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Abstract 

The design and prototyping of a catheter capable of delivering the plasma discharge in 

vivo in human coronary arteries is the goal of this project. Dr. Eva Stoffels and her team 

of researchers at the Eindhoven University of Technology in the Netherlands have 

developed a novel gas plasma source, the plasma needle, which operates at room 

temperature, atmospheric pressure, and low power input. The discharge is achieved 

through the application of a 13.56 MHz RF signal to helium gas, resulting in the partial 

ionization of the helium.  The plasma appears as a spherical glow of approximately 1mm 

in diameter.  The total consumed power is low due to the small volume of the discharge.  

Similarly, the discharge remains cold, or non-thermal, because gas heating in plasma is a 

volume effect. The unique properties of the plasma needle permit its use for biomedical 

applications. It has been demonstrated through in vitro testing that plasma needle 

treatment of cultured cells at power levels below 200mW universally results in cell 

detachment both from other cells and surfaces, without widespread necrosis or long term 

cell damage. In this design project, the application of non-thermal plasma to curtail the 

accumulation of plaque in coronary arteries is investigated. Such treatment could prevent 

the narrowing of coronary arteries and, by extension, angina and heart attack. 

The objectives in the following list have been met within the course of the design project: 

design and build a functioning plasma needle prototype, assemble  an experimental setup 

required for plasma generation, characterize the functioning plasma needle,  and design a 

functioning catheter prototype for plasma delivery. Non-thermal plasma was successfully 

produced between the electrode and ground (lead or finger) in both the fixed preliminary 

prototype and the flexible catheter prototype. 
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Background 

Plasma is one of the four states of matter.  Common, naturally occurring examples 

of plasma include the sun, lightning, and fire.  Plasma consists of a partially ionized gas 

containing electrons, charged ions, radicals, and UV photons1.  A plasma can be created 

through electrical discharge in a gas.  In such, free electrons gain energy from the 

electrical field, heat up, and ionize the gas.  Plasma generated by an electric discharge can 

be thermal or non-thermal.  In a thermal plasma, electrically heated electrons heat the 

neutral gas to high temperatures, as the electrons efficiently establish thermal equilibrium 

with the other particles.  In a non-thermal plasma, only the electrons are electrically 

heated, often to temperatures in excess of 10,000 K, and the ions and neutral species 

remain at near room temperature.  This is due to inefficient conveyance of kinetic energy 

from electrons to the other particles and results in a non-equilibrium system2.     

Dr. Eva Stoffels and her team of researchers at the Eindhoven University of 

Technology in the Netherlands have developed a novel gas plasma source, the “plasma 

needle”, which operates at room temperature, atmospheric pressure, and a low power 

input.  Specifically, this plasma is a low temperature non-equilibrium capacitive coupled 

radio frequent (RF) discharge.  The discharge is produced through application of a 13.56 

MHz RF signal to helium gas.  A non-thermal/non-equilibrium plasma is achieved in this 

case, because only the low-mass electrons are able to follow the rapidly oscillating 

electric field of the radio frequent signal, and energy transfer from the electrons to heavy 

atoms and molecules is inefficient.  The plasma size is restricted through the use of a 

0.3mm diameter electrode and is visible as a spherical glow of about 1mm in diameter.  

The power density in this plasma is of the same order as in larger discharges, but the total 
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consumed power is low (mW) due to the small volume.  Gas heating in plasma is a 

volume effect, and, in this case, it is prevented due to leak by thermal diffusion, as a 

result of helium’s high thermal conductivity.     

The unique properties (room temperature, atmospheric pressure, low power) of 

the plasma needle permit its use for biomedical applications, 

previously unavailable to plasma due to temperature and 

pressure considerations.  Helium is the optimum buffer gas for 

biomedical applications, because the operating voltages are 

lower than in other gases.  It has been demonstrated through in 

vitro testing that plasma needle treatment of cultured cells at 

power levels below 200 mW universally results in cell 

detachment (see Fig. 1), both from other cells and from surfaces, 

without widespread necrosis or long-term cell damage2.   This result has been isolated 

from the effect of UV radiation and the RF electrical field, and it is tentatively concluded 

that it is a result of destruction (e.g. oxidation) of Cell Adhesion Molecules (CAMs) by 

the reactive species emitted from the plasma.  Further, the plasma needle has been found 

to “deactivate” nuclear material and stop proliferation of cells in culture without 

producing necrosis in as yet unpublished research by Dr. Stoffels and her colleagues.  

The power level, treatment time, and distance from the electrode to the surface have been 

identified as the important factors in controlling dosage and resultant effects3.   

 

 

 

 
Figure 1. Plasma-

induced void 100 µm 

size on sheet of 

cultured cells.  Cells 

treated with plasma 

needle at power  < 50 

mW.  Cells were alive 

after plasma treatment2.   
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Introduction 

According to the National Heart, Lung and Blood Institute and the National 

Institute of Health (NIH), coronary artery disease is the leading cause of death for men 

and women in the United States4,5.  Approximately 500,000 to one million annual deaths 

are attributed to coronary artery disease in the United States5.  In 2001, coronary artery 

disease was responsible for nearly 1 out of 5 deaths in the United States6.  Clearly, 

coronary artery disease is a major health problem for Americans, and new treatments 

need to be developed that can decrease its prevalence.   

Coronary artery disease is caused by plaque buildup in the coronary arteries, 

which is known as atherosclerosis.  Atherosclerotic plaque narrows the arterial lumen and 

stiffens the arterial walls, subsequently disrupting the blood flow through the artery7.  

Deposits of fatty substances, cholesterol, calcium, fibrin and other cellular waste products 

accumulate in the inner lining of the artery (also known as the intima).  Sometimes a 

blood clot, or thrombus, will form at the surface of the plaque and further block the flow 

of blood.  Sufficient blockage of blood flow leads to myocardial infarction.  Chest 

angina, heart attack, stroke and sudden death can then occur.  Angina is the first major 

symptom of coronary artery disease and is characterized by pain or discomfort in the 

chest region when the cardiac muscles do not receive enough blood8.  Three categories of 

angina describe the severity of chest pain.  Mild angina is not a reliable forecaster that 

plaque buildup in the coronary arteries is occurring, since chest pain may stem from a 

variety of reasons.  Stable angina, or regular chest pain, can be a predictor of a future 

heart attack, while unstable angina requires emergency treatment and is a sign of an 

eminent heart attack8.  Rest and medicine will not cure unstable angina.   
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The best early treatment to prevent coronary artery disease involves exercise, 

weight loss, reduction of stress, and a healthy diet.  Some medication can also help, 

including cholesterol-lowering medicine, anticoagulants, aspirin, ACE inhibitors, 

calcium-channel blockers, nitroglycerin and thrombolytics, all of which serve to either 

reduce the risk of a blood clot in the arteries or relieve chest pain9.  Reducing the number 

of risk factors for atherosclerosis, like high blood pressure, obesity, and stress, reduces 

the risk of obtaining the disease and, therefore, reduces the risk of coronary artery 

disease.  Early surgical treatment for angina is a controversial issue within the medical 

field, as few studies show benefits to the survival rate between patients receiving early 

surgical treatment and those that do without9.   

Patients are recommended for surgical treatment of coronary artery disease if they 

have unstable angina, recurring angina, or severe cases of angina involving multiple 

arteries and possible ischemia.  The main options for surgical treatment are coronary 

angioplasty and coronary artery bypass surgery.   

During coronary angioplasty a thin balloon is threaded from either the groin or the 

arm through the arteries of the body to the heart.  When the balloon reaches the place in 

the artery that is blocked it is inflated in order to compress the plaque and stretch the 

artery.  Once this is done the balloon is removed and the coronary artery, which was 

blocked, is now open.  Sometimes a stent is used to keep the artery from closing again at 

a later time.  Survival rates for patients after coronary angioplasty (without the use of a 

stent) range from 90% for patients with no history of heart trouble to 64% for patients 

with acute angina and a history of heart trouble10.  Stents help prevent arteries opened 
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through angioplasty from re-closing, but the external object can cause uncontrolled scar 

tissue production11.   

In the event that three arteries are blocked and even minor exertion produces 

severe angina, coronary bypass surgery will be performed.  Coronary bypass surgery uses 

arteries from other areas of the body to bypass the diseased arteries and deliver blood to 

the heart.  Ninety percent of all patients feel improvement after bypass surgery, with 70% 

of that number experiencing full relief of chest pain.  Recovering from the surgery can 

take several months and may necessitate a career change if the previous occupation was 

physically taxing.   Survival expectancy after surgery is approximately 90% at five years, 

80% at ten years, 55% at fifteen and 40% at twenty years12.   

Laser removal of plaque buildup has been in use since 1992.  This represents a 

different approach to removing symptoms of coronary artery disease.  Laser removal can 

be used as a preventative technique to stop angina and destroy blood clots before major 

problems arise.  However, laser removal of plaque is potentially dangerous because 

ablation of the plaque means tissue in the surrounding area may be damaged.  In such a 

scenario, scar tissue could develop in the artery and cause stiffness in the arterial walls 

and also block blood flow.  As an alternative technique, our gas-plasma needle catheter is 

designed not to ablate tissue but to instead destroy small portions of cells while leaving 

most cells intact.   

The proposed gas-plasma needle catheter is designed for use in vivo, in the 

coronary arteries, and it is aimed at stopping plaque buildup in the intima of arterial 

walls.  The plasma produced at the tip of the catheter discharges free radicals, which then 

interact with molecules in the surrounding environment.  When in use, the surrounding 
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environment will consist of the lumen, blood, and the epithelial lining of the arteries.  

Cell adhesion molecules on the surface of the epithelial cells bind nutrients and allow for 

their transmigration to the intima where they accumulate and cause plaque buildup.  

However, according to previous research, interaction with free radicals destroys cell 

adhesion molecules.  Thus, the nutrients necessary for plaque buildup are unable to 

transmigrate to the intima and a possible blood clot is prevented from forming.   

Previous studies have already proven that free radicals are produced by ionization 

of helium gas when forming the plasma discharge that is found at the tip of the catheter.  

Free radicals are highly reactive single electron molecules.  Due to their highly reactive 

nature, free radicals rapidly wear down physiology as they attempt to pair with another 

single electron.  In their attempt to “complete a pair,” free radicals can start cascading 

reactions that eventually breakdown fatty membranes.  Normally the physiologic 

consequences of free radicals are undesirable. Based on the study produced specifically 

in conjunction with the groundwork for this project2, the destructive abilities of free 

radicals on biological tissue is needed to destroy the cell adhesion molecules that 

proliferate the surface of the epithelial membranes on the interior of the arterial walls.  

This creates a potential problem 

with the proposed design for the 

gas-plasma catheter, since the 

amount of free radicals must be 

carefully controlled in order to 

prevent too much physiological 

degradation.   

 
Figure 2. Relationship between distance of electrode to 

surface being treated and number of free radicals.  The 

number of species that interact with the surface increases by 

10% for every 0.1 mm decrease in gap width within the 2 

mm range3. 
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As can be seen in Fig. 2, as the distance between the plasma discharge and tissue 

increases the amount of free radicals at the tissue surface decreases.  The number of free 

radical species decreases by approximately 10% for every 0.1 mm of distance between 

the plasma and the tissue2.  This localizes the presence of the free radicals and will help 

prevent unforeseen reactions to the gas-plasma needle catheter in other areas of the body 

not surrounding plaque.  The physiological affects should be limited to the outer layers of 

the endothelium lining due to the rapid drop-off of free radical species.   

The cell adhesion molecules that facilitate transmigration of plaque nutrients to 

the intima of the artery possess an extracellular region, a transmembrane region and a 

cytoplasm region.  The extracellular region is where specific adhesion occurs; this region 

binds a molecule to the endothelium layer, which allows for transmigration into the 

intima to occur12.  Thus, the extracellular region is of critical importance for the buildup 

of plaque because this is the first step at which the buildup can be prevented.   

It is known that the plasma needle discharges free radicals and it is also known 

that the number of CAMs diminishes proportionally to the distance between an 

endothelium membrane and the plasma discharge2.  Therefore, it is hypothesized that the 

gas-plasma catheter will be able to destroy CAMs in the artery lumen so that nutrients 

necessary for plaque buildup will not transmigrate and instead remain in the lumen.  

Plaque then has no chance to accumulate and blood clots are prevented before serious 

symptoms of coronary artery disease manifest.   

 

 

 



 10 

Materials and Methods 

 Construction of a functioning gas plasma catheter was accomplished through 

three main phases.  First, the experimental setup, including all components necessary to 

operate a plasma needle, was assembled.  Second, a fixed preliminary prototype plasma 

needle was designed and constructed in order to access the experimental setup and 

quantitatively characterize the plasma discharge produced.  Finally, a flexible catheter, 

incorporating the basic plasma needle and utilizing the necessary experimental setup, was 

designed and constructed.  

 The necessary components required for the successful operation of a functioning 

plasma needle include: an RF generator producing a signal at 13.56 MHz, a power meter 

capable of measuring forward and reflected power, transmission lines to connect the 

function generator to the plasma needle, a matching network able to match the impedance 

of the transmission lines to that of the plasma needle, a helium source, and a controller 

for the helium.  The basic configuration of these components is shown in Fig. 3.   

 

The RF function generator utilized, was provided by Dr. Stoffels’ research group.  

It generated a fixed frequency signal at 13.56 MHz, but allowed for adjustment of power 

output from a few mW up to 10W.   A bidirectional power meter, Ramsey Electronics 

PM10DC, was placed in line, between the RF generator and matching network. It 

provided continuous measurements from 1µW to 50W.  Initially, all components were 

 
 

Figure 3: Diagram of experimental setup required for gas plasma generation. 
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connected using 50 ohm RG 58 coaxial cables, each three feet in length.  A compressed 

tank of High Purity (5) helium was used as the gas source, and flow from the tank was 

measured and regulated by a 150 mm Sho-Rate flow indicator, model # 1355. The 1355 

flow meter consists of a needle valve and floating sphere chamber designed specifically 

for extremely low flow gas and liquid applications.  

After consultation with several electrical engineering sources, it was concluded 

that a suitable automatic antenna tuner would be the most practical choice for a matching 

network.  Construction of a custom designed matching network, based upon 

experimentally characterized plasma needle impedance properties, had been considered 

optimal.  However, the team was advised that undertaking such a complex task would 

have been difficult to achieve in the allotted time and would severely disrupt focus on 

plasma needle and catheter design.  Therefore, the Z-11 QRP Automatic Antenna Tuner, 

essentially a matchbox designed for low power amateur radio, was selected as a suitable 

substitute. It utilizes an “L” network configuration, with a 20 μH inductance range and a 

2700 pF capacitance range.  The Z-11 is capable of tuning a continuous signal range from 

1.8 - 30.0 MHz and 0.1 to 60 W.  

With all other components assembled for the experimental setup, only a plasma 

needle prototype was required for preliminary testing.  Tungsten wire with a 0.3 mm 

diameter was used for the electrode, in keeping with previous plasma needle designs2.  

Thirty gauge Teflon tubing was utilized as an insulator for the tungsten, preventing 

plasma discharge along the entire electrode except for a 1 mm length of exposed 

conductor at the end of the electrode.  Teflon was selected for its flexibility, light weight, 

toughness, and electrical insulating properties.  Master Bond EP51ND epoxy was used to 
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bond the Teflon insulation to the tungsten.  This epoxy produces tough, high strength 

bonds. It has excellent adhesion to metals and glass and it exhibits superior durability, 

thermal shock and chemical resistance.  

 The preliminary fixed plasma needle 

prototype incorporated this electrode and was 

designed to roughly approximate the dimensions 

required of the final catheter design, consisting of a 

shaft 5 cm in length and 2 mm in inner diameter.  A rough drawing of the initial design 

for the fixed plasma needle prototype can be seen in Fig. 3.  However, this design was 

quickly revised in order to incorporate a modular connection for the electrode to a coaxial 

cable and to provide greater stability for the tungsten electrode within the glass piece.  

Fig. 4 shows a detailed schematic of the revised fixed plasma needle prototype.  Note the 

elongated narrow glass opening for the electrode, which provided more stability and a 

larger surface area for binding. The hypodermic needle utilized to serve as a convenient 

method for coupling the thin Tungsten electrode to the RF signal from the coaxial cable.  

The hypodermic needle 

used was 1 inch long, 23 

gauge, and fabricated of 

Type 304 Stainless Steel. 

Twenty-two gauge Teflon 

tubing was used to insulate 

the hypodermic needle. 

Glass 
Teflon 
coating 

Tungsten 

Helium 

5 cm 

2
 m

m
 

RF 

 
 

Figure 3: Initial design for 

preliminary fixed plasma needle 

prototype. 
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Figure 4: Revised design for plasma needle prototype. 
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Experimentation was performed to characterize the plasma discharge in terms of 

size, temperature, voltage, helium flow rate, power, and distance to relative ground 

required.  Distances, including the approximate diameter of the plasma sphere and the 

length between the needle and a relative ground, were estimated using a metric ruler 

secured in a vice grip in close proximity to the plasma.  Temperature was qualitatively 

confirmed by placing a finger in the plasma.  Helium flow and power were measured 

using the flow meter and power meter, respectively described above.  Peak to peak 

voltages at the tip of the needle, in excess of the 40 V max of the standard Oscilloscope 

used, were measured with the help of a simple voltage divider circuit. 

The circuit consisted of two resistors with theoretical values of 1 M 

ohm and a 100 K ohm in series.  The actual values of the two 

resistors were measured and found to be 1 M ohm and 98.8K ohms.  

The tungsten’s tip was connected to the 1 M ohm resistor and the 

voltage between the 100 k ohm resistor and ground was measured 

using the oscilloscope, as seen in Fig. 5.  The voltage around the 100 

k ohm represents the voltage at the tip of the tungsten needle.  In this 

simple configuration, the voltage of the electrode is approximately 

eleven times that measured by the oscilloscope.   

 Upon successful generation of the plasma and characterization in the fixed needle 

prototype, the next step was the design and construction of a flexible catheter 

incorporating the functioning plasma needle.  The catheter was designed to be inserted 

into small animal blood vessels and human coronary arteries.  This dictated a maximum 

outer diameter for the catheter of only 4 mm and a length between 5 and 10 cm.  Further, 

T
u
n
g
s
te

n
 (v

) 

+ 

- 

1
 M

 o
h
m

 
1
0
0
 K

 o
h
m

 

 

 
Figure 5: Voltage 

divider circuit 

used to measure 

voltage at the tip 

of the tungsten 

needle. 
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the catheter material must be biocompatible and highly flexible.  Based on this, silastic 

silicone was selected. Silastic silicone is a medical grade silicone rubber, which has 

traditionally been considered the gold-standard for long-term access in animals and 

humans. It is highly biocompatible, relatively non-thrombogenic, easily modified, and 

soft12.  The silastic silicone tube used was 0.078" ID x 0.125" OD.   

The plasma catheter design was composed of the flexible silastic silicone shaft 

and an inflexible glass hub, as can be seen in Fig. 6.  Unlike in the fixed preliminary 

prototype, a parallel configuration for the electrode and a Teflon tube for helium delivery 

(bonded to the electrode insulation) was utilized in this design.  Here a glass exhaust 

channel coupled to the lumen of the silastic silicone tubing using a PVC bubble tubing 

provided a return path for helium delivered to the electrode tip in a closed catheter 

configuration.  

Due to time constraints, the flexible plasma catheter design was only qualitatively 

assesed.  Simple testing was performed to determine whether the plasma discharge could 

be maintained at large 

angles of bending.  

Further, a plastic burrier 

was sealed over the tip of 

the catheter to verify 

functioning of the exhuast 

channel during generation 

of plasma in the catheter. 

10 cm 

Electrode 
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35 mm

4.3 mm

2
 m

m

PVC Connector 

Tube

He

Teflon Coating for Needle

Electrode's Teflon Coating

Hypodermic Needle

Glass 

Tungsten Electrode

Teflon Tube for He Flow

Silastic Silicone

Teflon Coating for Needle

Electrode's Teflon Coating

Hypodermic Needle

Glass 

Tungsten Electrode

Teflon Tube for He Flow

Silastic Silicone

Hypodermic Needle

Glass 

Tungsten Electrode

Teflon Tube for He Flow

Silastic Silicone

He

Flexible Catheter

Length: 10 cm

Outer Diameter: 3.2 mm

Inner Diameter: 2.0 mm

Electrode Diameter: 0.3 mm

Min*

(not drawn to scale)

Electrode

 
Figure 6: Final design with catheter attached, utilizing an exhaust 

channel to allow helium circulation in a closed tip configuration.  
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Results 

The first finalized prototype was the non-flexible glass tube with a helium inlet 

and an insulated electrode running through it.  Initially, this configuration failed to 

produce a plasma discharge.  While troubleshooting the prototype it was determined that 

the length of cable connecting the plasma needle to the automatic tuner was too long. 

Originally, a 3 foot coaxial cable was used in connecting these two components.  The 

intrinsic impedance in a cable of such length was significant enough to create a large 

mismatch between the function generator and the needle.  This essentially became a 

second transmission line, which was not matched to the needle impedance and was 

resulting in significant reflections of the power forwarded to the needle.  The problem 

was solved by minimizing the length of this transmission line down to 3.5 inches. The 

plasma could consistently be produced after implementing this modification. 

 The plasma produced by the first prototype was violet in color. No heat was felt 

when the plasma was applied to skin.  The plasma gave off no heat even at power inputs 

of 9 W.  The brightness and size of the discharge could be modified by changing the 

input power. Size of the plasma sphere was estimated to be between 0.4 and 1 mm.   

If the helium flow was too low the plasma discharge would not appear. This is 

most likely a result of too little helium at the electrode tip.  The minimum flow rate 

required to sustain the plasma was 167 cm3/min.  At higher flow rates a higher power 

input was required to produce the plasma. At intermediate flow rates, between 200 

cm3/min and 500 cm3/min, the power input was the main varying factor affecting the 

plasma discharge.  
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In Fig. 7 the plasma was in bipolar mode and the 

discharge stretches from the electrode to the finger, which 

acted as a relative ground. In order to ignite the plasma, a 

ground was needed to be brought into proximity of the 

plasma needle. Once the plasma appeared the ground lead 

could be distanced from the electrode (or removed at very 

large power inputs) without losing the discharge. Without 

the ground lead the plasma is referred to as a unipolar 

discharge. Fig. 8 shows a unipolar discharge produced by 

our first prototype. The plasma appears as a glowing point at the electrode tip in the 

unipolar mode. The bipolar discharge tended to be more stable and required less power 

input than the unipolar discharge during test runs. 

 The discharge produced by the first prototype was tested by varying the input 

power, helium flow rate and the 

distance between the electrode tip 

and a ground lead. Graph 1 shows 

the power input required to create 

the plasma as the ground lead is 

moved away from the electrode tip. 

At all data points in Graph 1 

the plasma occupied a minimal 

volume; it appeared as a point of light on the electrode tip. The plasma did not arch to the 

ground lead. The minimum power input required to maintain the plasma depends 

 
Figure 7: Bipolar discharge. 

 
Figure 8: Unipolar discharge. 
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primarily on the proximity of a ground.  However, in this test run it was possible to 

remove the ground lead while maintaining the plasma, but only with a high power input. 

 Graph 2 shows how the 

proximity of the ground lead affects 

the plasma at a higher helium flow 

rate than in the previous graph. The 

high helium flow rate requires a 

greater power input for a given 

distance than the lower flow rate. 

Furthermore, the electrode generally 

must be maintained close to the electrode for the helium to ionize for the higher flow rate.  

Graph 2 also demonstrates that the power required to ignite the plasma is higher than the 

power needed to maintain it. 

 The target input power for 

our design was between 100 and 

500mW. The helium flow rate 

should be no greater than 100 

cm3/min. The power input values 

and the helium flow rates that we 

used in the test runs were much higher than the target values. The smallest input power 

that could maintain a steady plasma in our prototype was 2.93W, and the smallest helium 

flow rate was 167cm3/min. Graphs 3 and 4 show how the input power affects the voltage 

at the electrode tip for our first prototype. Graph 3 displays a range of low power inputs, 
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Figure 9: Functioning flexible plasma 

catheter bent at approximately 30 

angle.   

at which the prototype is unable to 

produce a plasma discharge. 

Graph 4 shows a range of higher 

power inputs.  The graph begins at 

the 2 W, which is the lowest 

power input our prototype is able 

to create plasma with.  Even at the 

high powers of 9 and 10 W, the voltage at the 

end of the electrode is well below the high 

voltage reported by our counterparts in the 

Netherlands.   

Flexible Catheter Prototype: 

 The second prototype produced a plasma 

discharge that was qualitatively similar to that 

produced by the first prototype. The method of 

delivering the helium to the electrode tip worked, and the 

catheter was observed to be sufficiently flexible. Fig. 9 

shows the plasma catheter producing a discharge. 

Fig. 10 shows a make-shift barrier that was placed 

over the end of the catheter. The plasma appeared despite 

the presence of the thin plastic barrier, and the flow of 

helium in and out of the end of the catheter worked well. 

 

 
Figure 10: Functioning 

plasma catheter with a 

barrier sealed over the 

end of the catheter. 
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Conclusions 

 The goal of this project was to design and build a catheter that could produce a 

non-thermal plasma. Two prototypes were created to demonstrate the plausibility of 

incorporating non-thermal plasma technology into a catheter. 

Fixed Preliminary Prototype: 

In order to maintain the plasma discharge in our experimental setup, a minimum 

forward power of   2.2 W was required, a considerably larger value than the target of 100 

mW.  At this forward power, the reverse power was limited to 750 mW, corresponding to 

a reflected:forward ratio of  0.025.  Optimally, a ratio approaching 5x10-4 would be 

desired.  The inability to achieve such desired precision in impedance matching was a 

result of the limitations in the Automatic-QRP tuner.  A custom tuned matching network 

could produce such results, as documented by our colleagues in the Netherlands3.  

Construction of such could not be implemented in our project due to time limitations. The 

inefficient power transfer corresponded to a voltage amplitude range of nearly one order 

of magnitude lower than the target, 250-500V, desired for steady plasma operation.  

The plasma only ignited when there was a relative ground  (i.e. grounded lead, 

finger or any living tissue) within 5 mm of the electrode tip.  With a total blood vessel 

inner diameter of only 4 mm, the plasma would easily be close enough to the relative 

ground of the tissue to ignite.  The plasma could be maintained when the ground was 

removed, but only at high powers (9 or 10 W).   

Flexible Plasma Catheter Prototype: 

Time constraints did not allow for the quantitative characterization of the plasma 

catheter. However, a gas plasma discharge was produced in the catheter configuration 



 20 

with the qualitative requirements of the catheter met, albeit with a higher power input 

than that of the fixed preliminary prototype. The requirement for higher powers is likely 

due to the change in impedance characteristics resulting from a longer electrode. The 

apparent inefficiency in power transfer in this configuration, as with the first prototype, 

likely comes from a limitation in the quality of our tuning device.      

Unfortunately, no recommendation can be made as to a suitable barrier for the 

catheter tip.  It was demonstrated with the tip of the catheter sealed by plastic, and a 

plasma could still be produced and the helium exhaust channel functioned properly to 

prevent a buildup of ionized helium at the catheter tip.  However, careful material 

selection and testing would be required to select a membrane capable of preventing 

helium passage, while not impeding the diffusion of active plasma particles to the target 

tissue.   
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Recommendations for Future Work 

 Several fronts still exist for continued research and design in refinement of a 

catheter and treatment protocol for arterial gas plasma surgery.  The fundamental 

limitations of the matchbox used in this experiment should be addressed.  Detailed 

calculation of the impedance characteristics of the flexible plasma catheter needle could 

permit construction of a custom tuned matchbox.  Theoretically, such a matchbox could 

offer minimized reflected power, increased power transfer, and greater peak-to-peak 

voltages at the electrode tip for a given forward power.  If fixed component values were 

used for catheter design the matchbox could presumably be small enough to incorporate 

onto the plasma needle itself, which would effectively eliminate the second transmission 

line from the matchbox to the needle in the current setup.    

 Another avenue for continued research would be characterizing diffusion of the 

plasma active particles in the presence of bulk liquid motion.  Specifically, in vitro 

experimentation on cultured cell in a simulated blood flow environment could provide 

invaluable insight into the delivery of active plasma particles from the plasma needle to 

the target tissue during in vivo arterial surgery.   

 Finally, an integral component to actual use of the plasma catheter for in vivo 

surgery would be incorporation of a suitable barrier at the catheter tip.  Such a barrier 

would need to be capable of preventing helium escape from the catheter, but able to allow 

free passage of the active particles of the plasma discharge.  The plasma catheter’s ability 

to function in the presence of such a barrier was confirmed in this project.  However, no 

suitable material was found matching the necessary criteria for free passage of active 

particles.   
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Ideation Process 

 Innovation Situation Questionnaire 

1. Brief description of the problem 

Our group will try to build a working gas-plasma surgical needle for use in angioplasty.  The 
prototype we will build will hopefully be able to prevent cholesterol buildup in blood vessels by 
removing Cell Adhesion Molecules (CAMs) from the surface of endothelium cells lining the 
blood vessels.   

2. Information about the system 

2.1 System name 

Smart Scanning Probe for Gas Plasma Surgery 

   2.2 System structure 

An AC source is connected to an electrode which is run through a glass connector into a  

coaxial flexible catheter.  Helium gas will flow into the glass connector and also run through a 
tube in the flexible catheter before exiting the tube at the end of the catheter.  Helium will exit the 
system by a vacuum.   

  2.3 Functioning of the system 

 Primary useful function: 

By using free radicals given off by the plasma discharge at the end of the gas-plasma needle, the 
device will destroy CAMs and prevent cholesterol from attaching to and then passing through the 
endothelium cell's membrane surface.  This will then prevent cholesterol plaque buildup in the 
blood vessel.    

Reason to perform the primary useful function: 

This method is safer than using a laser to destroy plaque buildup and and provides another 
option to remove/prevent plaque from the blood vessels.   

Functioning of the system: 

A low-temperature plasma is produced by the needle, which is positioned at a distance from the 
surface. A plasma discharge gives off free radicals which are effective to a distance inversely 
proportional to the distance from tissue surface.   

   2.4 System environment 

The prototype will be built in an environment with a large number of electrical equipment that 
might be sources of interference. The device will operate in a well-conditioned environment.  The 
catheter portion of the prototype will be designed to function in the lumen of a blood vessel, with 
the main specification that the outer diameter of the catheter be under 4mm so that the catheter 
can fit into blood vessels.   

  3. Information about the problem situation 
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3.1 Problem that should be resolved 

The current prototype of the plasma needle needs to be incorporated into a catheter that is more 
flexible and better suited for use on a living subject.  The catheter must be flexible so it cannot 
have a thick wall, nor can there be too many tubes within the catheter to transport the heium gas 
and the electrode.   

3.2 Mechanism causing the problem 

The current prototype is rigid and unwieldy. It is currently configured for manual use, which 
makes it imprecise and can result in too high of a dose of the plasma.  Since this device was not 
originally designed for use in blood vessels the basic premise must be adapted for this new 
usage.   

3.3 Undesired consequences of unresolved problem 

The first prototype was useful for preliminary experiments of the effects of plasma discharge on 
tissue samples.  Now the usefulness has decreased since the application for the device has 
changed to an in vitro usage.  The current design did give a good starting point for designing a 
plasma-needle catheter because it was large and the components were easier to reverse 
engineer, however there have been some design changes to the new prototype that were not 
tested in the old and therefore have a greater chance of failure.   

3.4 History of the problem 

The first prototype was designed simply to produce a plasma discharge via a RF and AC current 
source.  Therefore the design did not anticipate the possible usage that our design group is 
attempting to adapt the plasma-needle for.   

3.5 Other systems in which a similar problem exists 

Plasma catheter devices are currently in some use.  An argon plasma device is used to ablate 
liver tissue.   This device must deliver argon gas to the tip of the needle and then recycle the gas 
so that it does not enter the patient.  However, this plasma device is used in a different 
environment because it is used during surgery.  Also, the argon plasma needle actually touches 
tissue and burns it with the heat of the plasma discharge, which is a very different effect than 
what we are trying to achieve.  Therefore, while the gas delivery system has helped with our 
design on how to deliver helium gas to our gas-plasma needle, the rest of the design is not 
applicable to our current prototype.   

3.6 Other problems to be solved 

Since our plasma-needle is designed to fight a problem that is already treatable via other 
methods it is possible that we will discover it is not a realistic alternative in the future.  The plasma 
needle may be able to reduce plaque in easier to reach locations (like teeth) but the need for a 
flexible catheter would be lost.    

 

4. Ideal vision of solution 

The ideal solution is a flexible catheter that produces a plasma discharge at the very tip of the 
catheter.  Helium gas is not lost and therefore would not leave the catheter and therefore would 
not pose a danger to any patient.   

 5. Available resources 

Changing the method of measuring the gap width is a possibility. 
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Noble gases are interchangeable for the system. The electronics of the current prototype do not 
need to be modified.  We used pre-packaged electronic kits in order and then attached the kits 
(function generator, power meter and matchbox) with one another to produce the necessary 
voltage and RF frequency.   

  6. Allowable changes to the system 

Desired technological characteristics: 

The current prototype will be modified by including a long, thin and flexible catheter.  A new 
helium input and output system will also be included with the catheter in order to make sure their 
is enough gas present to start the plasma discharge.    

Desired economic characteristics: 

$1,800.00 has been requested from the NCIIA and the Department of Biomedical Engineering. 

Desired timetable: 

5 months for development, design and implementation of a modified plasma needle catheter. 

 

7. Criteria for selecting solution concepts 

The plasma needle is presently at the research and development level at The Universiteit 
Technologische Eindhoven. 

  8. Company business environment 

The plasma needle is presently at the research and development level at The Universiteit 

Technologische Eindhoven.  Design work on the plasma needle catheter for in vivo use will 

be done at Vanderbilt University.   

9. Project data 

Project: Smart Scanning Probe for Gas Plasma Surgery 

Objectives: Improve the current gas-plasma needle design to create a catheter that can be 
used in vivo in blood vessels to prevent plaque buildup. 

Timeline: 5 months 

Team Composition: 

Vanderbilt team:  

         Ali Husain (ali.husain@vanderbilt.edu), BME 

         Dustin Borg (dustin.p.borg@vanderbilt.edu), ME 

         Nick Stroeher (nick.s.stroeher@vanderbilt.edu), BME 

         Patrick Henley (patrick.n.henley@vanderbilt.edu), BME 

TU/e team: 

         Gijs Snieders (G.R.Snieders@student.tue.nl) BME 
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         Marijke van Vlimmeren (M.A.A.v.Vlimmeren@student.tue.nl ) 

BME 

         Vivian Roode (V.J.Roode@student.tue.nl)BME 

         Willem-Jan van Harskamp (W.E.N.v.Harskamp@student.tue.nl ) 

Applied Physic 

  

Technical resources:  ME welding lab, engineering glass blower, Vanderbilt University 
engineering faculty and Vanderbilt Medical Center faculty.   

 Problem Formulation 

1. Build the Diagram 

  

2. Directions for Innovation 

1. Find a way to eliminate, reduce, or prevent [the] (cell death) in order to avoid [the] (patient 
injury), under the conditions of [the] (unwieldy instrument). 

2. Find a way to eliminate, reduce, or prevent [the] (patient injury) under the conditions of [the] 
(unwieldy instrument) and (cell death). 

3. Find an alternative way to obtain [the] (sterilize infection) that does not require [the] (automated 
application of cold plasma) and (manual application of cold plasma). 

4. Consider transitioning to the next generation of the system that will provide [the] (sterilize 
infection) in a more effective way and/or will be free of existing problems. 
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5. Find an alternative way to obtain [the] (move individual cells) that does not require [the] 
(automated application of cold plasma) and (manual application of cold plasma). 

6. Consider transitioning to the next generation of the system that will provide [the] (move 
individual cells) in a more effective way and/or will be free of existing problems. 

7. Find an alternative way to obtain [the] (automated application of cold plasma) that provides or 
enhances [the] (sterilize infection) and (move individual cells). 

8. Find an alternative way to obtain [the] (manual application of cold plasma) that offers the 
following: provides or enhances [the] (sterilize infection) and (move individual cells), does not 
cause [the] (unwieldy instrument). 

9. Try to resolve the following contradiction: The useful factor [the] (manual application of cold 
plasma) should be in place in order to provide or enhance [the] (sterilize infection) and (move 
individual cells), and should not exist in order to avoid [the] (unwieldy instrument). 

10. Find a way to eliminate, reduce, or prevent [the] (unwieldy instrument) in order to avoid [the] 
(cell death) and (patient injury), under the conditions of [the] (manual application of cold plasma). 

 

Prioritize Directions 

1. Directions selected for further consideration 

First priority: 

Build the current prototype and begin designing a modified version that incorporates a flexible 
catheter. Research the effects of plasma on living cells. Look into materials that could serve as 
barriers that allow the passage of the plasma and resists transfer of fluids.  

Long term: 

Run tests of on tissue samples and begin prep work for animal testing. Produce a product that 
can be used in a surgical setting. 

 2. List and categorize all preliminary ideas 

There may be better or equally sufficient ways to measure the gap width than measuring the 
power discharge. 

Decide on how many degrees of freedom needed for effective automation of the plasma needle. 

Look into arc welding technology to draw on analogous principles. 

Find the desired gap widths for particular applications of the plasma needle. 

Develop Concepts 

1. Combine ideas into Concepts 

1.  Combine the current prototype with a rudimentary catheter and begin determining 
necessary helium flow and needle voltage needed to produce a plasma discharge.   

2.  Use a catheter design with two concentric inner tubes of teflon inside an outer tube made 
of polyeurethane.   

 3.  Use a power meter to determine how far the plasma needle is from tissue and then use 
the  distance measurement to determine the amount of free radicals at the tissue surface.   
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 2. Apply Lines of Evolution to further improve Concepts 

I proceeding order, from the first position on the "Line" to the last: 

1.  Build prototype with known specifics.   

2.  Work out electrical circuit in order to successfully create plasma discharge on first 
prototype.   

3.  Begin building second prototype that will incorporate the flexible catheter.   

4.  Build the catheter.  Use a tungsten wire insulated with a teflon tube, which is concentric 
with a teflon tube of greater diameter that is tunneling helium to the tip of the plasma-needle.  
These two tubes will then be contained in a third tube of polyurethane that will cover the 
helium out pathway.   

5.  Determine method of preventing helium gas from exiting plasma needle at tip of the 
device.  Use a membrane that is impermeable to He ions. 

Evaluate Results 

1. Meet criteria for evaluating Concepts 

The above design should meet all criteria.   

2. Reveal and prevent potential failures 

It is possible that the length of the catheter will diminish the strength of the plasma discharge 
in an unforseen way.  The increased length of the tungsten electrode increases resistance to 
the eletrical signal and thus reduces the voltage at the tip of the plasma needle, which could 
affect plasma discharge from forming.  The prototype will then need to be able to handle 
increased initial power or be able to great a very high gain ratio.    

3. Plan the implementation 

1.  Use the Medical Center faculty to understand the biology behind the plasma discharge and 
its effect on endothelium cells and CAMs.  Also use the medical center for help when  

designing the catheters and choosing safety parameters for the device when it will be used on 
a patient. 

2.  Use the mechanical engineering department to create the actual prototype through 
glassware and electrical circuit boards.  An electrical engineer would be very useful at this 
stage of the implementation. 

3.  For effective implementation the first experiment should be having a plasma discharge 
perpendicular to a tissue surface while being submerged in water.  This would more accurately 
reflect the enviroment inside a blood vessel that this device is designed to enter.   
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