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Abstract—This paper introduces the first-of-its-kind wireless
passive sensing platform combining radio frequency identification
(RFID), microfluidics, and inkjet printing technology that enables
remote fluid analysis and requires as little as 3 L of fluid. The
demonstrated variable microfluidic capacitors, resonators, and
RFID tags are fabricated using a novel rapid, low-cost, and
low-temperature additive inkjet process, making them disposable.
However, even with their disposable nature, the RF microflu-
idic devices exhibit repeatability and long-term reusability for
accurately detecting water, various alcohols, and % content of
water/alcohol mixtures down to 1% water in ethanol. While the
main discussion is on fluid sensing, the demonstrated components
can also be used in fluid-tunable RF applications.

Index Terms—Antennas, inkjet printing, microfluidics, passive
sensors, radio frequency identification (RFID), wireless sensors.

I. INTRODUCTION

M ICROFLUIDICS have become a valuable tool over the
past decade to manipulate, analyze, and interact with

tiny amounts of liquid in applications ranging from blood anal-
ysis, bio-assays, and manufacturing quality control. Before mi-
crofluidics, processes such as bio-assays and water-quality anal-
ysis required large amounts of liquid ranging from milliliters to
several liters, the majority of which is wasted in dead volume
required to fill tubing and valves and never utilized for anal-
ysis or measurement purposes. However, with the introduction
of microfluidic systems, fluid analysis can be performed on sam-
ples of the order of microliters due to the monolithic integration
of sensing and interface electronics, fluidic manipulation struc-
tures, and micrometer-sized fluid channels on a single packaged
chip.
Microfluidic devices are typically fabricated utilizing clean-

room processing as standard lithographic processes lend well to
producingmicrometer-sized encapsulated fluid channels as well
as the required interface electronics. These processes, however,
are time-consuming, costly, and require the use of harsh chem-
icals. Because of these issues, extensive research has gone into
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TABLE I
ELECTRICAL PARAMETERS AT 900 MHZ AND 300 K [10], [11]

alternate fabrication methods that allow for simple, low-cost,
and rapid production of microfluidic devices. Several methods,
such as laser-etched fluidics, craft cut fluidics, and wax-impreg-
nated capillary action fluidics on paper, have emerged that can
be produced outside of a cleanroom environment in a simple
manner [1]–[3]. However, one of the obstacles with current low-
cost microfluidics is integrating electronics while keeping the
devices low cost, as patterning interface and sensing microelec-
tronics onto the chip still requires the use of standard cleanroom
processes.
In this paper, a novel approach is proposed that allows for the

fabrication and monolithic integration of low-cost microfluidic
channels with RF interface microelectronics by utilizing mul-
tilayer inkjet printing fabrication techniques. Inkjet printing is
a rapid and additive process that can deposit a wide variety of
materials, including metals, dielectrics, and nanomaterial-based
sensors, at a low cost and with negligible material waste [4]–[8].
Utilizing a layer-by-layer inkjet deposition technique that has
previously been characterized in [4], [5], interface electronics
and printed adhesive layers are deposited onto a base substrate
that can be bonded with laser-etched fluid channels to produce
fully integrated RF microfluidic sensing systems [9]. The inkjet
fabrication process is utilized in this work to demonstrate tun-
able microfluidic RF capacitors, resonators, and the first-ever
wireless passive laboratory on chip. The proposed “zero power”
inkjet-printed microfluidic sensing platform can be targeted
towards large-scale distributed water-quality measurement,
process monitoring, and biomedical analysis due to its low-cost
nature.

II. THEORY OF OPERATION

At microwave frequencies, fluids exhibit large differences in
their electrical parameters, such as permittivity , conduc-
tivity , and loss , some of which are displayed in
Table I. Due to the large variability in the constitutive parame-
ters of different fluids at high frequency, the introduction of dif-
ferent fluids into a microwave system can cause drastic changes
in the system properties based on field interactions with the
fluid.
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This idea has recently led to the introduction of fluid-tunable
microwave systems, and the similar reciprocal fluid sensing uti-
lizing microwave systems. The majority of the current fluid-in-
tegrated microwave systems in the literature utilize the fluid
as a replaceable dielectric for transmission lines, microwave
resonators, or antennas [12]–[21]. By introducing fluids with
different constitutive parameters as the dielectric, the propaga-
tion constant on transmission lines, or the resonance of a res-
onator or antenna can be changed. However, the majority of
these systems utilize complex fabrication techniques, or utilize
large-scale fluidics.
In this paper, we demonstrate tunable microfluidic resonators

and antennas that operate based on a microfluidic loaded capac-
itive gap that acts as the tuning mechanism. The capacitive gap
is an area of high electric-field concentration. As the field con-
centration is high in this region, introducing very small amounts
of fluids allows for large changes in the impedance of the gap.
These changes are dependent on the constitutive parameters of
the fluid or a mixture of fluids that flow through the gap, which
makes the gap a fluid-dependent varactor. This fluid-dependent
varactor can then be used to load microwave resonators and an-
tennas to tune their frequency of operation.

III. FABRICATION

The materials used are 1/16-in-thick cast acrylic sheets
(Poly(methyl-methacrylate)) (PMMA) (Mcmaster-Carr, At-
lanta, GA, USA) into which the microfluidic cavities and
channels are etched, 220- m-thick Kodak Premium Photo
Paper, which is used as the bonding substrate (Office Depot),
Cabot CCI-300 suspended, silver nanoparticle ink (Cabot Cor-
poration, Boston, MA, USA) for printing out the conductive
features; an SU-8 polymer solution (MicroChem, Newton, MA,
USA) for use in bonding the PMMA and the paper substrate,
and for sealing the paper substrate from direct contact with the
fluid-under-test, and Circuit Works 60 Minute Cure Conductive
Epoxy (Chemtronix, Kennesaw, GA, USA) for attaching RF
connectors and RFID chips. The process for constructing the
varactors, and all structures that utilize the varactor, is as
follows. The PMMA sheets are etched, using a laser etching
machine, with channels and cavities for storing and moving the
fluid-under-test. The patterned metallization is inkjet printed
onto the photo paper using a Dimatix DMP-2800 Inkjet Printer
and cured in an oven under standard atmosphere. The photo
paper and PMMA sheets are then bonded together using an
inkjet patterned SU-8 bonding layer. During bonding, the
bonding agent is cured on a hotplate. A diagram of this process
can be seen in Fig. 1.

A. Etching of Cavities and Channels

The fluid inlet/outlets, which allow a fluid-under-test to pass
into and out of the system, the microfluidic cavities, which hold
the fluid-under-test atop the varactors, and the microfluidic
channels, which transport the fluid-under-test between the cav-
ities and the fluid inlets/outlets, are etched in a 1.5-mm-thick
PMMA sheet via laser etching. The etching is performed using
an Epilog Mini 24 etching system utilizing a 650-nm wave-
length 40-W laser. The laser runs under two modes, raster and
vector. Raster mode is used to create the cavities, as it allows

Fig. 1. Inkjet microfluidics process overview.

for large-area engraving, and vector mode is used to etch the
channels and to cut out the fluid inlets/outlets as it allows for
finer features. Etching is performed with the PMMA at the
focal point of the laser when fine features and sharp edges are
desired and run with the PMMA 5 mm below the focal point of
the laser when smooth features and rounded edges are desired.
Parametric sweeps are run in order to create an etching profile

for the cavities and channels. First, a sweep is done in the raster
mode for the cavities, where the power is swept from 15% to
45%, in increments of 5%, while the laser is in focus and again
while out of focus. The speed is kept constant at 10% maximum
speed for the laser, and the laser pulsing frequency is kept con-
stant at 5 kHz. The extracted depths of the cavity etches for dif-
ferent power levels, in focus and out of focus, can be seen in
Fig. 2(a) and (b), respectively. Cross-sectional profiles of the
cavity etches created by the parametric sweep, for both in focus
and out of focus, can be seen in Fig. 3. The width of the cavity
etches remains nearly constant under the different power levels,
at 1.04 mm for in-focus etching and 1.12 mm for out-of-focus
etching. In order to make the cavities such that they contain less
than 25 L or about half a drop of water, a power level setting
of 14 W, while the laser is out of focus, was chosen.
Following cavity etching, a sweep is done in the vector mode

to determine the etching profile for the channels, where power
is swept from 3% to 11% in increments of 2%, while in and out
of focus. The speed is kept constant at 7% of maximum speed
for the laser, and the laser pulsing frequency is kept constant at
5 kHz. The extracted depths of the channel etches at different
power levels, in focus and out of focus, can be seen in Fig. 2.
Cross-sectional profiles of the channel etches under the sweep,
for both in focus and out of focus, can be seen in Fig. 3. The
width of the channels under the in-focus sweep remains constant
under variation in power, at 100 m. The widths of the channels
when the PMMA is 5 mm below the focal point vary depending
on the power level from 250 to 375 m. The sharp edges of the
in-focus channel etchings can exacerbate microfracturing which
occurs during heating of the PMMA. Also, the narrow profile
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Fig. 2. (a) Channel depth versus laser power for in- and out-of-focus settings. (b) Cavity depth versus laser power for in- and out-of-focus settings.

Fig. 3. (a) In-focus vector cut channels. (b) The 5-mm out-of-focus vector cut
channels. (c) In-focus raster cut cavities. (d) The 5-mm out-of-focus raster cut
channels.

of the in-focus etching can make the channels more susceptible
to clogging by the SU8 applied in the bonding phase. There-
fore, an out-of-focus etching profile is used for the rest of this
work. A power level of 2.25 W was chosen for the etching of
the channels on the varactor in order to guarantee easy flow of
the fluid-under-test as well as minimizing the total fluid volume
in the channels to submicroliter volumes.
The laser etcher is also used to cut out the final microfluidic

chip. This includes the fluid inlets/outlets for connecting feed
tubing, and any cutout which might be necessary for placing

RF connectors or surface mount devices. This was done using
8 W at a 7% speed while the laser is in focus.

B. Dimatix Printing Platform

The printing platform used is the Dimatix DMP-2831 mate-
rials deposition printer. The print heads for the Dimatix are de-
signed to work with a viscosity in the range of 8 to 12 cP, and a
surface tension in the range of 20–30 mN/m. The minimum fea-
ture size obtainable by this printing platform is approximately
20 m [4].

C. Printing of Metallization Layer

The Cabot CCI-300 ink consists of silver nanoparticles
suspended in an organic solvent mixture. It has a viscosity of
12 cP, which has been tuned such that it is printable in standard
drop-on-demand (DOD) piezoelectric-based printer heads. The
conductive traces are printed onto Kodak paper using a drop
spacing of 20 m, a print head temperature of 35 C, a printer
platen temperature of 45 C, and a jetting frequency of 5 kHz.
Three layers of the silver ink are printed in order to obtain
a high-conductivity metallization layer [4], [22]. The photo
paper, with printed traces, is raised to 120 C in a Thermo
Scientific oven. It is kept at that temperature for 30 min, until
the solvent in the ink is completely dissolved. The metallized
substrates are then flash cured at 180 C for 5 min in order
to fuse the silver nanoparticles together and yield a metal
conductivity of 1.1e7 S/m. A flash curing is necessary due to
paper having a low burning temperature.

D. Printing of Bonding Layer

After etching the channels and cavities and printing the
conductive traces, the PMMA sheets and photo paper are
aligned and bonded together to seal the microfluidic channels.
For bonding the PMMA layer to the photo paper, an SU-8 ink
that is tuned for the Dimatix platform [5] is patterned where the
channels will contact the paper substrate as to minimize ma-
terial usage. To ensure no fluid leakage occurs, an extra 5 mm
of SU-8 is printed around any critical points in order to ensure
a tight seal. The thickness of three SU-8 layers printed on the
Kodak paper is approximately 15 m [5]. The total thickness
of the bonding layer is chosen such that there is sufficient SU-8
to ensure a perfect seal around the cavities, channels, and fluid
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Fig. 4. (a) Laser-cut cross section of PMMA with etched channel bonded to
paper substrate. (b) Top-down view of a PMMA-etched microfluidic cavity
bonded onto paper filled with fluid.

inlets/outlets and to form a tight bond between the PMMA
and paper substrate. Too much SU-8 can cause excess solution
to flow into and clog the channels during bonding. A thicker
SU-8 layer also leads to a decrease in the coupling between the
printed traces and the fluid-under-test, thus leading to lower
sensitivity in the measurements.

E. Bonding and Curing

For bonding the PMMA to the paper substrate, after printing
the SU8, the paper substrate is placed in a low energy UV oven
in order to activate the SU-8 crosslinker. A total exposure of
100 mJ/mm at 365 nm is used. Once the crosslinker is acti-
vated, the PMMA and paper substrate are bonded at a constant
pressure of 10.5 N/cm while the structure is slowly raised to
100 C to complete the bonding. The continued pressure serves
to keep the two surfaces in contact to prevent the PMMA from
warping and to remove any air bubbles that may degrade the in-
tegrity of the bond. A cross-sectional view of a channel after the
bonding process can be seen in Fig. 4, along with a top-down
view of the channel filled with liquid. From the image, it can
be seen that very little of the SU-8 is sucked into the chan-
nels, thereby not altering the volume and cross-sectional areas
present in Section III-A.

F. Post Bonding Processing

After bonding, a tubing is connected to the fluid inlets/outlets
in order to move fluid into and out of the measurement system.
The tubing is secured to the fluid inlets/outlets using a super
glue, which partially melts the PMMA and forms a solid seal.
Any RF connectors or surface mount components are attached
to the metallization using conductive epoxy. The epoxy is cured
in an oven at 80 C for 20 min in order to avoid warping of the
PMMA.

G. Stability and Fluid Compatibility

The fluid compatibility of the bonded microfluidic chan-
nels is dependent on the two materials that construct the
channel—etched PMMA and an SU-8 seal. After curing, SU-8
has a very high chemical resistance. PMMA is resistant to
most polar solvent, but is not compatible with most nonpolar
solvents.
The temperature stability of the microfluidic devices is lim-

ited by the glass transition temperature of the PMMA which is
105 C.

IV. MICROFLUIDIC VARACTOR

The fundamental building block of the tunable microwave
resonators and antennas in this work is the microfluidic varactor
shown in Fig. 5. The varactor consists of a planar capacitive
structure with a 500- m gap that is fed using microstrip feed
lines. A 500- m deep fluid cavity etched in PMMA is bonded
directly over the gap to allow for delivery of the fluid. The entire
device is fabricated using the process outlined in Section III.
To simplify the simulation of tunable devices in the following

sections that utilize the microfluidic varactor as a fundamental
building block, the ability to model the varactor as a lumped
element in the system would be ideal and greatly decrease
simulation time. The electrical properties of the materials are

, and [4], ,
and [23], and , and

[24]. In order to create the lumped model,
TRL calibration structures are fabricated to de-embed the
microstrip feeds, and the -parameters of the gap are mea-
sured from 0 to 8 GHz using a Rhode and Schwartz ZVA-8
vector network analyzer (VNA). The varactor is loaded with
ethanol, hexanol, water, and various combinations of the three
to produce a fluid and frequency-dependent model. The net
permittivity of the mixtures is determined by the Looyenga for-
mula, which assumes linear mixing and no chemical reactions
[25].
De-embedding of the connectors and feed lines is performed

using WinCal to move the reference plane up to the outer edge
of the capacitive pads. The series capacitance of the gap is then
extracted directly from the de-embedded -parameters. Fig. 6
displays the frequency-dependent capacitance and quality factor
of the varactor for various fluids in the cavity. When fluid is in-
troduced, it is noticed that the capacitance decreases over fre-
quency. This is due to the high dispersion present in the fluids
used in this study, which exhibit a large decrease in permittivity
near 1 GHz [10], [11]. The capacitance when the fluid cavity is
empty is approximately 0.05 pF and is stable until the self-reso-
nant frequency (SRF) is reached near 7 GHz. Introducing 1-hex-
anol, ethanol, and water, which each have increasingly higher
permittivities, incrementally increase the capacitance of the gap
from 0.05 to 1.25 pF at 900 MHz, which is approximately a
2500% increase. The large changes in capacitance will allow
for wide tuning ranges in microwave components and sensors,
which are demonstrated in the following sections. However, the
SRF decreases from 7 GHz to approximately 4 GHz as the ca-
pacitance increases, meaning that tunable components must be
operated under 4 GHz to avoid the unwanted effects of utilizing
the gap above its SRF.
To test the sensitivity of the gap, a study is performed in which

varying amounts of water are added to a 100% ethanol solu-
tion in 1, 3, 10, and 25 w% concentrations. Very distinct capac-
itance increases can be seen with even 1% by weight additions
of water in ethanol, which can be attributed to the net increase
in permittivity of the solution. For 1 w% water in ethanol, the
impedance changes nearly 4%, and for 3 w% water in ethanol,
the impedance changes 8.2% at 900 MHz. While these changes
may seem small for standard R-C rise time measurements, they
are not trivial when used for tuning of microwave components,
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(a) (b)

Fig. 5. (a) Scale-drawn schematic of fabricated microfluidic varactor. (b) Fabricated microfluidic varactor with mounted SMA connectors for performing mi-
crowave capacitance measurements.

Fig. 6. (a) De-embedded frequency-dependent capacitance of the microfluidic varactor for different fluids. (b) De-embedded self-resonant frequency of the mi-
crofluidic varactor for different fluids. (c) De-embedded capacitance of the microfluidic varactor for various concentrations of water in ethanol. (d) Measured
varactor quality factor.

as small impedance changes can translate into large resonant
frequency shifts.
The capacitance at 900 MHz versus the net permittivity of

the solution is compared with simulation in Fig. 7. A very good
agreement is obtained in both the capacitance value and trend as
the fluid permittivity increases, and as fluids are mixed. The high
sensitivity in capacitance of 17.5 pF/ and linearity versus per-
mittivity demonstrated by the varactor lends itself well to tuning

and sensing applications. State-of-the-art works show capaci-
tance sensitivities of approximately 12 pF/ [26], [27].

V. MICROFLUIDIC RESONATOR

Varactors are a common component used in the tuning of
microwave devices, such as resonant tanks, filters, and voltage
controlled oscillators. In this section, the varactor demonstrated
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Fig. 7. Measured and simulated linearity of the varactor.

previously is used to tune the resonant frequency of a microstrip
T-resonator by changing its electrical length.
ThemicrostripT-resonatorused in thiswork is shown inFig.8.

The resonator is designed for a 2.4-GHz center frequency of op-
eration to keep the size small and to demonstrate that the var-
actor model created in Section IV is valid through the 2.4-GHz
band. The microstrip T-resonator is a length of transmission line
with an open-circuit stub. The resonator has a null in the insertion
loss when the reflected wave from the stub is 180 out of phase
or when the length of the open-circuit stub is approximately

. The equation for resonance is shown in

(1)

where is the resonance mode, i.e., is the
speed of light in free space, is the length of the open-circuit
stub, is the correction factor for the fringing capacitance at
the end of the stub, and is the effective permittivity of the
microstrip line [28].
By inserting the varactor in series with the open circuit stub,

the effective length of the stub is changed upon introduction of
different fluids. With no fluid in the gap, the capacitance is 0.05
pF or , which is essentially an open circuit at 2.4
GHz. However, when water flows through the gap, the capac-
itance increases to 1.5 pF, or , at 2.4 GHz; the
impedance decreases, making the varactor appear closer to an
RF short than an RF open. As the reactance of the gap decreases,
the effective length of the open-circuit stub increases, which ef-
fectively decreases the resonant frequency of the resonator.
The T-resonator is constructed as in Fig. 8. For simulation, a

discrete impedance model is used to replace the gap which helps
reduce the simulation time. The series gap impedance for each
fluid is extracted from the de-embedded capacitive gap in the
previous section for use in the simulation.
Fig. 9(a) displays the measured insertion loss of the res-

onator for various fluids. With an empty cavity, there is a
resonance at 2.4 GHz. By introducing the various fluids used
previously for the varactor, the resonator is tuned down to
1.8 GHz. The sensitivity in resonant frequency is approx-
imately 0.35%/ . This is comparable to the tunability of
state-of-the art fluid-based resonators and frequency-selective
surfaces which achieve sensitivities of 0.25%/ [17] and
0.05%/ [21], respectively. The quality factor is lower with

fluids such as ethanol as the dielectric loss is high, however,
this can be easily improved by utilizing different fluids, as can
be seen with deionized water.

VI. PASSIVE WIRELESS LABORATORY-ON-CHIP

Moving away from wired microwave components, an area
of potential high impact that can be enabled by the fluid var-
actor is wireless microfluidic-based laboratory-on-chip (LOC).
Wireless LOC systems allow for the remote analysis of fluids
in biomedical, production and potentially hazardous environ-
ments where wired measurements are not feasible or cost-effec-
tive. Currently, however, wireless LOC systems require a power
source that increases cost and decreases life span.
By utilizing the microfluidic varactor to tune an RFID an-

tenna utilizing a similar method to the T-resonator, a completely
passive RFID-based LOC platform is demonstrated for the first
time. The design for the microfluidic RFID antenna is shown
in Fig. 10, which consists of a meandered dipole antenna, fluid
varactors to change the electrical length of the antenna and a
T-matching network for the RFID chip which will be used for
communication. The microfluidic RFID antenna is designed
to match the impedance of the Alien Technologies Higgs 3
EPC Gen-2 RFID chip, which is approximately .
As the readable range of the Voyantic Tagformance reader
is 800–1000 MHz, the antenna is designed to resonate near
1000 MHz when empty so that the downward shifts caused
by the introduction of fluid can be captured. The design is
optimized for these parameters using the CST frequency do-
main solver. The same gap model extracted from Section IV is
utilized to simulate the expected resonant shifts in the antenna.
To confirm the agreement of the fabricated tag with the simu-

lation before wireless backscatter measurements are performed,
a cabled measurement of the return loss of the antenna is per-
formed using a Rhode and Schwartz ZVA-8 VNA. The mea-
sured -parameters are then re-normalized to the RFID chip
impedance, as displayed in Fig. 11(a). The return loss shows
matching at 1 GHz when the channel is empty, which is con-
firmed in simulation. The various fluids utilized in the previous
sections are then pumped through the fluidic channels while the
return loss is measured. Distinct downward shifts in the reso-
nance confirm that the fluidic channel is loading the capacitive
gap on the antenna and increasing the electrical length. Large
shifts of nearly 100 MHz are achieved in the cabled measure-
ment. The shifts experienced in the cabled measurement are
compared with simulation utilizing the gap model in Fig. 11(b),
and the best fit curves show a difference below 6%.
Following cabled verification of the passive microfluidic tag,

the Alien RFID chip is mounted on the tag, and a wireless mea-
surement setup is constructed as displayed in Fig. 12. The tag
is placed 0.5 m away from the reader antenna of the Tagfor-
mance, which interrogates the tag across the 800–1000-MHz
band. The interrogation distance was fixed by the setup avail-
able in the anechoic chamber. The Tagformance returns data
on power required to activate the tag and the reflected power
and phase versus frequency. A single frequency sweep takes
approximately 10 s. This can be decreased by lowering the fre-
quency resolution. Again, the tag is measured with an empty
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(a) (b)

Fig. 8. (a) Scale-drawn schematic of the fabricated microstrip T-resonator with embedded varactor. (b) Fabricated microfluidic tunable microstrip T-resonator.

Fig. 9. (a) Insertion loss of the microfluidic T-resonator with different fluids. (b) Simulated andmeasured response of the T-resonator using the discrete capacitance
model of the microfluidic varactor.

Fig. 10. (a) Scale-drawn RFID-based microfluidic sensor. (b) Fabricated RFID-based microfluidic sensor demonstrating fluid flow.

channel and all of the fluids used in the cabled measurement.
The data returned from the Tagformance, which is shown in
Fig. 11(c), displays the transmit power required to activate the
tag versus frequency along with the second-order curve fit in
MATLAB, which is used to extract the resonant frequency. A

clear downward shift in the resonant frequency is experienced
as higher permittivity fluids are sent through the channel as
is expected, and the resonant shift versus fluid permittivity is
plotted in Fig. 11(b), against simulation and cabled measure-
ment. After all of the liquid measurements are performed, the



COOK et al.: INKJET-PRINTED MICROFLUIDIC RFID-ENABLED PLATFORM FOR WIRELESS LAB-ON-CHIP APPLICATIONS 4721

Fig. 11. (a) Measured -parameters of the microfluidic RFID tag. (b) Comparison of simulated and measured return loss of the microfluidic RFID antenna,
along with wireless chip measurements. (c) Curve fit backscatter data of a microfluidic tag with resonant frequency of 1 GHz. (d) Curve fit backscatter data of a
microfluidic tag with resonant frequency of 900 MHz.

Fig. 12. Measurement setup of the wireless lab-on-chip RFID tag.

tag is emptied and again measured. The extracted resonant fre-
quency of the empty tag is within a fraction of a percent of
the empty measurement before being filled with an array of
fluids. This demonstrates a high degree of repeatability which is
important in long-term monitoring situations. It is noticed that
the activation power slightly decreases with the higher permit-
tivity fluids which is due to the improving matching between the
antenna and chip impedance. The T-match is designed so that
optimal matching occurs when the antenna resonant frequency
is 900 MHz. It is seen from Fig. 11(b) that the wireless tag ex-
hibits lower shifts than the cabled measurement, and this is due

to the variation in chip impedance over frequency which is not
taken into account in the simulation or cabledmeasurement. The
variation in chip impedance along with the T-match cause a de-
creased sensitivity.
To test the effects of the chip impedance versus frequency on

the sensitivity of the wireless LOC, a second version of the tag is
fabricated in which the center frequency of tag antenna is tuned
to 900MHz by slightly increasing the length of the antenna. The
Higgs 3 RFID chip typically has its own internal resonance
around 900 MHz as well, which will overshadow some of the
effects of the change in the electrical length of the antenna. By
repeating the same procedure for wireless measurements with
the previous tag, the curve-fit data of backscatter versus fluid
flow is shown in Fig. 11(d). The resulting sensitivity is even
lower than previous tag as the chip resonance begins to over-
shadow the electrical length change of the antenna.

VII. CONCLUSION

Utilizing a novel low-cost inkjet fabrication technique, varac-
tors, tunable resonators, and completely passive wireless LOC
systems have been demonstrated. The microfluidic sensing plat-
form shows highly repeatable results with sensitivities that are
sufficiently high to detect as little as 1% water in ethanol while
using under 3 L of fluid. The low-cost platform has applica-
tions in LOC, bio-monitoring, and real-time water and chemical
analysis and monitoring.
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