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Abstract—By combining radio-frequency identification
(RFID) and paper-microfluidics technologies, a low-cost
first-of-its-kind platform for comprehensive liquid sensing,
the “smart test strip”, is presented, which enables portable
wireless real-time liquid sensing with handhold devices
(e.g. cell phones), and integration of various multifunc-
tional electrical and chemical sensors, for numerous Lab-
On-Chip (LOC) applications including manufacturing con-
trol, environmental monitoring, and point-of-care medical
diagnostic. The fabrication of RFID tags and two types of
microfluidics are accomplished by a single inkjet-printing
process in a cost-effective environmental-friendly addi-
tive manufacturing approach, which makes possible the
production of disposable, light-weight and flexible sens-
ing platforms. Taking advantage of the proposed smart
test strips platforms, we demonstrate two proof-of-concept
high-performance electrical sensors based on Interdigi-
tated Electrode (IDE) topologies: a resistivity-based sensor
with a 1782 Q/(©2*m) sensitivity; nevertheless, the proposed
permittivity-based sensor with a 15%/¢, sensitivity, but the
proposed integrated wireless platform can facilitate the
integration of even more chemical and electrical sensors.
Plus, two on-strip antenna prototypes have been designed,
optimized and tested to work at 2.4 GHz and 13.56 MHz,
respectively. Furthermore, the wireless interrogation of a
complete proof-of-concept smart test strip is presented,
which shows an excellent sensing resolution of 1.33 (2 over
the range of 0-1371 (.

Index Terms—Additive manufacturing, health monitor-
ing, inkjet-printing, Lab on Chip, liquid sensing, microflu-
idics, paper, RFID, sensors, ;PAD, wireless sensing

I. INTRODUCTION

EST strips are widely used in chemical and biomedical

assays in virtually every scenario from industrial manu-
facturing control to personal healthcare, as they are typically
disposable, lightweight and easy to use. In order to enhance
the functionality of test strips, in 2007, Whitesides and col-
leagues developed paper-microfluidics [1]. They patterned the
channel and divided the paper into different functional areas,
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by printing hydrophobic walls on paper. Since then, paper-
microfluidics and paper-based microfluidic analytical devices
(uPAD) have been in spotlight as they enable the integration
of multiple chemical tests into a single strip [2]-[4] at a
very low cost due to the additive manufacturing methods used
[5], [6]. The more sensors the sensing platform includes, the
more effective and comprehensive information about the tested
liquid the tester can learn. It is natural to investigate whether it
would be possible to integrate more sensors in a cost-effective
way within these small test strips.

Recently, the number of electrical and electrochemical lig-
uid sensors has grown significantly, as these sensors can easily
turn the liquid information into electrical signals, which can
be easily transmitted and recorded [7], [8]. Of special interest
are the permittivity and conductivity values of the liquid
under test, which effectively disclose contents’ information.
For example, fat content in milk [9] and fermentation of
wines [10] can be easily monitored by the permittivity value,
while the contamination of ground water can be detected
by an abnormal conductivity value [11]. By embedding the
microfluidic channel into the electrical circuits, various mi-
crofluidics sensors have been developed to enable real-time
monitoring [8], [12], [13]. Combining passive Radio-frequency
identification (RFID) technologies, the sensing information
obtained from microfluidics sensors can be sent out wirelessly
while eliminating the need for power / batteries [14], [15].
Simply, a small RFID chip and an antenna can constitute a
well-functioning passive RFID tag commonly used in tracking,
locating and recently sensing applications. This light-weight
low-cost and compact approach happen to be in the same route
as uPAD, so it is natural to combine these two technologies
to build a new generation of wireless comprehensive sensors
- the smart test strips.

In this paper, we propose the integration of paper-
microfluidics chemical sensors and RFID-enabled wireless
electrical sensors for comprehensive liquid sensing for the
first time. On one side, regular paper-microfluidics chemical
sensors usually use a specific chemical reagent in each sensor
to detect a specific content, such as glucose or protein [2]-[4].
On the other side, electrical sensors sense liquid’s information,
such as conductivity or permittivity which is a composite result
of all liquid’s contents [8], [12], [13]. The smart test strip can
obtain information from both (individual/composite), which
allows for more degrees of monitoring, increases the informa-
tion capacity, and significantly saves tester’s time and effort.
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Compared with traditional sensors or sensing platforms, the
proposed systems can provide comprehensive information in a
wireless and portable approach, which improves the efficiency
drastically and enables next-generation liquid sensing.

In order to realize ubiquitous sensing and deploy the pro-
posed smart test strips in massive scale, the strips including
both the microfluidics and the RFID tags, must be fabri-
cated in a consistent and cost-efficient way. Inkjet-printing, a
low-cost environmental-friendly additive manufacturing (AM)
technique, has been introduced in RFID fabrication [16], [17],
while also being capable of effectively realizing microfluidics
[8]1, [15], [18]. Inkjet-printing, one of the most common
techniques used in commercial printing industry, is a scalable
process, which means the fabrication time doesn’t increase
largely with the increase of samples’ quantity and thus is
good for high volume industrial production. In this work,
fully inkjet-printed microfluidics, fully inkjet-printed pPAD
and fully inkjet-printed RFID tags are realized in the same
platform to achieve a cost- and time-efficient fabrication of
the smart test strip. To the best of authors’ knowledge, inkjet-
printing is the only tool that can facilitate the fabrication of
all these three parts easily and cost-effectively, so it is one of
the best candidates for the fabrication of the smart test strips.
Compared with fabricating these three parts separately and
assembling afterwards, the proposed fully inkjet-printing pro-
cess can effectively eliminate the equipment cost, while saving
time and space of assembly. Therefore, we present the smart
strip sensing platform along with a low-cost fabrication ap-
proach, featuring disposable, light-weight, zero-power, multi-
functional, time-and-effort-efficient characteristics and wide
applicability to numerous scenaria including water quality
monitoring, manufacturing control, and point of care medical
diagnostic.

This paper is arranged in the following way: section II
provides a system-level overview of the wireless smart test
strips; section III discusses the challenges and solutions for
the low-cost easy-to-scale fabrication of the proposed smart
test strips; two types of electrical sensors along with their
proof-of-concept prototypes on the test strips are presented in
section IV; section V discusses the wireless interrogation of
the electrical sensing platforms on the smart test strips.

[l. SYSTEM OVERVIEW

The proposed smart test strips system consists of various
smart strips and one reader as shown in Fig. II. Within every
individual test strip, there are multiple chemical sensors, such
as pH, glucose and protein, which are divided in different
sections and deposited with different reagents that react with
the testing content and produce colorful compounds. Based on
the color intensity, the concentration of the chemical content
under test can be detected. Various researchers in chemical and
biomedical area have reported numerous sensors of this type
[1]-[3]. In addition to the chemical sensors, multiple electrical
sensors, such as permittivity sensors, conductivity sensors, and
temperature sensors, are also embedded within the test strips
taking advantage of their inherent property to easily translate
the liquid’s information to a resistance or capacitance change.
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Fig. 1. A block diagram of the proposed smart test strips system-level
operation principle.

The RFID chip then digitizes the resistance or capacitance to a
binary signal, which is afterwards transmitted back through the
antenna to the reader/gateway employing backscattering tech-
niques. The chemical sensors obtain information about specific
and/or expected chemical substances within the liquid under
test, while the electrical sensors provide the comprehensive
overall status including the composite effect of all contents.

A proof-of-concept prototype of the proposed smart test
strip platform with two electrical sensors, three chemical
sensors, and an antenna, is shown in Fig. 2a and another
realization of the same system topology including an electrical
sensor, a chemical sensor and an antenna operating in lower
frequencies is shown in Fig. 8b. The smart test strip can also be
realized on off-the-shelf chemical sensors such as the PH strip
shown in Fig. 3a, with the cross-section view of the microflu-
idic channels shown in Fig. 3b When a drop of liquid reaches
the opening of the stand-alone channel, the channel would
imbibe the liquid because of the capillary effect. Afterwards,
the liquid goes through the electrical sensors inside the stand-
alone channel and then comes to the paper-microfluidics to
interact with the chemical reagents.

On the reader side, portable devices, such as cell phones,
can perform the reading easily: the phone cameras can be used
to digitize the intensity of color of each chemical sensor [19];
the antenna on the phone is capable to transmit and receive the
RFID backscattering signal in the meantime. The phone can
then send it to an off-site laboratory for analysis by a trained
professional or immediately filter it through preset criteria in
the phone and directly return the testing conclusions.

Ill. FABRICATION

As inexpensiveness, scalability and disposability are key re-
quirements to ensure the ubiquitousness of the proposed smart
test strips, additive manufacturing techniques with adequate

0278-0046 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. C
Transactions on Indt

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Liquid

Inlet Antenna

Chemical sensors
(paper microfluidics)

RFID chip position

(b)

Fig. 2. A photo of fabricated smart test strip prototypes working at (a)
wireless and (b) Near-Field communication frequencies.

resolution, such as inkjet-printing, would be among the best
fabrication solutions.

A. Inkjet-printing configuration

For the fabrication of the proof-of-concept prototypes,
inkjet-printing was conducted by a high-performance Dimatix
DMP-2831 materials deposition printer (Fujifilm Dimatix,
Inc., Santa Clara, USA) with a 10 pL drop volume of a 16-
nozzle cartridge (DMC-11610, Fujifilm Dimatix, Inc.). The
print heads of the printer facilitate depositing inks with a
viscosity in the range of 8 to 12 cP, and a surface tension
in the range of 20 to 30 mN/m. The two substrates tested
in this paper are Whatman filter paper and Lab supplies
universal indicator PH test strip, although any filter paper
or test strip is expected to feature a similar performance.
The three inks involved in inkjet-printing were Sun Chemical
Suntronic silver nanoparticle (SNP) ink (Parsippany, USA);
SU-8 ink, which is a blend of Microchem SU-8 2002 and
SU-8 2005 (Westborough, USA) [20]; PMMA ink, which was
realized by dissolving PMMA powder into a mixture of anisole
and dimethyl sulfoxide (DMSO) (Sigma-Aldrich Corporation,
St. Louis, USA) [18]. The printing time for the whole process
is less than 15 minutes in optimal printing conditions and the
time for curing/sintering is shown in Table I, which is around
2 hours in total.
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Fig. 3. (a) A photo of multiple smart electrical sensors integrated on
pH test strips along with an inserted photo (right) of one pH smart strip
tested by vinegar confirming the unaffected good performance of the
chemical sensor. (b) A drawing of the cross-section view of the smart
test strip channel topology.

TABLE |
INKS AND PRINTING /CURING CONDITIONS
Inks Printing temperature Curing condition
SNP 60°C 120°C for 1 hours
SU-8 25°C Following the data sheet [21]
PMMA 25°C 120°C for 30 mins

B. Electronics

Inkjet-printing has been already extensively utilized in fabri-
cating electronics such as antennas and passive elements [22],
[23]. By inkjet-printing conductive nanoparticles, conductive
traces which typically enable electrical sensing can be easily
fabricated. However, printing on porous substrates, such as
paper, can be challenging as the ink will flow into the substrate,
instead of remaining on the top of it [24]. In Fig. 4b and
4d, ink deposited on one side can be clearly seen from the
other side and spreads out randomly along the paper fibers,
which limits the resolution of the printing. Printing conductive
nanoparticles can be even more troublesome as they may be
separated by paper fibers during sintering, which leads to a
decrease in the conductivity. In Fig. 4e, the sheet resistance
of the directly printed conductive traces on filter paper / PH
strip is over 10 times larger than those printed on smooth non-
porous surfaces.

There are two ways to resolve this issue. The “passive”
way involves the deposition of an increasing number of layers
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Fig. 4. Inkjet-printed conductive layers on paper. (a, b, ¢, d) Photos of
front (ink deposited side) (a, c) and back (b, d) of different number of
layers of silver traces printed on the filter paper (a, b) and PH strip (c,
d). (e) Average measured sheet resistance for different number of layers
of silver printed on filter papers and PH strips with and without printed
SU-8 isolation layers, along with the error bars showing the standard
deviations of 20 replicas that were measured 10 times each.

until the saturation of the substrate so that any additional ink
will start accumulating on the top of the paper. In Fig. 4e, an
acceptable sheet resistance of 0.1 /square is achieved when
more than 7 / 5 layers of ink have been deposited on filter
paper / PH strip, respectively. The “active” way involves the
inkjet-printing of a thick layer of SU-8, which will fill the
porous space and form a smooth surface, followed by the
inkjet-printing of a silver nanoparticle ink on top of the SU-
8, resulting in a much better resolution compared to direct
printing on paper. A very high conductivity (0.01 €)/square
sheet resistance) can be reached with only 3 layers of silver
nanoparticles ink with sufficient SU-8 deposited and cured
first, which is comparable to the case of regular smooth non-
porous substrates.

In Fig. 2a, the sensors were printed on SU-8 to maximize the
printing resolution while the antenna and routing were printed
directly on the filter paper to simplify the process, while in
Fig. 2b, all conductive parts were printed on 20 layers of SU-8
to achieve the best resolution.

- & @

- e &
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Fig. 5. Different numbers of inkjet-printed layers of SU-8 rectangular
rings for paper-microfluidics. The leftmost column was tested with red-
dyed water drops and the other two columns were tested with blue-dyed
ethanol drops. Water leakage occurred for 5 layers of printed SU-8, while
ethanol leakage occurred in the case of less than 20 layers printed.

C. Microfluidics

As shown in Fig. 3b, there are two different microflu-
idics in this work: paper-microfluidics, which use paper as
a propagation medium (”in-the-paper”) and only have two
sidewalls to constrain the liquid, and stand-alone microflu-
idics, in which the channel is on top of the substrate (“on-
the-paper”) and is fully sealed in all four directions. For
paper-microfluidics, wax printing is one of the most common
fabrication methods [5]. As an alternative, other hydrophobic
materials such as SU-8, have been deposited and patterned
by photo-lithography to fabricate paper-microfluidics [19].
Here, we propose inkjet-printing SU-8 to fabricate the paper-
microfluidics, an approach that features much lower cost than
the photo-lithography method and a better resolution compared
to wax printing. Furthermore, not “in-the-paper” but “on-the-
paper” stand-alone microfluidics can be easily fabricated by
inkjet-printing, which feature a better control of the volume
of liquid inside the channel that plays a very significant role
in electrical sensing. Recently, researchers have used inkjet-
printing as a bonding method or as a mode fabrication method
to fabricate microfluidics [8], [13]. Moreover, fully inkjet-
printing stand-alone microfluidics has been reported [18],
which is a low-cost and rapid fabrication approach. Thus,
we adapt the inkjet-printing method in this work to fabricate
stand-alone microfluidics structure on porous substrates, such
as filter paper.

In the smart test strips introduced in this paper, there are
three parts in microfluidics as shown in Fig. 3b:

1) Paper-microfluidics: For the first time, paper-microfluidics
using patterned SU-8 as the hydrophobic walls on filter
paper. Fig. 5 shows the liquid-proof performance for dif-
ferent numbers of printed SU-8 layers demonstrating that
10 layers of SU-8 are sufficient for water while 20 layers
are needed for ethanol.

2) Stand-alone microfluidics: fully inkjet-printed stand-alone
microfluidics reported in [18] were adjusted for paper
substrate. 15 layers of SU-8 were printed to isolate the
stand-alone microfluidics from the paper, followed by 10
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layers (about 45 pm) of PMMA printed as a support
material to effectively define the channel position and
configuration. Then, an additional 15 layers (about 90 pm)
of SU-8 were printed on top and cured, with the fabrication
finalized by the PMMA being washed out by anisole bath.

3) Transition between the two types of microfluidics: By
printing a 2-mm-length PMMA trace directly on paper and
a l-mm-length SU-8 layer to partially cover the PMMA
trace, as shown in Fig. 3b, the opening of the channel
would be in contact with paper and due to the liquid nature
of the ink, a nice and smooth slope would be formed
automatically over the step, which efficiently leads the
flowing liquid to the paper while not blocking the fluid into
paper-microfluidics. In order to have a smooth transition
between the paper-microfluidics channel and the stand-
alone microfluidics channel, the PMMA configuration was
chosen to be consistent with the stand-alone channels,
while the SU-8 configuration was similar to the one used
in the paper-microfluidics structures.

IV. SENSOR ON STRIP

Microfluidics-based electrical sensors have been developed
for different applications, such as temperature sensing [8],
heavy-metal ion monitoring [25], and glucose concentration
detection [26]. Most of them take advantage of the permittivity
or conductivity of different liquids by comparing either the
current-voltage (I-V) curves or the frequency responses.

A. IDE structures

Fig. 6a shows an electrical sensor on a smart test strip that
can enable multiple sensing functions. Interdigitated electrodes
(IDEs) were used in this prototype as they effectively increase
the surface (sensing) area of the electrodes without increasing
the total sensor area. The microfluidic channel is placed right
on the top of the IDEs to maximize the sensitivity.

The equivalent circuit of the IDE structure is shown in
Fig. 6c; the measured impedance can be approximated by
a paralle] RC circuit. On the one hand, the total resistance
(Rtotar) can be modelled as two resistors in parallel: a constant
resistor (Ry) due to the filter paper and a varying resistor (R)
due to the liquid inside the channel. Thus, the relation between
the varying resistivity (p) and the measured/sensed resistance
(R¢otar) can be seen in

L. ~R= Geff

X p. (1)
Acss

Rtotal =

o
Where d.rs and A.¢s are the effective distance and cross-
section surface area between the two gap-separated inter-
digitated electrodes, while p is the resistivity value of the
liquid in the channel. In most cases, Ry is very large, so
the approximation in (1) is valid and the measured resistance
(Riotar) is linearly proportional to the resistivity (p) of the
liquid inside the channel. On the other hand, similarly, the
total capacitance (C},tq;) can be calculated through the parallel
combination of two capacitors: a constant capacitor (Cp) due
to the filter paper and a varying capacitor (C') due to the
liquid inside the channel. The relation between the varying

-~ sensor

(a)

R EO- C: J_ co:
Resistance < _ psestance Capacitance AL Capacitance
due to liquid d“gﬁ‘t“ o duetoliquid 70 due to
in channel substrate in channal substrate

|
©

Fig. 6. (a) A photo of a printed sensor prototype compared to an 1-cent
coin. (b) Magnified view of the interdigitated electrode (IDE) structure in
the dashed square in (a). (c) Equivalent circuit of the IDE sensors.

permittivity (e,.) and the detected capacitance (Ctotq;) can be

calculated applying the parallel-plate capacitor model and is

given by

Ae ff X €o
eff

Ctotal =C+ CVO ~ X €p + CO~ (2)
€, is the relative permittivity of the tested liquid, while g
is the free space permittivity. With the approximation in (2),
the measured/sensed composite capacitance (Cioq) is linearly
proportional to the relative permittivity (¢,.) inside the channel.

To simplify the real-time measurements and avoid dealing
with complex impedances, the IDE structure can be treated
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TABLE II
CONDUCTIVITY OF DIFFERENT SODIUM CHLORIDE (NACL) AQUEOUS
SOLUTIONS FOR VARIOUS CONCENTRATIONS [27]

Concentration (Mol/L) | Conductivity (S/m)
0.0 5.5e-6
0.10 1.2
0.35 3.7
1.0 10
35 40

as either a resistor or a capacitor: in the case that the tested
liquid has a relatively high conductivity or DC voltage is
applied (Riota; << m, where w is the measurement
radial frequency), the imaginary part of the impedance can
be neglected and the IDE structure can be seen as a simple
resistor; otherwise, if the tested liquid is non-conducting and
AC voltage is applied, the IDE structure structure can be

approximated by a capacitor.

B. Resistivity-based Sensing

Resistivity-based sensors are widely used in electrochemical
sensing, especially for ion detection. In water quality testing,
resistivity values usually imply the salinity [27], [28], which
has a large impact in plants growth and agriculture, as high-
salinity water would dehydrate and kill the plants. Moreover,
the conductivity of the water is strongly related to the ion
concentration. For example, sea water’s conductivity is one
million times higher than that of deionized water and the con-
ductivity of various aqueous sodium chloride (NaCl) solutions
with different concentrations is shown in Table II. Therefore,
resistivity-based sensors play an essential role in water quality
test kits and are of significance in the smart test strips.

An IDE-based resistivity sensor was simulated by COMSOL
Multiphysics modeling software and measured with an Agilent
U1733C handhold LCR meter on the probe station with a
parallel RLC setting as shown in Fig. 7a. The LCR meter
was connected to two probes, which were calibrated with
open and short circuits before performing the measurement.
The simulated resistance of the sensor (the simulated results
were derived from the complex impedance of the equivalent
circuit shown in Fig. 6c¢) vs resistivity of the liquid inside the
microfluidic channel is shown in Fig. 7b, along with mea-
surement results for various sensor-filling aqueous solutions
of sodium chloride featuring a sensitivity of 1782 Q/(Q2*m),
which is superior compared to subtractively manufactured IDE
sensors [29]. The concentration of the sodium chloride in the
water can be easily determined from the measurements.

C. Permittivity-based Sensing

The values of permittivity (also called dielectric constant in
some cases) of the liquids in the natural environment vary
widely, as shown in Table III. Mixtures of two or more
fluids can feature a wide range of continuous permittivity as a
function of the mixing ratios [31]. Similarly, the permittivity of
the solution varies depending on its concentration [27], [32].
Thus, if a device is capable of detecting small changes in the
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Fig. 7. (a) Measurement setup for the microfluidic sensor testing. (b)
Simulated and measured average resistance of the sensor for filling
liquids with different concentration (resistivity), along with the error bars
showing the standard deviations of 20 replicas that were measured 10
times each. (c) Simulated and measured average capacitance of the
sensor for filling liquids with different dielectric constants, along with
the error bars showing the standard deviations of 20 replicas that were
measured 10 times each.

permittivity values of a liquid, it may deduce a significant
amount of information about it.
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TABLE Il
DIELECTRIC CONSTANT OF AIR AND THREE ORGANIC FLUIDS AT 1 KHZz
AND ROOM TEMPERATURE [30]

Name Dielectric constant ()
Air 1.00
Anisole 4.33
Ethanol 24.3
Dimethyl sulfoxide 46.7
Deionized water 80.0

Similar to the resistance-based sensing, the relationship
between the measured capacitance and the liquid’s permittiv-
ity was simulated by the COMSOL modeling software and
measured with the LCR meter at 1 kHz with the results
displayed in Fig. 7c. The sensor prototype was characterized
for 4 different materials (air and three organic fluids) filling the
microfluidic channel with the respective dielectric constants
shown in Table III, featuring an excellent sensitivity of 15%/e,
(or 0.15 pF/e,.), which enables the sensing of very small liquid
content changes and is superior compared to subtractively
manufactured IDE sensors [29], [33]. For example, the per-
mittivity of ethanol and water mixtures is varying by 5.5 for
every 10% weight mixing ratio difference at room temperature,
according to [34]. Therefore, if the prototyped sensor is used
in alcohol/wine testing, the sensitivity would be 8.25%/wt.%,
which means 1% of mixing ratio changes will lead to 8.25%
capacitance variation, given that the measured sensitivity is
15%le,.

V. WIRELESS INTERROGATION

RFID technologies could potentially revolutionize the effi-
cient wireless interrogation of the proposed smart strip sensors.
As the smart test strips are designed to work with portable
devices, such as cell phones, that read the RFID while
scanning the color of a chemical sensor at the same time,
a small reader range (< 20 cm) would be required, which
fits very well with the use of passive RFID’s, that can be
waken up / interrogated with very low power levels while
eliminating the need for batteries. Recently, new RFID sensor
chips enabling the Internet of Things (IoT) were invented at
both academia [35], [36] and industry, while new RFID chips
at HF and UHF band that have multiple external pads for
resistivity reading have been on the market, such as Melexis
MLX90129, TI RF430FRL, or AMS SL13A and SL900A.
With the help of those chips, the capacitance and resistance
sensing values can be easily converted to binary code and sent
to the reader through the use of antennas. Typical smart test
strip configurations allow for the easy and direct integration
of the antennas on the filter paper, which largely simplifies the
process and decreases the resulting cost.

A. Filter paper electrical characterization

In order to successfully design antennas on the strip, the
material properties of the filter paper were characterized up
to the wireless frequency ranges with the T-resonator method
[37] and the two transmission lines method [38]. The results

To Computer
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—|
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ANTENNA
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Fig. 8. (a) The schematic of the external circuit to the RFID chip. (b) A
photo of the measurement setup of a smart test strip with an NFC RFID
reader.

showed that the permittivity of the paper is 1.73 and the loss
tangent was calculated to be 0.036 at 2.4 GHz. Both values are
clearly low compared to other paper types (e.g. photo papers)
characterized over the same frequencies [17], [39] that feature
permittivity values above 3 and loss tangent values above 0.06,
which is very likely due to air filling in the porous structure
of the filter paper.

B. Wireless System Realization and Testing

For proof-of-concept purposes, a smart test strip was de-
signed with a coil antenna working at 13.56 MHz, an AMS
SL13A RFID chip, two resistors and a resistivity sensor, as
shown in the Fig. 2b. 13.56 MHz wireless configurations
were chosen due to the widely-available off-the-shelf RFID
/ Near Field Communication (NFC) chips and due to many
existing phones being equipped with the NFC capability for
applications such as mobile payments. The schematic of the
external circuit connected to the chip is shown in Fig. 8a. A
coil antenna with a capacitive structure at the end was designed
with Ansoft HFSS to resonate at 13.56 MHz. The coil in
Fig. 2b features a size similar to credit cards, while in space-
constrained scenaria, more miniaturized antennas operating in
higher frequencies can be used, as discussed in Section V.C.
By harvesting RF power from the reader, the chip can supply
3.4-V output voltage (at Vgx7) to the sensor circuit. The
ADC circuit in the chip (at Sgx7) can convert voltage values
between 300 mV and 600 mV to 10-bits digits, therefore two
resistors (12 k2 and 1.2 k€2, respectively) were used to divide
the output power appropriately to the sensor. Fig. 8b shows
the measurement setup for the wireless interrogation of the test
strip. The strip was read by an AMS AS3911 general purpose
NFC reader in a 1-cm distance and the connected computer
decoded the NFC signals into a unitless numeric sensing
readout from -100 to 60 as shown in Fig. 9. Firstly, various
voltages were applied to Sgx7 and respective readings were
recorded to calculate the curve in Fig. 9, which demonstrates
the performance of the RFID tag platform. Then the IDE-based
resistivity sensor was added and sodium chloride aqueous
solutions with four different concentrations were filled to
test the performance of the integrated system. For the above
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Fig. 9. Calculated wireless reading of the smart test strip prototype in an
NFC chip configuration along with measured values for sodium chloride
aqueous solutions of different concentrations, along with the error bars
showing the standard deviations of measuring the sample for 2Q times.

Fig. 10. Inkjet-printed meander-line dipole antenna on filter paper for
wireless smart test strips.

mentioned configuration, the sensor can sense the resistance
change of the sensor from 0 to 1300 €2, with an average
minimal detectable resistance change (sensing resolution) of
1.33 Q, demonstrating an excellent wireless sensing capability
of the smart test strip.

C. Extension to Wireless Frequencies

Wireless frequencies, e.g. 2.4 GHz, feature a great potential
for the smart test strip, as they have excellent compatibility
with existing cell phone antennas as well as a better compact-
ness compared to NFC frequencies. However, limited choices
of off-the-shelf RFID sensor chips operating at 2.4 GHz were
observed. Here, an inkjet-printed tag antenna on filter paper
operating around 2.4GHz is presented to demonstrate the
potential of operating the smart test strips at wireless frequen-
cies. A meander line dipole antenna, as shown in Fig. 10,
was designed due to its inherent miniaturization properties
thus enhancing flexibility and wearability. The antenna was
simulated by a full-wave simulator (Ansoft HFSS) and was

30 I Measurement
"| - = - Simulation
2.1 22 2.3 2.4 25 2.6 2:7

Frequency (GHz)

Fig. 11. Simulated and measured return loss (S11) of the inkjet-printed
dipole antenna on filter paper.

measured by a Rhode and Schwartz ZVA-8 Vector Network
Analyzer (VNA) with results shown in Fig. 11. A good
impedance matching with a maximum gain of 1.3 dBi was
observed, which is comparable to other inkjet-printed antennas
on paper substrates [17] and verifies the feasibility of smart
test strips operating at wireless frequencies.

VI. CONCLUSION

A novel low-cost wireless platform (“smart test strip”)
for comprehensive next-generation liquid sensing is presented
in this paper by combining uPAD (paper-microfluidics) and
RFID technologies. The fabrication of RFID tags and two
types of microfluidics are accomplished by inkjet-printing, a
low-cost additive manufacturing method, which allows for a
disposable, lightweight, flexible, scalable, and time-and-effort-
efficient fabrication. The proposed platform enables the inte-
gration of multiple chemical and electrical sensors, thus multi-
functional, highly reliable and comprehensive liquid sensing
can be realized. IDE based on inkjet-printed electrical sensors
were presented and evaluated with an excellent capability to
distinguish sodium chloride solutions of different concentra-
tions and various organic liquids. The dielectric properties
of the filter paper were characterized up to the wireless
frequencies for the first time (e,.: 1.7, loss tangent: 0.036 at
2.4 GHz). Proof-of-concept RFID/NFC tags at 13.56 MHz and
2.4 GHz were designed and an NFC-based smart test strip was
measured with a commercial reader featuring 1.33 (2 average
minimal detectable resistance change in the range from 0 to
1300 €2. The proposed smart test strips could find numerous
applications, that would include, among others, manufacturing
control, water quality monitoring, and point-of-care medical
diagnostics.
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