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ABSTRACT  
Infections associated with biofilm growth are usually challenging to eradicate due
to their high tolerance toward antibiotics [11, 12]. Biofilms often form on the inert
surfaces of medically implanted devices [13]. No matter the sophistication, microbial
infections can develop on all medical devices and tissue engineering constructs [12].
Related infections lead to 2 million cases annually in the U.S., costing the healthcare
system over $5 billion in additional healthcare expenses [12].
Novel solutions to biofilm’s microbial colonization span the spectrum of
engineering and science disciplines. Yet a practical solution still does not exist. The
research presented here will explore a new novel solution combining the disciplines of
electrical engineering, materials science, and biophysics.
The goal of this thesis is to determine if enough energy is available in a 2.4 GHz
signal to create a lethal environment for biofilm adhered to a grid of silver nanowires. As
with any new experiment in science, several iterations are required in the experimental
method to achieve ideal results. The final iteration presented in this paper was unable to
measure the induced voltage in silver accurately, but out of this failure rose a success, a
repeatable way to measure RF absorbing materials in the open air. This led to consistent
RF data for agarose gel, a material that simulates the properties of human tissue. Methods
to improve the experimental method for RF reflecting materials are also presented.
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Chapter 1

INTRODUCTION  
A biofilm comprises any syntrophic consortium of microorganisms in which cells
stick to each other and often also to a surface [1, 2]. These adherent cells become
embedded within a slimy extracellular matrix that is composed of extracellular polymeric
substances (EPS) [1, 2]. The cells within the biofilm produce the EPS components, which
are typically a polymeric conglomeration of extracellular polysaccharides, proteins, lipids
and DNA [1, 2, 3]. Because they have three-dimensional structure and represent a
community lifestyle for microorganisms, they have been metaphorically described as
"cities for microbes" [4, 5].
Biofilms are hypothesized to have arisen during primitive Earth as a defense
mechanism for prokaryotes at that time, as the conditions of primitive Earth were too
harsh for the survival of prokaryotes [6]. Biofilms protect prokaryotic cells by providing
them homeostasis, encouraging the development of complex interactions between the
biofilm cells [7].
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Chapter 1: Introduction
The formation of a biofilm begins with the attachment of free-floating
microorganisms to a surface [4, 8]. The first colonist bacteria of a biofilm may adhere to
the surface initially by the weak van der Waals forces and hydrophobic effects [9, 10]. If
the bacterial colonists are allowed to adhere to the surface, they will anchor themselves
nearly permanently.
Infections associated with the biofilm growth are usually challenging to eradicate
[11]. This is mostly due to the fact that mature biofilms display tolerance toward
antibiotics and the immune response [12]. Biofilms often form on the inert surfaces of
implanted devices such as catheters, prosthetic cardiac valves and intrauterine devices
[13].
The rapidly expanding worldwide industry for biomedical devices and tissue
engineering related products is already at $180 billion per year, yet this industry
continues to suffer from microbial colonization [14]. No matter the sophistication,
microbial infections can develop on all medical devices and tissue engineering constructs
[12]. Sixty to seventy percent of nosocomial or hospital-acquired infections are
associated with the implantation of a biomedical device [12]. This leads to 2 million
cases annually in the U.S., costing the healthcare system over $5 billion in additional
healthcare expenses [12].
Biofilm's resistance to antibiotics has created an enormous demand and area of
research for potential solutions. Novel methods to combat biofilm include approaches
from chemistry like creating small molecules that can inhibit biofilm buildup,
bactericidal/bacteriostatic coatings in biomedical engineering, and anti-adhesion coatings
through materials science [15]. The goal of this thesis is to explore a new novel solution
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Chapter 1: Introduction
through the combined disciplines of electrical engineering, materials science, and
biophysics.
In the past, experiments have shown that electrical current has antimicrobial
properties. A zone of inhibition test involving the insertion of an anode and cathode into
an agar plate inoculated with a lawn of bacteria was used to study the antimicrobial
activity of electric current [18]. A zone of inhibition was produced around the cathode
when 10 µA (DC) were applied for 16 hours [18]. Additionally, it has been demonstrated
that treatment with an AC, DC, or superimposed (SP) signal of equivalent energies
results in similar treatment efficacies at potentials less than 1  V [19]. Experimental results
suggest that the energy of the electrical signal is the primary factor in determining the
efficacy of the bioelectric effect treatment at potentials less than the media electrolysis
voltage (~1.2 V) [19].
Another area of study is in the antimicrobial effect of silver. Silver nanoparticles
(AuNPs) have considerable potential to be the first choice for antibacterial applications in
the future [20]. Currently, it is concluded that the properties of silver nanoparticles below
10 nm in diameter are mainly by the nanoparticle itself. At larger sizes, the predominant
mechanism occurs through silver ions [20]. It is clear from the literature that the AuNPs
penetrate the cells more effectively than the silver ions do [20]. However, models
describing the kill and wake-up rates of bacteria show that they generally depend on the
physicochemical properties of AgNPs such as size, shape, and surface modifications,
which have been shown to play a role in their antimicrobial activities [21].
Propagation of any wave through a medium requires energy. 2.4 GHz
microwaves, an electromagnetic wave with a length of 12.5 cm, is a standard frequency
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used by Wi-Fi and cellular devices. The relatively low density of air does little to impede
the propagation of electromagnetic RF waves. However, if a metallic substance is placed
in the path of propagation, transmission can be significantly reduced. Silver has a density
of nearly five orders of magnitude larger than air. This vast difference requires more
energy for transmission. A portion of that energy is absorbed by the silver. This induces a
current that could potentially be tuned to a value lethal to biofilm.
A grid of silver nanowires applied to the surface of a medically implanted device
could potentially be used to create a lethal environment for biofilm. These "nanogrids"
are produced through lithography. A relatively cheap way that material like silver can be
patterned onto a surface. To be a practical solution to biofilm adhesion to medical
implants, the RF signal must first penetrate human tissue before contacting the silver
nanogrid. Agarose gel prepared at a concentration of 2.3% is a stable material with
adequate mechanical strength for its handling, capable of reproducing three-dimensional
shapes that can model different organs or biological tissue [16]. Agarose gel will be used
as an insulating layer to mimic the RF effects of human tissue in front of the silver
samples. In addition to studying the RF absorbance of silver nanogrids, the RF
absorbance of 2.3% agarose gel will be studied.
The goal of this thesis is to begin the groundwork in determining if enough energy
is available in a 2.4 GHz signal to induce the appropriate conditions to eliminate biofilm
adhered to a silver nanogrid. This method will expose biofilm to a three-part
antimicrobial process. First, the signal will induce a current in the nanogrid that could
potentially kill the bacteria through contact. Secondly, the signal will ionize and release a
portion of the silver atoms from the nanogrid. Finally, the electric field produced by the
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RF signal can stop the growth of biofilm by disrupting the polarity of the bacteria
molecules. This disruption also makes it easier for the silver ions to disperse through the
bacteria.
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Chapter 2

EXPERIMENTAL  METHODS  
2.1  

SOFTWARE,  EQUIPMENT,  AND  SAMPLES  
In addition to studying the effects of 2.4 GHz on silver nanogrids and agarose,

this experiment required examining a broader frequency range to understand the physics
at play. For each signal presented in this paper, one-thousand data points were collected
across a 1 GHz range, and each of these data points was averaged over ten independent
measurements. This method resulted in over one-quarter-million data points which
required the use of digital spectrum analyzing equipment and software. The equipment in
Table 1 was used to record the data.
Equipment  
Tracking  Generator  
Signal  Hound  Spectrum  Analyzer  
Spike:  Signal  Hound  Spectrum  Analyzer  Software  

Model  Number  
USB-‐TG44A  
USB-‐SA44B  
-‐  

T ABLE   1:    E QUIPMENT   L IST   

One of the main goals of this project was to determine how silver microwave
absorption varies between bulk and nano samples. Of the four silver samples, two bulk
silver and two silver nanogrids were studied. Additionally, agarose gel, a material with
6  
  

Chapter 2: Experimental Methods
similar electrical properties of human tissue, was used as an insulating layer to mimic the
properties of human skin and muscle surrounding a medically implanted device. Images
of the samples can be seen in Figure 1.

F IGURE   1:    S AMPLES   L IST ED  IN   T ABLE   2  

Each of the samples in Figure 1 is labeled alphabetically. The samples and their
properties are further described in Table 2 below.
Label  
A  
B  
C  
D  
E  

Sample  
Bulk  Silver  1  
Bulk  Silver  2  
Nano  Silver  1  
Nano  Silver  2  
Agarose  

Material  
Silver  
Silver  
Silver  
Silver  
Agarose  Gel  

Surface  Area  [cm2]  
12.91  
7.29  
0.44  
0.36  
25.00  

Thickness  [cm]  
0.263  
0.195  
-‐  
-‐  
1.225  

T ABLE   2:    S AMPLE   P ROPERTI ES   

2.2

The Measurement Stage
Recording the S-parameters between the antennas required a system to control the

antenna positions accurately. Additionally, the antennas had to be able to move relative to
each other and the sample. The drawings in Figure 2 are of the measurement stage
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designed for and used throughout the following experiments. The two antenna mounts
can move vertically along the tall leg. Their positions can be secured with the pin.
Additionally, the tray can be positioned at different heights between the short legs.
Because the measurement stage was 3D printed, the tray and other features are made
from ABS plastic—a non-conducting material. The thickness of the tray was reduced to
0.05 inches and a grid-like structure was used to allow for high energy transmission while
maintaining structural support.

F IGURE   2:    M EAS UREMENT   S TAGE   S OLID W ORKS   D RAWING   

The operational measurement stage can be seen in Figure 3. The emitting antenna
is positioned in the upper mount, and the receiving antenna is located in the lower mount.
For all recorded measurements, the antennas were placed in this order. The total
separation between the antennas was set to 12.5 cm, the wavelength of 2.4 GHz.
Transmission is maximum when the antennas are as close together as possible. The
chosen separation was still relatively close together, but also provided needed working
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room to change samples. Furthermore, the emitting and receiving antennas were always
spaced equally from the sample to provide the clearest signal possible.

F IGURE   3:    M EAS UREMENT   S TAGE  IN   O PERAT ION   

2.3  

TYPES  OF  MEASUREMENT  

2.3.1   OPEN  AIR  
The first phase of test measurements was taken in the open air with the setup
shown in Figure 3. RF measurements in the 2.4 GHz range can be difficult to record in
the open air because of competing signals. Someone texting across the lab, fluctuations in
existing Wi-Fi networks, or reflection off of a person walking by can create error in the
data. Open air measurements were first tried to rule out the possibility of experimenting
in this convenient fashion.
The signals recorded in open air actually did show promise. However, the
movement and activities of other scientists in the Quantum Device Lab made replicating
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measurements next to impossible. It was determined that another method should be used
to minimize the lab’s environmental effects on the recorded signals.

2.3.2   FARADAY  CAGE  
The second phase of measurements was taken with the goal of eliminating the
environmental effects of the previous open-air measurements. The first potential solution
was a Faraday cage. An 8-inch square box 14 inches tall was coated internally and
externally with aluminum foil. The aluminum was grounded to eliminate charge buildup
on the surface and to reduce the amount of internal reflection within the Faraday cage.
The measurement stage was placed inside the Faraday cage, and the open air
measurements were repeated.
Early on in the collection of this set of data, a problem arose. A great deal of
variance arose between measurements, and the replication of measurements was nearly
impossible. Very slight changes in the position of the measurement stage with respect to
the Faraday cage made considerable changes in the measured signals. Considering the
dimensions of the Faraday cage and the wavelength of the emitted radiation, it was
concluded that the similar lengths of each created a significant variation in the amount of
energy either absorbed or reflected by the internal surface of the Faraday cage. This made
the experiment impractical with the desktop setup that had been previously designed.
Although the external environmental effects had been overcome, the new experimental
design created a problem that was even more difficult to manage than open air
measurements.
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2.3.3   NOISE  SHIELD  
A new method that combined the benefits of reduced environmental effects of a
Faraday cage and the practicality of the open air system was needed. The solution in the
third phase of measurements was a noise shield. By simply installing an aluminum foil
sheet between the receiving antenna and the sample tray with a 1.5 by 1.5-inch hole cut
directly beneath the sample, the environmental effects were reduced, and the tray was
easily accessible for repeated measurements. Although the environmental effects were
reduced, they were not completely eliminated. In order to get the cleanest data possible,
the signals were recorded during the weekend of spring break when the labs were nearly
empty. The noise shield and associated setup, seen in Figure 4, was used to record all of
the data presented in the following chapters.

F IGURE   4:    M EAS UREMENT   S TAGE  WITH   N OIS E   S HIELD   

2.3.4   CONTROL  PROCESS  
In all of the measurement systems described in Section 2.3, a control process was
used to account for static losses or gains to or from the surrounding environment. The
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“Store Thru” function in the Signal Hound Spectrum Analyzer software was used to store
thru the control signal to zero. To do this, a blank glass slide was placed onto the
measurement stage. Then the signal was stored thru using the software function. The
glass slide was removed, and another slide with a sample was placed onto the stage. The
signal of the sample was then recorded. This process allowed the experimenter to conduct
measurements in the open air, but only record changes due to the sample being measured.
All of the measurements described in this thesis used this control process.
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Chapter 3

    

AGAROSE  ABSORPTION  
3.1  

INTRODUCTION  
Agarose gel is the primary medium used in gel electrophoresis. Because of this,

the electrical properties of the material are widely known and happen to be very similar
to human tissue. Even still, available data on agarose’s RF characteristics is limited. This
chapter will explore how much power can be absorbed by agarose when exposed to a 2.4
GHz network.

3.2  

S-‐PARAMETERS  

3.2.1   S11  
The S-parameter S11 describes the power that is emitted from and reflected back
to the emitting antenna. The signal recorded in Figure 5 is a relatively smooth curve with
a peak value of -18.01 dBm near 2.4 GHz. The negative value indicates that there is a

13  
  

Chapter 3: Agarose Absorption
reflection loss in agarose compared to the control. This makes sense because, like human
skin, agarose absorbs a large portion of microwave radiation.

S11  of  Agarose
5
0
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2250

2300

2350

2400

2450

2500
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F IGURE   5:    P OWER   R EFLECTI ON  OFF  O F   A GARO SE   

3.2.2   S21  
The S-parameter S21 describes the power that is emitted from the emitting
antenna and transmitted to the receiving antenna. The signal recorded in Figure 6 is a
somewhat noisy curve describing the gains and losses relative to the control. The peak
value of -15.17 dBm near 2.4 GHz indicates a transmission loss in agarose compared to
the control. Similar to S11, this loss is due to power being absorbed by the agarose
sample.
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S21  of  Agarose
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F IGURE   6:    P OWER   T RANSMIS SION   T HROUGH   A GARO SE   

3.3  

ABSORPTION  
The absorbed power is a significant quantity because it can be used to calculate

induced voltage or current as shown in Chapter 4. Additionally, this quantity could be
used in future studies to calculate heat buildup in a sample. In order to determine the
amount of power absorbed by the agarose, all of the components of the emitted wave
must be accounted for. Figure 7 gives a one-dimensional representation of
the situation.

F IGURE   7:    O NE -‐D IMENSIONAL   D I AGRAM  OF   S-‐P ARAM ETERS   
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Equation 1 can be used to describe the wave. The values S11 and S21 correspond
to the signals presented in Sections 3.2.1 and 3.2.2. The values S12 and S22 are minor
factors describing power emitted from the receiver and either transmitted to the emitting
antenna or reflected back to the receiving antenna respectively. These values are
considered negligible because the spectrum analyzer does not emit power and the
receiving antenna is assumed to be a perfect receiver.
1 = 𝑆11 + 𝑆12 + 𝑆21 + 𝑆22 + 𝐴𝑏𝑠𝑜𝑟𝑏𝑡𝑖𝑜𝑛
E QUAT ION   1:    P ART IAL   F RACTIONS  OF   W AVE   E NERGY   (O NE -‐D IMENSIONAL )

As described in Chapter 2, the “Store Thru” function in the Signal Hound
Spectrum Analyzer software can be used to store thru the control signal to zero. This
feature accounts for static environmental gains or losses and simplifies Equation 1 to the
following:
𝑆𝑡𝑜𝑟𝑒𝑑	
  𝑇ℎ𝑟𝑢	
  𝑆𝑖𝑔𝑛𝑎𝑙 = 0 = 𝑆11 + 𝑆21 + 𝐴𝑏𝑠𝑜𝑟𝑏𝑡𝑖𝑜𝑛
E QUAT ION   2:    S TORED   T H RU   W AVE   E QUAT ION   

This simplified equation gives a way to describe the absorption as a function of
only S11 and S21 as seen in Equation 3. Both of these S-parameters were measured as
changes in the signal from the control to the respective sample.
𝐴𝑏𝑠𝑜𝑟𝑏𝑡𝑖𝑜𝑛 = −𝑆11 − 𝑆21
E QUAT ION   3:    W AVE   P OWER   A BSO RPTION   

Using this method, the absorbed power is given in Figure 8. As expected, the peak
absorption falls near 2.4 GHz with a value of 28.52 dBm.
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F IGURE   8:    P OWER   A BSO RBED  BY   A GARO SE   

3.4  

ADDITIONAL  MEASUREMENTS  

3.4.1   VARIED  DISTANCE  BETWEEN  ANTENNAS  
In order to verify that the agarose gel provides a good representation of human
tissue, two trends were reproduced from literature. The first is power attenuation in
agarose versus separation distance of antennas. Vallejo Et al. have shown that this kind of
measurement can be fitted by a logarithmic curve [17]. Figure 9 shows the attenuation
trends, at 2.4 GHz, measured through agarose at five different distances. The full signal
curves are presented in Appendix B.
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Attenuation  vs.  Distance
0

Attenuation  [dBm]

-‐2

0

2

4

-‐4

6

8

10

12

14

16

y  =  -‐6.735ln(x)  +  1.0508
R²  =  0.9827

-‐6
-‐8
-‐10
-‐12
-‐14
-‐16
-‐18

Distance  [cm]

F IGURE   9:    P OWER   L OSS  WITH   D IS TANCE   

As seen in Figure 9, the attenuation versus distance curve is fit by a logarithmic curve.
The R2 value of 0.983 shows that these experimental results align well with published
data.

3.4.2   VARIED  THICKNESS  OF  SAMPLE  
The second verification of agarose’s properties was to study how the thickness of
the material affects attenuation. Vallejo Et al. have shown that this kind of measurement
yields a roughly linear relationship [17]. Power attenuation in agarose versus agarose
thickness is plotted in Figure 10. The attenuation trends, at 2.4 GHz, measured through
four different agarose thicknesses are displayed. The full signal curves are presented in
Appendix B.
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F IGURE   10:    P OWER   T RANSMIS SION   L OSS  WITH   I NCREAS ED   A GAROS E   T HICKNESS   

As seen in Figure 10, the attenuation versus thickness curve exhibits a linear relationship.
This is another indication that the presented data aligns well with the literature.

3.5  

SUMMARY  
This chapter describes how spectrum analyzing software was used to account for

unknown variables and reduce the absorption to a function of only two variables. Using
the measured S-parameters, the absorbed power was calculated. The resulting curve fell
within an expected range, with the peak absorbance of 28.52 dBm centered near 2.4 GHz.
Additionally, the attenuation versus either antenna separation or agarose thickness
aligned with published data.
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Chapter 4

  
SILVER  ABSORPTION  
4.1  

INTRODUCTION  
The purpose of this chapter is to present experimentally collected data on the

induced voltage in four different silver samples. The first sample labeled “Bulk Sample
1” is a one-ounce pure silver coin with dimensions given in Section 2.1. Bulk Sample 2 is
a smaller pure silver coin with dimensions also listed in Section 2.1. These samples were
intended to give a reference point for the bulk RF properties of silver.
Nano Sample 1 was the third sample studied. This sample, shown in Figure 11, is
an arrangement of 100 by 100 grids of silver nanowires. These silver "nanogrids" are
applied to a glass slide through lithography. They are electrically isolated from each other
because silver nano-leads do not connect them.
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F IGURE   11:    N ANO   S AMPLE   1,    100 X 100    D ISCONNECTED   S IL VER   N ANOGRIDS   (5 X   O PTICAL   M AGNI FICAT ION )  

Nano Sample 2 was the final sample studied. This sample, shown in Figure 12, is
an arrangement of 10 by 10 nanogrids. Unlike Nano Sample 1, these are connected by
silver nano-leads.

F IGURE   12:    N ANO   S AMPLE   2,    10 X 10    G RID  OF  CONNECTED   N ANOGRIDS   (5 X   O PTICAL   M AGNIFIC ATION )  
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Figure 13 gives a higher magnification of Nano Sample 2. The properties of the
bulk samples will be compared to the nano samples in the following chapters.

F IGURE   13:    N ANO   S AMPLE   2    (50 X   O PTICAL   M AGNI FICATION )  

4.2  

S-‐PARAMETERS  

4.2.1   S11  
The S-parameter S11 is the power that is emitted from and reflected back to the
emitting antenna. The signals recorded in Figure 14 are relatively smooth curves with
positive values of reflection at 2.4 GHz. The positive values indicate that there is a
reflection gain in silver compared to the control. A material is considered shiny if it
reflects light. Silver is a shiny metal, and its reflective properties extend beyond the
visible spectrum to the microwave band. This reduces the total amount of available power
that silver can absorb. However, the reflection values are low enough that microwave
radiation could still be absorbed.
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S11  of  Silver  Samples
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F IGURE   14:    P OWER   R EFLECT ED  OFF  O F   S ILV ER   S AMPLES   

The measurements above are very smooth compared to S21 signals. The tracking
generator and antenna when combined can emit power between 1.9 and 3.9 GHz.
Because Wi-Fi and cellular signals transmit within a 100 MHz range near 2.4 GHz, it
seems that other signals present in the lab are adding to the reflection recorded in Figure
14. This could pose potential problems with future measurements.

4.2.2   S21  
The S-parameter S21 is the power that is emitted from the emitting antenna and
transmitted to the receiving antenna. The signals recorded in Figure 15 were somewhat
surprising and caused a problem in this experiment. The positive values correspond to
transmission gains through the silver compared to the control. The silver samples that
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were studied can be considered passive devices in this network, so no power or voltage
gain was expected. The signals are presented as they were measured in the figure below.

S21  of  Silver  Samples
25
20

dBm

15
10
5
0
2200
-‐5

2250

2300

2350

2400

2450

2500

2550

2600

MHz

S21  Bulk  Sample  1

S21  Bulk  Sample  2

S21  Nano  Sample  1

S21  Nano  Sample  2

F IGURE   15:    P OWER   T RANSMIS SION   T H ROUGH   S ILV ER   S AMPLES   

4.3  

INDUCED  VOLTAGE  

  

As discussed in Section 3.3, the power absorption is a significant quantity because
it can be used to calculate induced voltage or current. The absorption of the silver
samples was calculated using the same process as in Section 3.3. The calculation of
induced voltage was done using the following process. First, the power in dBm was
converted to dBµV using Equation 4. The impedance of the measurement system, Z, is
50 W.
𝑑𝐵µμ𝑉 = 𝑑𝐵𝑚 + 10𝐿𝑜𝑔>? (𝑍) + 90
E QUAT ION   4:   D B µ V   AS  A   F UNCTION  OF  D B M   

The value of dBµV was then converted to µV as shown in Equation 5.
𝜇𝑉 = 10

EFGH
I?

E QUAT ION   5:    µ V   AS  A   F UNCTION  OF  D B µ V  
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Using this method, the induced voltage was calculated for each point and plotted in
Figure 16.
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F IGURE   16:    I NDUCED   V OLTAGES  IN   S ILV ER   S AMPLES   

Contrary to what was expected, the induced voltages near 2.4 GHz are in the 1 µV
range. These values are lower than expected and are a result of the transmission gain
measured in Section 4.2. In addition to induced voltage, induced current and power were
calculated with Equations 6 and 7 below.
𝜇𝐴 = 10

EFGHJI?KLMNO (P)
I?

E QUAT ION   6: µ A   AS  A   F UNCTION  OF  D B µ V  

𝑝𝑊 =

(10

EFGH
I? )I

𝑍

E QUAT ION   7: P W  AS  A   F UNCTION  OF  D B µ V  
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The exact induced voltage, current, and power values measured at 2.4 GHz are
recorded in Table 3 for each silver sample.
Sample  
Bulk  Sample  1  
Bulk  Sample  2  
Nano  Sample  1  
Nano  Sample  2  

Induced  Voltage  [µV]  
0.169  
0.686  
1.005  
0.894  

Induced  Current  [µA]  
0.0204  
0.0216  
0.0225  
0.0222  

Power  [pW]  
0.0208  
0.0234  
0.0252  
0.0246  

T ABLE   3:    I NDUCED   E LECTRIC AL   E FFECT S  OF   S ILV ER   S AMPLES   AT   2.4GH Z  

4.4  

SUMMARY  
The measured S11 curves provided clean and repeatable data. However, the

shininess of silver led to curves with positive values, describing a reflection gain. If up to
7 dBm were recorded by the emitting antenna alone, there must be more energy being
lost to the surroundings. This would not be a problem if there were a transmission loss.
The interesting fact is that there was a transmission gain—which is not possible in a
closed system with a passive device. The system, however, is not closed. There are
multiple Wi-Fi networks and cellular signals in the lab that operate at the same
frequency. The store thru function is not able to accurately compensate for reflected
signals of this type. As a result, existing signals are being reflected off of the silver
samples and make the measurements appear as if there was an energy gain. This problem
was not overcome with the experimental setup as designed and resulted in induced
voltage values lower than expected. Possible solutions to this problem will be discussed
in Chapter 6.
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COMBINED  ABSORPTION  
5.1  

INTRODUCTION  
This chapter will combine the agarose and silver sample measurements into one.

As described in Chapter 1, agarose gel can reproduce three-dimensional shapes that can
model different organs or biological tissue [16]. The induced voltage measurements in
silver, recorded in Chapter 4, were repeated with the addition of an agarose insulating
layer. The gel was positioned to mimic the absorption properties of human tissue above a
medical implant. This was done to compare the individual measurements, recorded in
previous chapters, with a combined measurement.

5.2  

S-‐PARAMETERS  

5.2.1   S11  
The S-parameter S11 describes the power that is emitted from and reflected back
to the emitting antenna. The signals recorded in Figure 17 are of silver samples with an
agarose insulating layer. The negative values describe a reflection loss compared to the
27  
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control. The agarose dominates the combined reflection, and the curves are most similar
to the agarose reflection in Section 3.2.1. The only real exception is Bulk Sample 1. The
reflection off of the silver is enough to significantly change the amount of total reflection
in the combined sample. This suggests that the transmission gain, recorded in Section
4.2.2, will be lower through the silver because of the insulating effect of the agarose. This
should lead to more reasonable induced voltage values.

S11  Combined  Samples
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F IGURE   17:    P OWER   R EFLECT ED  OFF  O F   C OMBINED   S AMPLES   

5.2.2   S21  
The S-parameter S21 describes the power that is emitted from the emitting
antenna and transmitted to the receiving antenna. The signals recorded in Figure 18 are
somewhat noisy curves describing the gains and losses relative to the control. The
negative peaks near 2.4 GHz correspond to a transmission loss in the combined samples
compared to the control. Similar to S11 curves, these losses are due to power being
absorbed by the combined samples. As predicted in the previous section, the gain that
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was seen in Section 4.2.2 is not present here. Additionally, the agarose insulating layer is
the primary factor driving the measured signals.

S21  of  Combined  Samples
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F IGURE   18:    P OWER   T RANSMIT TED   T HROUGH   C OMBINED   S AMPLES   

5.3  

INDUCED  VOLTAGE  
The following voltage curves were produced using the same process described in

Section 4.3. Due to the cleaner S21 data, the following peak voltages fall into a much
more reasonable range as seen in Figure 19.
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Induced  Voltages  in  Combined  Samples
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F IGURE   19:    I NDUCED   V OLTAGES  IN   C OMBINED   S AMPLES   

The exact measured induced voltage, current, and power values at 2.4 GHz are
recorded in Table 4 for each combined sample. The equations used in these calculations
can be found in Section 4.3.
Sample  
Bulk  Sample  1  
Bulk  Sample  2  
Nano  Sample  1  
Nano  Sample  2  

Induced  Voltage  [µV]   Induced  Current  [µA]  
17.00  
0.142  
17.63  
0.152  
23.16  
0.288  
14.81  
0.110  

Power  [pW]  
1.002  
1.159  
4.140  
0.605  

T ABLE   4:    I NDUCED   E LECTRIC AL  EFFECTS  O F   C OMBINED   S AMPLES   AT   2.4    GH Z   

5.4  

SUMMARY  
The measurements in this chapter yielded reasonable data. However, comparing

the values above with the individual agarose measurements1 from Chapter 3 suggests that
almost all of the induced voltage in combined samples is induced in the agarose
insulating layer. This suggests that almost all of the emitted power is absorbed before

1

  

Additional agarose signal plots are located in Appendix B.
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contacting the silver. To overcome this by inducing a higher voltage in the silver, either
the power emitted from the antennas needs to be increased, or the already small distance
between the antennas would need to be reduced. Further work needs to be done to
determine exactly how much voltage is induced in the agarose insulating layer compared
to the silver sample. This information will help determine how much additional power
will need to be emitted.
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CONCLUSION  AND  OUTLOOK  
The experimental method designed and used in this experiment was successful in
measuring absorbed power in non-reflecting samples. That absorbed power was used to
calculate induced voltage and current within the samples. However, shiny samples such
as silver, the material that was the primary focus of this thesis, reflected not only the
emitted signal but other present signals as well. This created a significant amount of error
with shiny materials.
Continued work will be required to overcome the error in the experimental
method. The first change that should be made is to add an RF absorbing lining to the
inside of the Faraday cage. This would create an internal anechoic chamber, a space
designed to absorb reflections of electromagnetic waves completely. This change would
likely have considerable improvements in the measured data. If absorbed power is still
low, a horizontally polarized antenna, which does not radiate equally in all directions,
could be added to increase the incident power on the sample. Once accurate induced
voltage data has been collected, the heat buildup in the nanogrids should be studied.
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Some of the power will be converted into heat, and this value will be valuable in a final
determination as to the potential effectiveness of 2.4 GHz microwave radiation as a
means to remotely eliminate biofilm from implanted medical devices.
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APPENDIX  
A  

SAMPLE  IMAGES  

F IGURE   20:    N ANO   S AMPLE   1,    100 X 100    D ISCONNECTED   S IL VER   N ANOGRIDS   (20 X   O PTICAL   M AGNI FICATION )  

F IGURE   21:    N ANO   S AMPLE   2,    10 X 10    G RID  OF  CONNECTED   N ANOGRIDS   (20 X   O PTICAL   M AGNIFIC ATION )  
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F IGURE   22:    N ANO   S AMPLE   2,    10 X 10    G RID  OF  CONNECTED   N ANOGRIDS   (100 X   O PTICAL   M AGNIFICATION )

  

35  

Appendix B: Additional Agarose Signal Plots

B  

ADDITIONAL  AGAROSE  SIGNAL  PLOTS  
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