is chosen to
be below 50 mm, functional tags can be realized on any of the substratesmutilized in this study. Thus
the substrate can be selected according to other performance parameters and theapplication required.

Individual tags for selected substrates were tested to investigatesthe variation in signal strength
received as a function of distance, and showed a decrease in RSST as, the distance increased (Figure 6).
Typical RSSI ranges utilized by Synertech includes a -80sdBm cut-off, where a tag is typically no
longer classified as readable, and a maximum receivedssignal, strength of a tag of -20 dBm as a
standard measure of performance. RSSI values between -35 dBméand -30 dBm are considered to be
indicative of high performance tags, but are often difficult to achieve in real world conditions. The
RSSI values recorded for the various tags in“this,study rangé from -60 dBm to -35 dBm, with all
values still well within the acceptable performance range. The sensitivity of the reader will affect the
RSSI values recorded, as an increase in sensitivity will allow for weaker tags (lower RSSI values) to
be recorded.

Trends in the RSSI values and¢resulting maximum read ranges for the selected substrates are
comparable for passive, active, and active with load scenarios. Read ranges are lower with a load
connected than in active mode with a battery, but tag performance is adequate, with read ranges in
excess of 100 mm achievable with aload comprising an LED and two sensors inputs. This showcases
sufficient functionality for practicai‘applications, Future implementations could include all-printed
sensors, displays and power-sources combined with the tag for a fully integrated solution. The power
settings of the reader will‘affect the measurements, where an increase in 3 dB doubles the power, and
thus increases the read fange: This will be an important consideration for practical implementations in
clinics, where powet could, be restricted and a trade-off should be made between acceptable read
ranges and resource constraints, along with cost.

Tag orientation, angle and. placement all play a role in the read ranges achievable, as seen from
Figures 7 and 84 An orientation of 0° is optimal for all tags, while at -90° upright, only the
development kit tag(CB1) can be detected in active mode. An orientation of -90° results in the
poorest tag performance with compromised read ranges. Lateral displacement of tags was also found
to give.poor,performance, particularly for antenna reader heights exceeding 200 mm, where most tags
could no longer be detected for any displacement distance tested. In practical settings, tag orientation
is an, important consideration, but could be implemented in such a way that the scanning set-up
adheres to'a range of tag orientations that would produce a working result, for example by using a tag
holder or mounting mechanism.
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This work confirms that for acceptable read ranges of approximately 50 mm, reliable RFID readout
can be achieved for tags printed onto different substrates suited to point-of-care diagnostic
applications. Automated screen printing could be used in future development once successful
prototypes have been realized, and can be scaled up for mass production using roll-to-roll techniques
and lowering the cost of devices.

5. Conclusions

This work demonstrates wireless connectivity using manually screen printed and‘assembled low-cost
RFID tags that were effectively implemented on a large variety of substratess=tincluding low-cost,
readily accessible substrates with direct application to or integration with paper-based diagnostic
solutions. Future work could be extended to more detailed characterization of the RFID antennas,
where characterization and modelling could reveal insights into the differentsSubstrates and optimal
uses thereof. However, the focus of this work was to determine the feasibility of using different
substrates suited to low-cost point-of-care diagnostics for wireless connectivity modules. The work
shows that practical, functional RFID tags with built-in sensing, capabilities can be implemented
successfully towards integrated, automated and connected low-cost point-of-care diagnostic solutions.
Thus future research can be built on the assumption that a reliable link to the outside world exists and
will focus on the electrical readout of the diagnostic result‘on paper. The solutions are poised to meet
the ASSURED criteria and to solve many of the challenges faced,in diagnostic testing carried out at
rural and resource-limited healthcare facilities. y
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