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Abstract
RFID coils are commonly used electronic devices that interact with incoming
electromagnetic waves in a way that modifies the output signal. Each coil system has distinctive
modulation patterns depending on the overall geometric structure and material properties of the
coil. Researchers have previously demonstrated that RFID coil systems can be repurposed as
sensor systems by monitoring the change in the coil’s signal output as a result of changing
environmental conditions (Saremi-Yarahmadi, Murphy, & Toumazou, 2010), (Tao, et al., 2011).
However, these systems lack the ability to differentiate any individual variety from another and
this lack of specificity hugely decreases their potential functionality. In this dissertation,
experiments were conducted to examine the potential of enzyme functionalized silk films as a
substrate for RFID coil sensor systems to increase the specificity of detection. It was determined
that by locally containing a glucose oxidase solution in direct contact with sensing RFID coils
that the concentration of glucose could be successfully detected by monitoring the gradual
change in the magnitude of S11 reflection log mag response over time when directly compared
to the concentration of fructose solutions. Additionally fabrication methods were determined to
generate consistent RFID coils on silk. These combined results suggest the potential for a wide
range of enzyme doped silk film sensor systems capable of monitoring the concentration of a
wide range of molecules in solution.
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Introduction
1.1 Significance
In recent decades as health care systems around the world continue to grow and improve,
there has been a noticeable gap in the quality of treatment between developed and developing
countries. Despite substantial progress, many developing countries lack medical services taken
for granted in the more developed nations (Harpham, 2009). It has been estimated that almost
one sixth of the world’s population does not have access to basic healthcare services and that
more than 3 billion lack basic sanitation (World Health Organization, 2010). Even worse, many
individuals who lack the resources to seek out proper care for an illness may see their condition
worsen due to lack of treatment ultimately resulting deferred but increased health care costs
(Smith J. P., 1999). Many logistical efforts to battle these phenomena have been undertaken
including innovations in financing, delivery of care, and regulation of health services such as
health equity funds, conditional cash transfers, and coproduction and regulation of health
services; however, institutional change can only do so much (Peters, Garg, Bloom, Walker,
Brieger, & Rahman, 2008). There is a need for new technologies designed particularly to interact
with underserved populations that lack access to modern facilities.
One particularly interesting idea for expanding access to medical treatments in the
developing world is an increased emphasis on affordable point of care testing (POC). In POC
treatment a test is brought conveniently to a patient often decreasing the amount of time
necessary for a physician to obtain results while simultaneously increasing patient compliance
(Kost, 2002). The appeal of POC treatment devices over centralized treatment centers in
developing countries is that they allow for the use of one instrument in the treatment of a
population spread over a much wider area than a centralized lab. POC tests have already been
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developed to monitor a wide range of biological signals including blood glucose testing, blood
gas and electrolyte analysis, urine test strips, pregnancy testing, and hemoglobin diagnostics
(Point of Care Testing World Markets, 2011). Of notable interest to POC treatment has been the
development of lab-on-chip platforms, particularly micro fluidic devices. A huge amount of
research has been put into the development of a wide range microfluidic tools and has resulted in
a vast library of academic knowledge on the subject (Yager, et al., 2006). It has been suggested
that in the coming years that micro-fluidic devices could inexpensively provide sensitivity,
reproducibility, and specificity on par with data collected at centralized laboratories. This would
allow for increased access to diagnostic technologies, faster more accurate diagnoses, and better
epidemiological data for disease modeling. Unfortunately, excluding diffusion based test strips;
few of these technologies have made the transition from academic theory to successful business
ventures. This is due in large part to economic and technological difficulties of developing such
systems including financial risk of such an enterprise, technologies which are incompatible with
each other, and expensive fabrication techniques (Mark, Haeberle, Roth, von Stetten, &
Zengerle, 2010). In addition to this, while many of the systems suggested are capable of
detecting one specific analyte accurately, they may be difficult to employ on a large scale as each
individual system could only search for that particular analyte while still requiring its own
equipment. To have a functional diagnostic laboratory such specificity could require a large
number of devices which in many cases would be bulky and infeasible to transport over long
distances. Even the widely used test strips are potentially problematic for widespread use as they
are responsible for the generation of a large quantity of biowaste (Yager, et al., 2006).
To resolve these issues, we will develop an enzyme based biosignal monitoring system.
Our proposed system will be used in vitro and will eventually incorporate multiple enzymes and
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metamaterial resonators/RFID coils. Unlike many micro fluidics, our device is extremely
flexible in that it is capable of adjusting to patient needs. Any chemical signal which interacts
with an enzyme or receptor in the body will be observable with just one device, massively
cutting down on equipment needs for labs. In addition, these devices will be rapidly producible
in the field with just minimal equipment from pre-fabricated modules from natural biomaterials
decreasing hazardous waste outputs.
As a model system we will be monitoring blood glucose using diabetes as a model
disease system. Diabetes mellitus is defined as a metabolic disorder characterized by “chronic
hyperglycemia with disturbances of carbohydrate, fat and protein metabolism resulting from
defects in insulin secretion, insulin action, or both” (Consultation, 1999). It has been estimated
that in the year 2000 171 million people worldwide were affected by diabetes and that that
number will jump to 366 million by the year 2030 (Wild, Roglic, Green, Sicree, & King, 2004).
Common symptoms of diabetes include fatigue, weight loss, and nerve damage. In the most
severe cases, diabetes can even result in blindness, coma, and death (Consultation, 1999). While
currently incurable, many of the symptoms of diabetes can be significantly mitigated by
maintaining blood sugar levels at close to normal levels. Currently this is accomplished via
frequent monitoring of glucose levels using disposable test strips in concert with injections of
insulin when necessary (The Diabetes Control and Complications Trial Research Group, 1995).
However, these current sensors are limited in that they rely on individual time points on
individual strips and have certain amounts of unavoidable inaccuracy which our system will
circumvent.
To resolve these problems, we will develop a minimally invasive silk glucose monitoring
system and validate its use in vitro. Our proposed system will incorporate a glucose oxidase-
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doped silk film metamaterias or simple RFID coils. Unlike previous many POC devices, our
design will be constructed out of entirely biocompatible materials drastically decreasing the
environmental impact while also stabilizing the enzymatic sensing mechanism. In addition, this
design will be entirely passive and programmably degradable, eliminating the need for batteries
and other waste products. On top of this, if successful this technology will make it easier for
patients to follow the blood sugar monitoring regimes, thus reducing diabetes related costs to the
healthcare system while also adding to the quality and duration of life for millions of diabetics
worldwide.

Specific Aims:
First, it is desired to determine the ability of RFID systems to be fabricated consistently
with regards to resonance frequency and the amplitude of the S11 reflection measurement on silk
substrates. It is hypothesized that this can be accomplished through a combination of shadow
masking and sputtering. Multiple coils will be fabricated and log mag S11 measurements will be
taken to determine the resonant properties of the different RFID coil systems.
Second, the ability of RFID coil systems to be utilized as sensor systems for specific
analytes will be investigated. This will accomplished by taking a series of S11 log magnitude
measurements of coils with indirect contact and direct contact to analyte solutions. Solutions
containing glucose oxidase will be investigated in the hopes that they will demonstrate a time
dependent resonance response that is similar to the resonance response observed in the presence
of NaCl.
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Background:

2.1 Diabetes and the Need for Blood Glucose Monitoring:
Diabetes is a metabolic disorder characterized by high blood sugar as a result of a defect
in the body’s insulin production or usage (Consultation, 1999). Its most visible and earliest
symptoms include polydipsia (increased thirst), polyuria (frequent urination), blurring of vision,
and significant weight loss. In serious cases diabetes can lead to organ failure, stupor, coma, and
even death in the absence of effective treatment. In addition to these direct and dire symptoms
diabetes is also associated with increased risk of amputation, cardiovascular disease, renal
failure, sexual dysfunction, and cerbrovascular disease (Alberti & Zimmet, 1998). With such
serious consequences, there is a dire need for proper treatment of diabetes. One simple but
effective method of treatment demonstrated in previous studies is the maintenance of blood
glucose concentrations in ranges close to normal. To accomplish this careful monitoring of blood
sugar levels in combination with externally supplied insulin (usually via injection) have been
shown to delay the onset of many of diabetes related symptoms in addition to slowing their
progression once they have manifested (The Diabetes Control and Complications Trial Research
Group, 1993). With proper measurement being such an important part of diabetes treatment,
devices capable of accurate efficient measurements are of great importance.

2.2 Current Methods for Monitoring Blood Glucose:
The most widely used method of monitoring blood glucose levels currently involves
directly testing the amount of glucose in a small sample of blood using chemically active
disposable test strips. By far the most common method to accomplish this is through the use of
electrochemical enzymatic systems. One common example of this is the use of glucose oxidase
8

or glucose dehydrogenase to generate a series of oxidation/reduction reactions which ultimately
results in a measurable current (EF, 1990). While mostly effective, this method has several major
flaws that must to be addressed and improved upon for truly effective treatment and diagnosis of
diabetes to occur. One often dismissed but significant issue that many patients complain of is that
taking even a small sample of blood can be a painful process as it requires the pricking of a
finger. This pain is a discomfort that is then amplified by the fact that for effective treatment to
occur blood sugar measurements must be undertaken several times a day to account for
variations over time as a result of meals and activity (Jungheim & Koschinsky, 2002). In
addition to the discomfort it generates in patients, samples taken using this method are only
single time points spread out through the course of a day that may miss rapid spikes or drop offs
in blood sugar levels (Bolinder, Hagstrom-Toft, Ungerstedt, & Arner, 1997). Better treatment
could be provided to patients if a system could be devised to continuously monitor blood
glucose.
In addition to the discomfort and infrequent time points that result from this system,
using current technologies to monitor blood sugar levels requires the use of a new test strip every
time a measurement is taken. At up to a dollar per strip this can be quite costly to patients and in
some cases this cost can result in decreased patient compliance (Smith J. L., 2006). Finally,
while many current systems are accurate when glucose concentrations are high, they struggle to
appropriately assess blood glucose levels at low concentrations. While similar inaccuracy in
terms of percentage error may exist between low and high concentrations, the treatment of small
differences in blood glucose levels varies greatly with small variations in concentration while
small error at high concentrations will result in the same treatment either way (Critchell,
Savarese, Callahan, Aboud, Jabbour, & Marik, 2007).
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For these reasons, many non-invasive glucose sensing systems have been designed. Noninvasive systems are those which attempt to make a measurement without introducing any part of
the instrument into the body of the patient. Many techniques ranging from spectroscopic
measurements of light absorption across the entire electromagnetic spectrum, to the change in
refraction index of the vitreous fluid of the eye, and even photoacoustic spectroscopy have been
attempted (Smith J. L., 2006). As Smith’s 2006 work catalogs, despite scientists’ best efforts and
the investment of millions of dollars, these attempts have all fallen short for a variety of reasons:
some lacked the necessary resolution while others were not fast enough to effectively monitor
changes in blood sugar levels. Even minimally invasive devices that involve the implantation of
a portion of the device have proven to be too inconsistent to be attached to an automated insulin
pump. In addition, many of these devices have encountered issues with biocompatibility and
rejection (Smith J. L., 2006). One solution to this particular problem would be to fabricate a
sensor entirely out of biocompatible materials.

2.3 Silk as a Biomaterial for Sensors
Previously developed implantable glucose sensors have struggled with finding an
appropriate biocompatible material as often a material necessary for their proper function
resulted in rejection by the immune system. To circumvent this problem, the sensor proposed
here is constructed out of silk to take advantage of its excellent mechanical and biocompatibility
in addition to its ability to stabilize biomolecules.
a. Silk Structure
Silks are loosely defined as protein polymers which are produced in specialized glands of
many different species larvae and are typically characterized by a highly repetitive primary
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sequence. In this particular experiment silk isolated from the cocoons of the domesticated silk
worm (Bombyx mori) will be used. Silk isolated from this species of worms demonstrates a
highly repeatable amino acid structure of repeating glycines and alanines with interspersed
serines (GAGAGS) that results in the formation of structures of limited variability (Yang,
Tanaka, Yamauchi, Ohgo, Kurokawa, & Asakura, 2007). Three commonly occurring silk
structures include random coils, silk I structures (α-helix dominated), and silk type II (β-sheet
dominated structures) (Hu, et al., 2011) (Kaplan, Adams, Farmer, & Viney, 1994).

b. Silk Biocompatability
Silk has been used for decades for medical procedures in the form of sutures and is an
FDA approved material. In previous studies, silk has demonstrated valuable biocompatible
properties, having comparable biocompatiablity to other commonly used biomaterials including
polylactic acid and collagen. While some studies have suggested some biocompatibility issues,
these can largely be resolved through the removal of residual sericin from the silk fibroin
(Altman, et al., 2003).

c. Mechanical Properties of silk
In addition to these
important characteristics, silk has
demonstrated all the physical
properties necessary for stability
once implanted, particularly with
regards to solubility and

Table 1: Mechanical Characteristics of silk fibers and other
commonly used materials (Altman, et al., 2003).
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mechanical strength. Silk is a remarkably strong protein demonstrating excellent environmental
stability due to its extensive hydrogen bonding, significant crystallinity, and the non-polar
hydrophobic nature of much of the protein. When stabilized by beta sheet secondary structures
silk fibroin has demonstrated the capacity to maintain its strength and structure in both aqueous
and organic solvents (Altman, et al., 2003). In addition to its excellent stability properties in
varying polarity solutions silk is also insoluble in both dilute acidic and alkali solutions (Altman,
et al., 2003).
In terms of mechanical properties silk is one of the strongest known natural polymers.
Silk fibroin has a remarkable combination of strength and toughness in addition to excellent
elasticity and resistance to failure when compressed (Altman, et al., 2003).

d. Silk as an Enzyme Stabilizing Substrate
Another important property of silk is its ability to maintain the activity of biomolecules
incorporated into it. Many biomolecules are fragile entities easily disrupted when exposed to the
environments of variable temperature, radiation, ionic strength, and many other factors. Silk is
remarkable as it acts as an encapsulating substrate protecting many of these molecules and
maintaining their function under a variety of conditions. Previous experiments have
demonstrated effective stabilization of physiological proteins (hemoglobin), enzymes (horse
radish peroxidase), and even small organic molecules (Phenol Red). Of particular interest was
the encapsulation of horseradish peroxidase which demonstrated activity even after 45 days of
containment. By incorporating these enzymes and biomolecules capable of undergoing some sort
of reaction under specific environmental conditions silk allows for the generation of
biofunctional substrates (Lawrence, Cronin-Golomb, Georgakoudi, Kaplan, & Omenetto, 2008).
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Such substrates are those that use biomolecules to change their behavior as a function of the
environment around them. However, for an implantable sensor to have any sort of functionality,
some method of communicating data from the interior to the exterior must be used.

2.4 Metamaterials in Sensing
Electromagnetic metamaterials are constructed materials designed specifically to
manipulate electromagnetic waves in ways not typically found in nature. The basic idea behind
metamaterials is that incoming electrical and magnetic fields interact with the electrons of the
metamaterial resulting in an exchange of energy. This exchange of energy from the waves to the
electrons is then used to manipulate the waves to generate a desired output (D. R. Smith, Vier,
Shelby, Nemat-Nasser, Kroll, & Schultz, 2000).

a. Split Ring Resonators
For the purpose of this device metamaterials refers to split ring resonators. A split ring
resonator is a pair of enclosed non-magnetic metal rings with breaks at opposite ends (Fig 1a).
By changing the geometry of the ring structures, the inductive and capacitive components can
effectively be controlled, allowing for a production of a designed resonant response (Smith,
Padilla, Vier, Nemat-Nasser, & Shultz, 2000). Metamaterials can be placed on almost any flat
surface including silk (Tao, et al., 2010).
The resonant response of split ring resonators can be easily modeled by taking the inverse
of the square root of product of the inductance and capacitance of the rings. For SSR based
sensors, if the geometry of a structure stays constant, the values of inductance and capacitance
should remain essentially unchanged with the exception of the dielectric constant. Because of
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this, shifts in the resonance peak can be directly related to the substrates dielectric constant
which can in turn be directly related to environmental changes. While in previous experiments,
metamaterials have demonstrated the ability to sense biotin and similar biomolecules, little work
has been done to incorporate this technology into biological sensors (Kabashin, et al., 2009).
This is partly due to the lack of specific sensing provided by normal resonators. In a solution like
blood in which there is more than one analyte, it can be difficult to determine which particles
caused the shift. Before metamaterials can be used for the sensing of biomolecules, a method for
making the resonators sensitive to only one molecule must be determined.

b. RFID
Radio-frequency identification (RFID) systems are wireless non-contact antenna systems
that employ radio waves (2kHz to 300Ghz) to transfer data and are used in a wide variety of
applications ranging from toll collection to retail security (Rao, Nikitin, & Lam, 2005). RFID
coils can take many forms but all of these can be modeled similarly to the SSRs using the
assumption that the resonance frequency is approximately equal to the inverse square root of
product of the impedance and the capacitance of the coil. In their most basic forms RFID coils
interact with incoming electromagnetic waves modulating the signal in a detectable manner. The
frequency spectrum over which a particular antenna has the maximal effect on the energy of the
electromagnetic waves is referred to as the coils band width and can be used to classify coils. In
this experiment the bandwidths of all of the coils are completely contained within the range of
100Mhz to 1GHz and are there for either Very High Frequncy (VHF) coils or Ultra High
Frequency coils (300-3000MHz). Coils can further be described and characterized by their
radiation pattern (the variation of the power radiated by an antenna as a function of the direction
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away from the coil), field region (region of operation), directivity (how isentropic an antennas
radiation pattern is), efficiency (relating the power delivered to the coil to the power radiated/ not
lost to reflectance or impedance mistmatch), gain (how much power is transmitted in the peak
radiation direction compared to an isentropic source), impedance, and many more properties.
Passive RFID coils have already been used to design sensors capable of sensing both the
pH of a solution and the ionic strength of liquid samples (Saremi-Yarahmadi, Murphy, &
Toumazou, 2010) but similar to the SSRs lack a mechanism for specific sensing.

2.5 Glucose Oxidase as a Sensing Substrate
Glucose oxidase is a dimeric protein which in concert with its cofactor flavin adenine
dinucleotide (FAD) is capable of converting Beta-D-glucose in the presence of O2 into Dglucono-1,5-lactone and hydrogen peroxide (Duke, Weibel, Page, Bulgrin, & Luthy, 1969).
While glucose oxidase has several applications including its use as an analytical reagent (a
marker of antigens and antibodies) in enzyme immunoassays, by far its most prevalent and
important use is to quantify glucose levels in solutions. Raba and Mottola’s 1995 study of
glucose oxidase’s activity determined that the rate limiting step in its reaction with glucose is the
conversion of the enzyme complex from its oxidized state to its reduced state (Raba & Mottola,
1995). This study found no evidence of a significant intermediate, in essence demonstrating that
the enzyme can be thought of as having only two states: completely oxidized and completely
reduced. The oxidized state and reduced state can be thought of as being in a state of equilibrium
with each other which can be shifted by the presence of glucose. These two states should have a
detectable difference in dielectric constants which would affect the dielectric constant of the
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medium they are contained in. By placing glucose oxidase in silk films with metamaterials, a
definite resonance shift depending on glucose concentration should be detectable.

3. Methods:
3.1 Silk Fibroin Utilization
a. Silk Fibroin Isolation
The procedure for the isolation of silk fibroin can be broken down into three phases: the
separation of silk fibroin from sericin, the dissolution of the silk fibroin, and finally the dialysis
of the solution to purify the fibroin.
In the first step, or the isolation of the fibroin from the raw fibers, Japanese Bombyx mori
cocoons were cut into eights and the worm was removed. The remaining cocoons were then
cleaned by hand to remove all large visible fragments of the remaining worm and discolored
sections of the cocoon were cut off and disposed of. A solution of 2L of water with 4.24g of
sodium bicarbonate was then brought to a boil on hot plates without stirring. 5 grams of the
cleaned and cut cocoon fragments were then added to this solution which was then boiled for 30
minutes with occasional stirring to solubilize the sericin leaving behind exclusively the silk
fibroin. Upon completion of the boiling the remaining fibers were then washed for 20 minutes 3
times in deionized water with stirring prior to being de-knotted and dried overnight.
In the second step the remaining fibers were resolubilized in a highly ionic solution. To
accomplish this a solution of 9.3M lithium bromide solution was prepared and the fibroin was
mixed in at a 20% mass(g)/volume(mL) ratio. The lithium bromide silk solution was then heated
at 60°C for 2 hours after which it was stirred to ensure uniform exposure of the silk to the lithium
bromide solution. The remaining solution was then heated at 60 °C for an additional 2-8 hours to
ensure complete dissolution of the fibroin. Once completely dissolved, the fibroin solution was
16

filtered using a 5µm syringe driven filter to remove any remaining particulates ensuring a clean
solution.

Figure 1: A diagram of the silk fibroin preparation protocol starting from cocoons and ending
with an aqueous solution
In the third and final step of silk fibroin isolation the silk solution underwent dialysis to
remove the lithium bromide from solution. To accomplish this 12mL of the LiBr silk solution
were inserted into a 3-12mL Thermo Scientific dialysis cassette. These cassettes were then
dialyzed in deionized water for 48 hours at a ratio of 1 cassette per 1L of water. The water was
changed at 6 different time points: 1 hour, 2 hours, 5 hours, 13 hours, 25 hours, 37 hours, and 46
17

hours. After removal from the cassettes the solution was centrifuged at 4°C at 8000 rpm for 20
minutes to remove of all remaining particulates. The silk solution was then diluted with
deionized water to ensure a concentration of 6.5-8% w/v.

b. General Silk Film Casting
To ensure consistent films constant volumes and casting areas were used. Also, when
available, silk films were cast in the temperature and humidity controlled environment of the
clean room to ensure consistent drying conditions while also limiting the number of
contaminating particulates that might affect the films quality. Obvious bubbles were removed
from the films immediately after casting using a pipette minimizing the differences in surface
area and also any differences in the optical properties of the film caused by these minor defects.
Films were cast on a variety of surfaces. For free standing films casting occurred on
PDMS casting plates on square 16 square inch surfaces. Films were also cast directly onto silane
treated silicon wafers and milled circuit boards.
For silk films cast directly onto plastics such as petri dishes the adhesion of the films was
increased by first plasma cleaning the dishes. Dishes were oxygen plasma cleaned under clean
room conditions for 2 minutes at 75W prior to casting of silk.

c. Silk Film Annealing
A water vapor annealing technique was favored to prevent the dissolution of the films as
other techniques required the use of harsh chemicals or treatments (methanol, heat, UV, acetone,
etc.) that are capable of damaging the fragile enzymes and biomolecules that were used to
functionalize the silk films. To anneal the films they were placed in cleaned desiccation
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chambers on a platform above approximately 50 mL of water. The chamber was then placed
under vacuum conditions for 24-48 hours depending on the level of desired β-sheet content.
After the desired amount of time had passed the samples were removed and quickly compressed
between the lids and bases of standard petri dishes using 50g weights to minimize curling and
also to ensure a high β-sheet content.

d. Silk Functionalization and Doping
Functionalization of silk films was conducted in the aqueous phase. Dopants including
crude glucose oxidase from Aspergillus niger (Type VII, lyophilized powder, >100,000 units/g
solid) were weighed to the nearest tenth of a milligram and were mixed into 6% m/v silk
solutions through rocking via pipetting. Solutions ranging from 1mg/mL to 10 mg/mL were
generated. In initial experiments a lower purity glucose oxidase (2000-10,000 units/g solid) was
also used.

3.2 Coil Design and Simulation
a. Split Ring Resonator
Split ring resonators were designed in auto CAD using basic concentric circle designs
modeled off of designs from bilkent University (Aydin, Bulu, Guven, Kafesaki, Soukoulis, &
Ozbay, Investigation of magnetic resonances for different split-ring parameters and designs,
2005). Parameters that were controlled independently included resonator diameter, gap distance,
distance separating the rings, shape of the rings (ie. Circles, squares, diamonds, triangles),
geometry of the gap edges (flat vs. rounded vs. pointed vs. sawtooth), ring distance (edge to
edge), gap numbers (2 vs. 4 vs. 6), gap orientations (opposites, off set, centered on each other),
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and ring scale. Basic approximations of the resonance frequency for the resonator were made
using the assumption that the outer-dimension of the ring was from1/5 to 1/10 of the wavelength.

b. RFID coils
RFID coils were designed using a combination of MATLAB and AutoCAD. Both square
and circular designs were tested. Parameters that were controlled included total length, thickness
of the metal, width of the coil, number of coils, exterior diameter of the coils, and the interior
diameter of the coils. RFID coils were designed using a program in MATLAB (square2.m) (see
appendix) and were modified in AutoCAD. A minimum feature size of 0.1mm was used to
facilitate easier fabrication. The resonance frequency in this phase was approximated to using the
assumption that the total length of the coil is close the half of the resonant wavelength.

c. Simulations
COMSOL Multiphysics was used to simulate the electromagnetic response of the various
coil designs. Subdomain settings were used to assign materials properties of FR4 (circuit board)
to the substrate material and copper to the material of the coils and resonators in an effort to best
simulate the resonant response of prototypes made by the milling machine. A constant of “freq”
was set to make guesses to determine the acceptable eigenvalues. Eigenvalue ranges were from
observed from 100MHz to 3 GHz. Beginning at 100MHz a new simulation was run every
100MHz up to 1 GHZ to determine all potential resonance frequencies in this range. From 1GHz
to 3 GHz simulations were the step size between simulations was increased from 100MHz to
200MHz. The exterior boundary condition of the substrate was assigned to be a perfect electric
conductor whereas the resonators and coils were assigned the boundary conditions of continuity.
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Fine mesh properties were used for rapid simulations whereas ultra-fine meshes were generated
for the final simulations once potential resonance frequencies had been found. The boundary of
the substrate was expanded such that there was a radius of free material (uninterrupted substrate
without any metal) equal to or greater than the total length of the coils path.
Two different post-processing surface plot parameters analyses were conducted on the
simulations to determine the likely resonant frequencies of the coil. The primary analysis used
was the “Total energy density, time average”. In these simulations a pattern of high uniform
absorption within the coils (particular in the gaps between the coils was used to determine
potential the resonant frequencies. The second surface plot parameter analyzed was the
“Magnetic flus density, norm” . In this analysis symmetrical patterns were used to confirm the
resonant frequency found using the total energy analysis. In particular dipole symmetries in
which there was one plane of symmetry were particularly emphasized as potential resonant
frequencies.
Because of certain amounts of inaccuracy that are generated by assumptions made in the
simulations done in COMSOL, trial and error was used to select the ideal resonator design
options for prototyping.

3.3. Methods of Resonator Fabrication
a. Milling machine
Rapid prototyping was accomplished using the LPKF ProtoMat S103 milling machine.
Boards were made using 1/16” double sided copper clad boards with 50µm of copper on both
sides. Both single sided and double sided boards were used depending on the desired final
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conditions. Designs were imported from AutoCAD .dxf files and the designs were incorporated
into the system using the LPKF CircuitPro 1.4 software.
All of the drawings were converted/ combined to polygons prior to cutting to ensure
appropriate rub out conditions. Additionally the entire surface area of the board was selected for
rub out conditions. Complete rub out conditions were selected for all non-drawing surface area
and complete outlines were also selected to remove any excess copper that might interfere with
later measurements. The tool pathing function was automatically calculated by the LPFK
CircuitPro software to minimize cutting time. For dual sided boards fiducials were placed at the
4 corners of the design to ensure optimized alignment. Resonators and antenna were milled into
the top side of the board while antennas were placed on the back side for consistency.
A uniform sensing antenna was used in all boards fabricated using the LPKF milling
machine in an effort to maintain constant interactions with the RFID coils. This antenna had a
radius of 28mm and a width of 2mm. This ring had a break at the bottom from which 11mm
rectangles were extended perpendicular to the ring to allow for soldering location to connect the
board to an SMA connector.

b. Photo-Lithographic STAMP
For this part of the experimental procedure,
the protocol laid out by Tsioris et al. was followed.
To begin preparations for coil construction, standard
undoped silicon wafers were silanized (Nova
wafers) in an effort to prevent the subsequently
placed metal substrates from sticking to the silicon
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Figure 2: Gold deposition rate vs. Plasma
current during sputter coating Invalid source
specified.

base layer during later transfer procedures.
To accomplish this the wafers were treated
with the silanizing agent tridecafluoro1,1,2,2-tetrahydtrooctly trichlorosilane. This
treatment was conducted in vacuum
conditions over a period of 24 hours with
small amounts of ambient agent
tridecafluoro-1,1,2,2-tetrahydtrooctly

Figure 3: Deposition thickness of photoresist
controlled by spin speed Invalid source
specified.

trichlorosilane for evaporation.

c. Photolithography
Once salinized, a thin layer of
gold from 100-800nm (almost always
300nm) in thickness was applied to the
wafer which then underwent standard
photolithography using S1813
photoresist (Rohm & Haas). The first

Figure 4: Exposure strength depending on photoresist
thickness (White, 2007)

step in this process was to clean the
wafer with a mixture of sulfuric acid
(H2SO4) and hydrogen peroxide (H2O2),
or piranha solution. This was done to
remove any residual organic solvents
that may have been stuck to the wafer.
Figure 5: Sample development time as a function of
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photoresist thickness (White, 2007)

To ensure that this treatment did not damage the silane layer small drops of water were placed on
the treated wafer and then compared to a control wafer that had not been silanzied.
Once the cleanliness of the wafer had been ensured, a layer of gold was sputtered onto
the silanized wafer following a standard protocol (White, 2009). To do this the wafers were
placed into a Nanomaster NSC-3000 DC Magnetron Sputter Tool’s chamber and one of the guns
was loaded with a gold target. The bell jar was then sealed using vacuum grease and the chamber
pressure was vacuumed down for approximately 30 minutes to less than 8x10-5 torr to ensure a
gaseous monolayer on the surface of the wafer. Following this the argon pressure was set to 5mT
to ensure a displacement of the remaining atmospheric molecules and to ensure an acceptable
deposition rate for the desired plasma current (Figure 3). After this the gun loaded with the gold
target was turned on and a linear deposition will begin. Thicknesses and deposition rates were
monitored using a piezoelectric thickness monitor. The thickness of the coating should be
directly related to the exposure time. Once the deposition had reached its desired thickness the
vacuum pressure was released slowly to until atmospheric pressure had been obtained and the
samples were removed.
Following the deposition, the wafers were baked at 200 °C for 30 minutes in a
convection oven to dehydrate them after which they were spin coated with photo resist. For this
process S1813 photoresist was used in concert with an adhesion layer. The adhesion layer
selected for use was MCC primer 80/20. The S1813 photoresist was used at a thickness of 3-6
microns. The thickness of the deposition was controlled by the spin speed during coating (figure
4). To finish the photoresist coating process the wafers were baked on a hot plate at 115 °C for
90 seconds to solidify the material.
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Following coating with a photoresist layer the samples were exposed and developed. To
expose the samples a OAI 204 Aligner was used. For this purpose a variety of different masks
were made (initially out of transparencies using a laser printer) for each design that was to be
made. These masks were secured to a blank soda-lime glass mask and then placed in the mask
aligner. Once aligned, the wafer was exposed to UV light to expose the photo resist. Exposure
dose depended on the chosen thickness of the photo resist (Figure 5).
Following exposure, the samples were then developed. To accomplish this the samples
were placed in MF CD-26 Developer and agitated for a time that corresponds with the thickness
of the photo resist (Figure 6). Following
treatement the samples were washed until all the
remaining developer was removed and dried
using a nitrogen gun.
Additionally, we will also fabricate
resonators directly onto paper substrates using a
shadow mask technique outlined in Tao et als’
2011 paper (figure 7). This method is described
in an abreviated fashion below.

d. Micro stencil fabrication:
Silicon wafers were coated in 400nm
LPCVD pre-deposited super low stress silicon
nitride (SiNx) on both sides of the wafer. The top
face was then patterened using standard
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Figure 6: Microstencil fabrication technique
including wet etching, reaction ion etching, and
sputter deposition Invalid source specified.

photolithography described above, followed by reactive ion etching using sulfur hexafluoride
(SF6) and Helium (He). To ion etch the wafer it was placed in a vacuum chamber at
approximately 40mT and treated at 110w for 6 minutes with the previously generated etching as
the photomask to protect the desired SiNx stencil pattern. Once the front side had the desired
stencil pattern the back side was exposed to a similar wet etching process as listed above to
remove a large swath of both photoresist and SiNx (a large enough area to expose all of the front
sides features). The samples were then rinsed in concentrated (25%) KOH at 70 °C for several
hours. The process was complete when the stencil structure was releasd from the silicon wafer,
caused by the KOH etching through the backside of the wafer. This stencil was then be firmly
attached to a paper or silk substrate as desired. This substrate was then sputter coated as
described above to generate resonators in the desired pattern.

e. Paper Cut Shadow Mask:
For coils with large feature sizes paper cut vinyl sticker shadow masks were used. To
accomplish this a silhouette CAMEO electronic cutting machine was used in concert with
Silhouette studio Version 2.5.0. Drawings were imported in the form of autoCAD .dxf files and
were converted into outlines using the software’s outline tool. The blade of the electronic cutting
device was manually set to a depth of 2. The thickness of the vinyl was set at 10 in the Silhouette
studio software and the cutting speed was set to 9 to ensure precise cuts of an acceptable depth.
Following cutting, these stickers were placed on the intended substrate and the cutout of
the sticker was removed prior to sputtering. For direct contact experiments in petri dishes the
stickers were placed in the interior of the dish whereas of non-contact experiments the stickers
were placed on the exterior of the petri dishes.
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Sputtering was conducted using the same protocol as listed above with the exception that
when sputtering onto petri-dishes and other plastic substrates a 10nm chromium adhesion layer
was placed prior to sputtering of the gold layer. A power level of 200W was used for chromium
sputtering for a deposition rate of approximately 2.7Å/s.

3.4 Preparation of Solutions
a. Preparation of Glucose solutions:
For this experiment to properly function, a variety of glucose solutions were generated to
match the typical ranges of glucose concentrations in hypo and hyperglycemic blood (200mg/dL>40mg/dL) (Milleri, 2001),(Faustino, 2005). 1L stock solutions ranging from 10mg/dL to
1000mg/dL in 10mg/dL increments were prepared by meassuring an appropriate amoung of
Beta-D-Glucose (Sigma Aldrich) and then adding water while stirring to reach the desired
volume.

Preparation of Glucose oxidase solutions:
A variety of glucose oxidase isolated from solutions were prepared with different
concentrations ranging from 0.5mg/mL to 10mg/mL. Multiple types of glucose oxidase were
used with varying levels of purity (10,000 units/g-100,000 units/g). Glucose oxidase solutions
were prepared in deionized water and mixed by stirring.

Solution Preparations during measurements
A titration method was used to generate known solution concentrations without having to
move the system being measured. A known volume of un-titrated solution was placed in the petri
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dishes after which a small known volume was removed and replaced by an equivalent volume of
known concentration prior to mixing. This was repeated until the desired concentration within
the petri dish had been reached.
For glucose oxidase solutions a solution of twice the desired concentration of glucose
oxidase was prepared and mixed with an equivalent volume of analyte solution which also had
twice the desired concentration.

3.5 Measurements
a. pH Measurements:
To determine the pH of the various solutions being treated by glucose oxidase and
glucose a standard pH meter was used. The probe was calibrated using buffered solutions of pH
4 and pH 7. The tip of the probe was washed with deionized water after every measurement and
dried prior to the next measurement. The probe was placed into the glucose solutions for at least
5 minutes prior to the addition of glucose oxidase solutions to allow for a stable baseline reading.

b. Resonance Frequency Measurements:
Resonance frequency measurements were taken using an HP8753 D Network Analyzer.
Frequency sweeps were run on variable ranges depending on the coil of interest and the
simulated resonance frequency. For the final coil design frequency sweeps were run from the
range of 1MHz to 550MHz for direct contact experiments and from 200 MHz to 550MHz for
indirect contact. 801 data points were taken per measurement with an averaging function of
300Hz. The collected signal was divided by a background signal measured without the sensing
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coil in place. Measurements of the S11 log magnitude, real z-converted impedance, and the
imaginary impedance.
The coils were stabilized horizontally with tape to keep them in place on the network
analyzer coil. The sensing coil was stabilized vertically at the same height for every
measurement using a custom cut pillar.

3.6 Investigated Conditions:
The following conditions were investigated experimentally:
a. Paper metamaterials


Glucose sensitivity terahertz metamaterials
o Varying glucose concentrations
o S11 log magnitude resonance frequency and amplitude



Urea sensitivity of Paper terahertz metamaterials, varying concentrations
o Varying urea concentrations
o S11 log magnitude resonance frequency and amplitude

b. Petri Dishes, indirect contact


Glucose Sensitivity Petri Dishes, varying concentrations
o Varying glucose concentrations
o S11 log magnitude resonance frequency and amplitude, real impedance frequency
max and frequency, imaginary impedance max and min frequency



Glucose Oxidase with glucose, varying concentrations and pH
o Constant glucose concentration (500mg/mL), varying glucose oxidase
concentrations (10mg/mL and 1mg/ml)
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o S11 log magnitude resonance frequency and amplitude, real impedance frequency
max and frequency, imaginary impedance max and min frequency
o pH measurement


NaCl Sensitivity, Petri Dishes, varying concentrations
o Varying NaCl concentrations
o S11 log magnitude resonance frequency and amplitude, real impedance frequency
max and frequency, imaginary impedance max and min frequency

c. Petri Dishes direct contact


Glucose Sensitivity, Petri Dishes, direct contact
o Varying glucose concentration (500mg/mL),S11 log magnitude resonance
frequency and amplitude, real impedance frequency max and frequency,
imaginary impedance max and min frequency
o pH measurement



Glucose Sensitivity, Petri Dishes, with Glucose Oxidase, direct contact
o Varying glucose concentration ( 250 and 500mg/mL), constant glucose oxidase
concentrations (10mg/mL)
o S11 log magnitude resonance frequency and amplitude, real impedance frequency
max and frequency, imaginary impedance max and min frequency
o pH measurement



Fructose Sensitivity
o Constant fructose concentration (500mg/mL), constant glucose oxidase
concentrations (10mg/mL)
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o S11 log magnitude resonance frequency and amplitude, real impedance frequency
max and frequency, imaginary impedance max and min frequency
o pH measurement
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Results:
4.1 Paper Metamaterial Sensing
As a proof of metamaterials abilities to be used as substrate sensor systems terahertz split
ring resonators were fabricated on paper and coated with varying concentrations of glucose
solutions. The responses of the coils after drying the solutions were measured by analyzing the
transmission spectra of terahertz time domain spectroscopy (THZ-TDS).

Figure 7: Experimentally measured transmission spectra of the paper MM samples coated
with a series of glucose (a) and urea (b) solutions with varying concentrations as a function
of frequency from 0.4 THZ to 1.4 THz. Insets: Schematics of the as-used SRR element and
an illustration of the transmission measurement set up
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These measurements were then compared to the same measurements with urea replacing
glucose. There was a larger shift observed with the addition of glucose than with the addition of
urea. Both analytes resulted in a downfield shift with regards to frequency and an increase in the
transmission measurement at the resonance frequency. At all other frequencies there appears to
be a decrease in the transmission measurement of the coils with the increase of both glucose and
urea exposure.
A maximum shift of 300GHz was observed when the antennas were coated with 30mM
glucose solutions whereas pure water solutions demonstrated no shift at all. A sensitivity of 14.3
GHz/mM glucose was found. Because the minimum step size in the frequency shift of this
experiment was 5GHz, the smallest detectible shift in glucose concentrations was found to be
0.35 mM. In comparison a maximum frequency shift of 40GHz was observed for urea solutions
of 30mM resulting in a sensitivity of 1.33 GHz/mM urea.

4.2 RFID Coil Simulations
COMSOL simulations were conducted to determine potential resonance frequencies of
the final coil design. Because the coil was 292mm long the resonance frequency of the coil was
approximated to be approximately 500MHz using the simplification that the total length of the
coil is approximately equal to half of the wavelength (500MHZ=0.6M wavelength). The
524MHz and 629 MHz simulations were selected as potential resonance frequencies because of
their strong dipole symmetry in the magnetic normal field while the 393MHz simulation was
selected because of its even distribution of total time average energy density.
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Figure 8: COMSOL simulations of the final coil design for potential resonance frequencies.
Analysis of total energy density time average and magnetic field norm were conducted with
a variety of eigenvalues to determine the most likely candidates within the predicted
ranges.
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4.3 Silk Coil Fabrication Consistency
Coils were fabricated on uniformly cast thin silk (16 square inches, 20 mL of 6% silk)
resulting in films approximately 80µm in thickness. Gold coils of the finalized were then
sputtered on design (300nm Au) using the paper cut vinyl shadow mask technique. The resulting
signals in the ranges of 1MHz to 550MHz were analyzed to determine the consistency of the
fabrication of coils. A sample size of n=5 was used. It was found that these coils had a mean
resonance frequency of 459.8 ± 3.41 MHz and that the mean reflection S11 amplitude was 25.86 ± 1.8.
Table 2: Silk Coil Resonance Frequencies and Magnitudes
Coil
1
2
3
4
5
Mean
Standard
Deviation

Frequency
(MHz)
465.6
462.5
456.8
455.5
458.6
459.8
3.41

Magnitude
(db)
-24.5
-26.5
-22.7
-27.1
-28.5
-25.86
1.86

4.4 Indirect Contact Sensing
a) NaCl Sensing
As a proof of concept the resonant response of sodium chloride solutions were tested
using a standard titration method. A constant volume of 7mL was used and maintained
throughout the titration.
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Figure 9: NaCl Sensing figures. A) S11 log magnitude reflection graph of the signal with
increasing molarity of NaCl. B) A representation of the relationship between the molarity
of the solution and the resonance frequency. C) A representation of the relationship
between the magnitude and NaCl molarity.
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An initial resonance frequency of 303Mhz was found at 3.96mM sodium chloride with
reflective loses of -35.3db. From this point there was a linearly dependent downfield shift in the
resonant frequency in relationship to the concentration of the sodium chloride solution. As the
molarity of the solution increased the resonance frequency decreased in a linear fashion with and
R2 value greater than 0.99. This R2 value showed that the line of best fit can be used to predict
over 99% of the actual data. The average resonance shift of the system with regards to sensing
sodium chloride was determined to be 597± 81 kHz/mM of NaCl. This would imply a sensitivity
of 1.67± 0.19 x10-3mM/khz. With the network analyzer set to take 801 data points of a range of
250Mhz to 500Mhz the minimum step size is 1240kHz which combined with the sensitivity
results in a step size of 2.07mM of NaCl.
In addition to the linear regression of the resonant frequency, it was also found that there
was a distinct increase in the antennas acceptance of energy at its resonant frequency as the
concentration of NaCl increased. An initial S11 value of -35.3db was found at 3.96mM. As
molarity increased the S11 measurement asymptotically approached a value of -20.7db.

b) Indirect Contact Glucose Sensing:
As a proof of concept of the minimal signal resulting from glucose without any charge
assistance or enzyme binding the resonant responses of glucose solutions were tested using a
standard titration method.
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Figure 10: Glucose Sensing figures. A) S11 log magnitude reflection graph of the signal
with increasing molarity of glucose. B) A representation of the relationship between the
molarity of the solution and the resonance frequency. C) A representation of the
relationship between the magnitude and glucose molarity.
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An initial resonance frequency of 306Mhz was found at 3.96mM glucose with reflective
loses of -35.3 db. As the concentration of glucose rose from 3.9gmM to a maximum tested
glucose concentration of 22.5mM there was no detectable frequency shift (both were measured at
306.18MHz). There was however slight variability in the frequency over the course of the
measurement. As the molarity of the solution increased it was found that there was a shift of 4.2
± 65.5 khz/mM glucose. These was no significant trend relating the resonant frequency of the
system to the concentration of glucose as the potential error was far greater than the sensitivity of
the measurement.
In addition to the non-significant trend with regards to the relationship between resonant
frequency and concentration of glucose there was also no significant change in the attenuation of
the S11 reflection signal. With an initial S11 minimum reflection measurement of -17.7db the net
shift never exceeded than 0.1db. In general the greatest mean shift in the amplitude of the S11
measurement was -0.00052 ± .018 db/mM glucose. With such significant error in comparison to
the attenuation the trend can be assumed to be negligible.

c) Glucose Sensing with Glucose Oxidase, Indirect Contact
To demonstrate the time dependent resonant response of RFID coil systems to the
transformation of glucose to gluconic acid by glucose oxidase in glucose solution and resonance
frequency measurements were taken over time with varying concentrations of glucose oxidase.
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Figure 11: Indirect Contact glucose Oxidase with variable glucose oxidase concentrations.
S11 reflectance graphs not zoomed in (top), a close up view of the resonance peaks of the
responses (middle) and the pH response (bottom) of both 1mg/mL and 10mg/mL glucose
oxidase solutions (10mL) when exposed to 500mg of glucose
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Additionally pH measurements of the solution were taken at the same time as resonance
frequency measurements. However, this method was undertaken by mixing crystalized glucose
with glucose oxidase solutions. This required the mixing of the solution for several minutes
while measurements were taken. The resonance frequency of these measurements were stable
with no significant shift away from the initial frequency of 301.1 Mhz. Additionally while there
were small variations in the S11() reflectance measurement there was no significant trend and the
variations appeared to be the result of random small variations in the environment. When
compared directly to the pH of the solution over time there also was no significant correlation
with resonance frequency or the amplitude. There was a definite shift in the pH of the solution
with the addition of glucose in both concentrations of glucose oxidase. In the 10mg/mL glucose
oxidase solution the initial pH was 5.8 and rapidly fell to 4.23 within 10 minutes. Immediately
following this there was a slower gradual decrease in the pH of the solution to 3.47 after 40
minutes of exposure to the glucose. In the 1 mg/mL glucose oxidase solution the initial pH was
4.94. The pH of this solution rapidly fell to 4.32 after 1 minute of exposure and then fell to 4.16
by minute 10. For the remainder of the exposure the pH of the solution gradually decreased to a
final concentration of 3.84.

4.5 Direct Contact Sensing
a) Glucose Sensing Direct Contact
To demonstrate the time dependent resonate response of RFID coil systems when in
direct contact with charged solutions glucose oxidase solutions of constant GOX concentrations
were mixed with varying concentration glucose solutions and had their S11 reflection responses
monitored.
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Figure 12: Direct Contact glucose Oxidase with constant glucose oxidase concentrations
and variable glucose concentrations. S11 reflectance graphs (top) and a close up view of the
resonance peaks of the responses (bottom) when 10 mL glucose oxidase solutions (5mg/mL)
when exposed to 250 mg or 500mg of glucose.
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In the initial S11 reflection measurement there appears to be very little shift as a result of
glucose oxidase and glucose reacting in direct contact with the RFID coil system. However,
under closer analysis (figure 6) a clear trend develops over time. This trend is that as time goes
on the S11 reflection coefficient’s amplitude decreases. There appears to be no significant shift
in the resonant frequency over time with the addition of glucose to the glucose oxidase solution
at either concentration.
After further analysis both solutions demonstrated excellent correlations between the time
of exposure to glucose and the decrease in the amplitude of the S11 measurements. Both curves
had R2 values greater than 0.99 implying and excellent linear relationship. The 250mg/dL
solutions best fit curve had a slope of .0209 db/min whereas the more concentrated 500mg/dL
solution had a larger slope of 0.0219 db/min. Both solutions demonstrated linear positive
progressions. There was an offset in the starting value of the measurements as the 500mg/dL
solution had an initial measurement of -8.544 whereas the less concentrated 250mg/dl solution
had an initial reflection measurement of -8.730.
Both solutions also demonstrated pH responses that are similar to what would be
expected. The 250 mg/dL glucose solution had an initial pH of 5.14 and saw a steady decrease in
the pH over time to 3.54 after 30 minutes. Likewise, the 500mg/dL glucose solution had an
initial pH measurement of 5.2 and also demonstrated a gradual decrease in pH over the entirety
of the exposure. The pH of the 500mg/dL solution went as low as 3.9 after 30minutes of
exposure. The decrease in pH was most rapid at the onset of the exposure to glucose for both
conditions. When pH of the solutions is converted to the concentration of protons in solution
both demonstrated R2 values of .98 or greater when related to the time of exposure.
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When the concentration of protons in both solutions were compared directly to the
amplitude of the S11 reflectance measurement both samples demonstrated positive linear
correlations greater than 0.996. The 250mg/dL solution had a slope of 1.947 db/ mM while the
500mg/dL solution demonstrated a slope of 4.99 db/mM.

b) Direct Contact Fructose Sensing with Glucose Oxidase
To demonstrate the time dependent resonate response of RFID coil systems when in
direct contact with charged solutions, glucose oxidase solutions of constant GOX concentrations
were mixed aqueous fructose solutions and had their S11 reflection responses monitored.
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Figure 2: Direct Contact constant glucose oxidase concentrations with fructose. S11
reflectance graphs (top left) and a close up view of the resonance peaks of the responses
(top right). A graph of the time dependent response of the S11 amplitude (middle left) and
pH response over time of the solution (mid right) and a relationship between S11 amplitude
and proton concentrations are shown here (bottom).
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In the initial S11 reflection measurement there appears to be very little shift as the result
of glucose oxidase and glucose in direct contact with the RFID coil system. Even with closer
examination there is no obvious trend to the S11 reflection measurements as the amplitude
appears to fluctuate somewhat randomly. There is also no significant shift in the resonance
frequency associated with the addition of fructose to the glucose oxidase solution over time.
After further analysis the amplitude of the S11 reflection graph demonstrates a very small
linear correlation with a low R2 value of only 0.7661. This correlation has a slope of -0.0038
db/min. Additionally there is a very small negative linear correlation between time and the pH of
the solution. This correlation had a slope of -0.0029 mM/min and a low R2 value of 0.869.
Finally, there was also a small negative correlation between the calculated concentration
of protons and the amplitude of the S11 reflection amplitude. This relationship had an R2 value
of only 0.5253 and had a significant slope of -110 db/mM.
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Discussion:
5.1 Paper Metamaterial Sensing
Sensitivity of the paper metamaterials was determined using terahertz time domain
spectroscopy and analyzing the variations in the transmission spectra as different concentrations
of glucose and urea were applied. At the resonance frequencies of the coils, the most obvious
trend is that there was a down field shift that resulted from exposure to both glucose and urea.
There was however a drastic difference in the effects of the different analytes with the glucose
resulting in a shift that was 10.75 fold greater per millimole analyte. Because of this in low
concentrations paper metamaterials show some potential as sensors for glucose.
Additionally, there was almost not shift in the resonance frequency as a result of placing
water onto the paper metamaterials and then allowing them to dry. This combined with the fact
that all other environmental conditions were maintained constant throughout the experiment is an
excellent indication that the resonance shifts observed in this experiment are in fact the result of
the glucose and urea.
However, biological fluids like blood, urine, and even homogenized tissue samples
contain a wide variety of different molecules including salts, proteins, sugars and many analytes.
This particular system appears to be sensitive not just to glucose, but to any analyte that makes
contact with the paper metamaterial. Because of this a homogenous biological fluid cannot be
used in concert with this system as it would have too many interfering signals as a result of all of
the other molecules contained in the liquid.
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5.2 RFID Coil Simulations
Simulations run on this particular coil found results that were fairly similar to the actual
resonance frequency but still outside of the acceptable error. Coils fabricated on silk films had a
mean resonance frequency of 459.8 ± 3.41 MHz which is approximately in the middle of the
simulated resonance frequencies.
There are several possible explanations for the disparity in the simulated resonance
frequency of the RFID coil and the actual measured resonance frequency. Of particular
importance are several of the assumptions which are made by the COMSOL program when two
dimensional simulations are made. Possibly the most significant assumption that is made is that
the 2-dimensional structures in these simulations have an infinitely small assumed depth and as
such can have drastically different properties when interacting with the electromagnetic waves in
the system. Additionally simulations conducted in COMSOL assumed a substrate of FR4 circuit
board and a metallic substrate of copper. This assumption lined up more accurately with the
RFID coils produced for rapid prototyping with the milling machine than they did with either of
the substrates used during the majority of the examinations conducted in this experiment. In all
direct and indirect contact experiments the gold RFID coils were fabricated on plastic petri
dishes and the mean frequency of the coil was determined using silk as a substrate with gold as
the metal. The differences in the coils properties and the properties of the coils metal
(particularly resistivity and impedance) could drastically alter the way electromagnetic waves
interact with the system, in general shifting the resonance frequency downfield.
Another factor that is particularly interesting is that in all of the simulations in a range
similar to the assumed resonance frequency, none of them had an eigenvalue that had both a total
time average energy density and magnetic field simulation that mimicked the expected patterns.
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In the simulations at 524MHz and 629MHz strong dipole symmetries were demonstrated but
both simulations lacked an ideal distribution of energy around the coils gaps. Both of these
simulations had energy distributions in which there was a very high concentration around the
outermost corners and lacked any significant density in the gaps of the coils. The simulation at
393 MHz had a more even distribution of energy through the coils gaps, but lacked any
significant dipole symmetry in the normal magnetic field analysis. Despite these disparities,
these simulations demonstrated the best combination of both parameters and were thus selected
as likely candidates to be the resonance frequency.

5.3 Silk Coil Fabrication Consistency
Gold RFID coils were fabricated on silk substrates to demonstrate the ability to make
coils with consistent resonance properties. In doing this it was demonstrated that coils could be
fabricated consistently with a standard deviation of only 3.41 db. There were however some
significant outlying points. In particular coil 1’s resonance frequency was more than 3MHz
greater than next closest peak and coil 3 had a magnitude that was 2 full decibels greater than
any other sample.
There are several potential explanations for what might have caused these outlying data
points. One definite possibility for what may have caused a difference in the resonance
frequency and amplitudes of these samples is that by fabricating the coils on silk the paper cut
vinyl shadow mask method, some abnormalities were created. While excellent for the
construction of coils on different materials, this method also has significant flaws in that it can
result in some variability in the final products. As sticker is being placed it on a substrate it can
become deformed by air bubble or crinkling of the vinyl. This would result in a subtly different
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final geometries which could result in a shift in the resonance frequency. Additionally when the
stickers are removed following sputtering, there is often an associated stress that is applied to the
gold. A sheet of gold is formed that is continuous across the sicker and onto the silk. To remove
the sticker this continuous sheet must be fractured. This fracturing happens in a unique
uncontrolled pattern every time and can result in small breaks and chinks in the trace of the coil
left behind subtly altering its resonant properties. Additionally, the coils are fabricated on silk
substrates which despite efforts to prevent deformities can have significant localized variations in
thickness and even make up. This in turn might also affect the resonance frequency of the
system.

5.4 Indirect Contact Sensing of NaCl and Glucose
To determine the potential ability of the fabricated RFID coils to be used as sensor
systems for glucose and NaCl coils were fabricated on the bottom side of a petri dish and
constant volumes of solution with differing concentrations of analytes were investigated to
determine the effects on resonance frequency. In this a clear trend can be seen in which the
presence of NaCl results in a significant decrease in the resonance frequency and the amplitude
of the S11 reflection measurement whereas glucose solutions demonstrated no such shifts.
One likely explanation for the difference in the effects of the different analytes on the
resonant behavior of the coils is that glucose is an uncharged molecule in an aqueous
environment while NaCl dissociates into Na+ and Cl-. Glucose remains an uncharged particle
while sodium chloride breaks apart into two charged particles. As was stated in the background,
RFID systems work by manipulating the incoming and outgoing electromagnetic waves in very
specific ways. By changing the local environment to include a large number of charged particles,
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the distribution and action of the RFID system on these waves could be drastically altered. In a
slightly more in-depth look at this phenomena, the resonance frequency of a system can be
approximated by determining the inverse square root of the product of the coils capacitance and
inductance. With the system employed here, the inductance of the coils should be relatively
unchanged as the geometry is unchanged. However, the capacitance of the coil system should
change over time with the addition of charged particles as they will alter the localized dielectric
constant of the environment immediately surrounding the coil.
With this explanation, there also should have been a detectable shift in the resonance
frequency of the coil system with the addition of glucose in concert with glucose oxidase. This
expected shift would be the result of a change in the system’s pH resulting from the production
of gluconic acid by glucose oxidase. This drop in pH directly correlates to an increase in the
concentration of H+ ions which in turn would cause an increase in the conductivity of the system
with an increased number of charged particles.
However, upon further investigation it was found without direct contact there was a very
little resonance shift or amplitude deformation as a result of the pH shift caused by increased
gluconic acid levels. When the concentration of sodium chloride was graphed against the
resonance frequency a linear dependence with a significant slope was found such that the
concentration could be determined to the closest 2mM. In comparison, pH demonstrated no
significant trend with regards to the S11 reflection magnitude which appeared to fluctuate in an
almost random fashion.
One potential explanation for why no significant shift came about as a result of pH shifts
is that the number of protons generate by these shifts was much smaller than the number of
charged particles generated by the disassociation of NaCl molecules. Even at its lowest pH and
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consequently highest concentration of [H+] ions, the solutions only contained 0.339mM of
protons/ charged species. This is more than 10 times smaller than the concentration of even the
most dilute salt solution tested. Essentially, it is very likely that the concentration of charged
particles as a result of gluconic acid in solution was too small to have a detectable effect in
comparison to sodium choloride.

5.5 Direct Contact Sensing of Glucose
Because of the potential wash out of the signal as a result of pH in indirect contact
sensing, direct contact sensing was undertaken in which the RFID antenna was touching the
solution of interest without any barrier system. It was hoped that unlike the immediate detectable
shift that resulted from the exposure of the coil to constant concentrations of charged particles
observed in salt sensing, that these systems would result in a time dependent shift in the S11
reflection measurements that could be correlated to the concentration.
In the initial investigation various concentration solutions of glucose oxidase were
prepared after which crystalline glucose oxidase was added. This system was later determined to
provide no significant information as a large majority of the time was spend mixing the solutions
to dissolve the highly concentrated glucose. Because the turbidity and uneven dissolution of
glucose that resulted from mixing, the reaction kinetics were likely effected not only by glucose
oxidases ability to react with glucose but also by the ability of the solution to solubilize the
glucose crystals.
To work around this issue solutions of 2x concentration glucose oxidase and glucose
were prepared and then mixed in a 1:1 ratio resulting in a solution that was 1x glucose and 1x
concentration glucose oxidase. By having the glucose already in solution as most biological
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samples will be in the future examinations, the experimental procedure was optimized to
eliminate the extra step of solubilization from the reaction kinetics.
Once this method had been perfected a visible trend was found and the results were
directly compared to a solution of fructose.
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Figure 153: pH and S11 reflection amplitude dependence of direct contact coils over time
after exposure of glucose oxidase to glucose and fructose solutions.
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In looking at these experiments a clear trend in which the higher the concentration of
glucose the greater the decrease in pH there is over time. As is expected as the glucose is
consumed the pH’s of the solutions appear to asymptotically approach a specific pH. This is
logical as there is a greater amount of glucose present allowing for an increased conversion into
glucose oxidase. There is almost no change in the pH of the solution when fructose is exposed to
glucose oxidase which is again logical as there is no reaction between the analyte and enzyme.
With regards to the S11 reflection amplitude over time, there is a positive linear
correlation between both glucose concentrations with similar slopes as well. What this
demonstrates is that both of the coils were exposed to similar rates of change of their amplitudes
during the same amount of time exposed to the solution. One potential explanation for this effect
is that the glucose is in such a high concentration that it saturated the enzymes. What this means
is that in a solution with a very high concentration of an analyte, an enzyme has a maximum
speed at which it can undergo a reaction. In this particular case while there are different
concentrations of glucose, both may be high enough that they effectively saturate all of the
glucose oxidase sites such that the systems charge and pH change at similar rates.

5.6 Conclusion
It was determined that the resonance frequency of the RFID coils and the amplitude of
their S11 measurements could be maintained within a very small range using the vinyl paper cut
shadow mask techniques on silk. Further studies should be conducted with different shadow
mask substrates in an effort to minimize potential variations that result from the fracturing as the
mask is removed.
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The overall trend observed throughout these experiments was that increasing
concentrations of charged particles in solutions around RFID coils resulted in a decrease in the
amplitude of the resonance frequency of the RFID coil systems. It can be seen in both direct
contact and indirect contact experiments that solutions containing uncharged particles such as
glucose and fructose resulted in no significant shift in the resonance frequency or amplitude of
the response. Because of this it can be determined that the shift observed with the different
solutions of this experiment was dependent entirely on the generation of charged particles.
Additionally, in enzymatic reactions capable of generating charged particles had a significant
observable time dependent shift in the amplitude of their S11 reflection magnitude that when
further studied may lead to specific sensing. Knowing this, future experiments can be designed to
create a variety of sensors using enzymes that react with specific analytes generating charged
particles.
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6.1 Future Work
Because of the consistent effects of charged particles on RFID sensor systems this topic
should be explored in greater depth. In particular optimization of the system with regards to
minimizing the examined bandwidth to decrease step size and increase sensitivity. This small
change would massively increase the sensitivity of indirect contact systems and could potentially
eliminate the need for direct contact systems.
On top of optimizing the sensor fabrication methods, the overall coil design should also
be investigated in future experiments to increase the sensitivity of the system. When exposed to
direct contact with liquids the RFID coils experience a decreases of approximately 50% in their
S11 reflection magnitude. his lose drastically decreases the flexibility of the system and in the
future could be counter acted through optimized coil designs with increased initial magnitudes of
reflection.
Additionally, a mechanism to better expose the glucose oxidase encapsulated in the silk
films would be highly beneficial to increasing the sensitivity of the system to glucose. Higher
exposure would result in faster reaction mechanics and increasing usability by decreasing usage
time. Two potential methods to accomplish this include the formation of silk foams or silk
hydrogel matrices with high diffusion rates. Both of these methods are currently being studied
and have the particular advantage of increasing the surface area of the enzyme while also
decreasing the stiffness of the encapsulating silk potentially increasing the enzymes ability to
undergo its reaction.
Finally, the strength of this experiment is intrinsically tied to the fact that glucose oxidase
can be exchanged for other enzymes allowing for a sensor system that is easily customized for
the any particular analyte. Future experiments should focus not just on optimizing the ability to
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sense glucose but also on the encapsulation of a wide variety of charge generating enzymes to
generate sensors for a variety of different analytes.
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