
 ABSTRACT 

XU, MUCHUN. Design and Characterization of a Knit Plasma Textile Filter. (Under the 
direction of Dr. Warren Jasper). 

 
Room temperature plasmas have been applied to a variety of textile surfaces to 

enhance their dyeing characteristics or to modify their surface tension.  Recently, a new class 

of materials, called plasma textiles, have been designed and developed in which plasma is 

generated in situ by embedding electrodes into the fabric as opposed to externally generating 

the plasma by corona discharge or dialectic barrier discharge.  It has been observed in woven 

and non-woven fabrics that the presence of room temperature plasma greatly enhances the 

filtration efficiency of these materials, especially in the 100 – 300 nm range.  In this research, 

an advanced weft knitting design which integrates conductive yarns with non-conducting  

filler yarns produces a fabric which can generate plasmas to enhance the filtration efficiency 

to over 99.9% while an external voltage is applied to the electrodes.   These knitted fabrics 

are made with different synthetic yarns such a polypropylene and PET. 

A series of tests were performed to measure the enhanced filtration effect due to the 

plasma, by subjecting the fabric to a sodium chloride aerosol of particle diameters ranging 

from 30nm to 300nm.  Measurements of the upstream and downstream aerosol were taken 

while applying varying voltages in the 1 to 10kV range.  It was observed that the filtration 

efficiency improved from around 40% to over 99.99%.  
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1. INTRODUCTION 

 

Aerosols are a colloidal suspension of fine liquid droplets or solid particles with 

diameters ranging from 0.001 to more than 100 micrometer [1] in a fluid.  Sometimes it is 

desirable to get rid of aerosol particles from the air because of their effect on visibility, 

climate, air quality, and health.   Many fibrous filtration devices have been developed to filter 

particles and particulates from the air.  Electrostatically charged fibers or electrets are a good 

choice of materials to use a filter because of their low pressure drop and high filtration 

efficiency. Under the influence of a strong electric field, atoms and molecules in an aerosol 

can be ionized, forming plasmas.  Due to the electric field, particles will be captured and 

filtered.  Methods for generating plasmas differ depending on pressure (low pressure 

discharge or atmosphere discharge) and temperature (thermal or non-thermal plasma).  

Corona discharge generates plasma under high voltage using high curvature 

electrodes at atmosphere pressure. It is a widely applied method to obtain non-thermal 

plasma because of its simple geometry. Developing a textile with a corona plasma can 

enhance the filtration property significantly because it combines mechanical and electrostatic 

forces to entrap particles.  Several researches have studied corona discharge plasma on 

textiles though a variety of methods like pin to plate, point to plate, wire- cylinder, and wire 

to wire discharge. However, these methods have not integrated the electrode with the fabric; 

they just place the fabric on or below the electrode [34-40], which limits the regions of 

applications. Most studies involved woven or non-woven fabrics. Knitted fabrics have a 

higher flexibility and variable constructions, which has the ability to be produced in 
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advanced structure and shapes that can be produced by different kinds of knitting machines. 

In this research, I have developed an advanced knit fabric integrating conducting yarns as 

electrodes to study the filtration properties for sodium chloride aerosol particles by 

corona/barrier discharge method. 
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2. LITERATURE REVIEW 

2.1 Aerosol properties 

2.1.1 Adhesion of aerosol particles 

Aerosol particles have the ability to deposit on the surface they contact. This kind of property 

is called the adhesion of aerosol particles. The adhesion mechanism is one of the most 

important factors that determine particle collection performance. Many filtration products are 

developed to take advantage of this property. 

The adhesive forces mainly include Van der Waals forces, electrostatic forces, and the force 

caused by the surface tension of adsorbed liquid films. Among them, the most important 

force is Van der Waals force. Particle and surface properties (material, shape, surface 

roughness and size), temperature, relative humidity, the initial contact velocity and the 

duration of contact can influence these forces [1].  The random movement of electrons, 

which can create dipoles and these dipoles can induce complementary dipoles in both 

contacting material, and thus can produce an attractive force, the Van der Waals force. Van 

der Waals forces decrease rapidly with the increase of the distance between surfaces. 

2.1.2 Production of Test Aerosols 

Aerosols can be divided into two categories: monodisperse aerosol and polydisperse aerosol. 

A monodisperse aerosol is the aerosol where the particles have the same geometric diameter, 

while particle sizes in a polydisperse aerosol vary widely.  Most existing aerosol particles are 

polydisperse. Mondispserse aerosols are used to test the effect of certain size particles on 

experimental objects or to calibrate instruments used for measuring particle size. 

Polydisperse aerosols are used to simulate the actual situation. The properties of an aerosol 
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mainly depend on particle size (or particle size distribution) and electric charge (or charge 

distribution). The ideal aerosol generator is one that can produce monodisperse, stable, 

uncharged, spherical aerosol particles.  

Atomization is the most common method to disintegrate a liquid into airborne droplets. 

Atomizers can usually be divided [1] into five types: pressure atomizer, pneumatic atomizer, 

rotary atomizer, ultrasonic atomizer and electrostatic atomizer. The energy they used to break 

up the liquid is different.   The simplest method is a pressure atomizer which uses kinetic 

energy to break up the liquid. They are usually divided into two different types according to 

the motion after existing the nozzle: jet atomizer and swirl atomizer. 

The most common method used is a pneumatic atomizer or compressed air nebulizer. It can 

produce the smallest droplets by removing larger spray droplets though impaction, and it uses 

compressed air to break up the liquid stream [1].  Compressed air at pressures of 30-250 kPa 

moves at high velocity though a small tube, and due to the Bernoulli effect, this fast speed 

causes liquid in the reservoir to be drawn into the airstream. Then the liquid is accelerated 

and breaks into small droplets. Large droplets can be recycled to the liquid reservoir by 

impaction effect [2]. With the increasing of the air velocity and the decreasing of the liquid 

viscosity and surface tension, the particle sizes decreased. By applying impactors to remove 

large and small particles, compress air nebulizer can also used to produce monodisperse 

aerosols. By drying aerosols generated from a kind of solution solid particle aerosols can be 

obtained. 

The vibrating orifice aerosol generator [2] is another method to generate monodisperse 

aerosol. The liquid can from a thin filament though a small orifice. This thin filament will 
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oscillate along its axis due to a regular mechanical vibration provided by a piezoelectric 

crystal, the frequency of which determines the size of the droplets produced, and then the 

liquid filament breaks into small particles. Under the constant liquid flow rate and oscillation 

frequency, monodisperse aerosols are produced. 

Besides, by using dry dispersion method, solid particle aerosols can be produced. There are 

basic two requirements for the dry dispersion dust generators: First, the powder should be 

feed into the generator at constant rate. Second, the powder should have the ability to 

disperse to form the aerosol [1]. 

2.2 Filtration Properties 

Filters have been widely used in both households and industries to remove solid particles 

from air or liquid. They can be used to capture dust, bacteria, and even viruses. Aerosol 

filtration can also be used as respiratory protection, processing of nuclear and hazardous 

materials and other diverse applications.  

2.2.1 Collection Efficiency 

This parameter is used to measure the ability of filters to capture particles. And it is defined 

as the fraction of entering particles collected by the filter [3]. It can be described as a particle 

number collection efficiency E or a mass collection efficiency Em: 

E= (Nin – Nout)/Nin                                                   (2.1) 

Em= (Cin – Cout)/Cin                                                 (2.2) 

Where N is the number concentration and C is the mass concentration of particles entering 

and leaving the filter. Em is usually higher than E. 
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This kind of factor can also be expressed as penetration percentage P, which describes the 

percentage of particles that penetrate the filter 

P= Nout/Nin=1 – E                                                     (2.3) 

Pm= Cout/Cin=1 – Em                                                 (2.4) 

2.2.2 Face Velocity 

The face velocity, U0, is the velocity of the aerosol flow at the surface of the filter before 

entering the filter:   

U0=Q/A                                                           (2.5) 

Where Q is the unit volume flow rate and A is the cross-sectional area of the filter. 

The air velocity inside the filter U, increases slightly due to the reduced space inside the filter: 

U = Q/A (1-α)                                                      (2.6) 

Where α is the packing density or solidity: α= fiber volume /total volume = 1- porosity 

2.2.3 Pressure Drop  

Pressure drop is caused by the resistance of the filter when air flows though it [4]. The 

pressure drop can be expressed as:  

ΔP = ƒ (α) U0µZ/df
2                                                (2.7) 

Where Z is the thickness, df is the average of fiber diameter, and ƒ (α) is a function of fiber 

packing density and can be given as follows:  

ƒ(α) = 64α3/2(1+56α3)                                              (2.8) 

α is usually between 0.006 and 0.3. 
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2.2.4 Filter Quality 

Filter quality is used to measure the filtration performance of different types and thickness of 

filters. It can be measured though:  

QF= - ln(1-η)/ΔP                                                     (2.9) 

Where η is the filtration efficiency. A filtration media that has higher filtration efficiency or 

lower pressure drop has higher quality factor. In order to compare the filter quality, tests 

must be done under the same conditions, such as same face velocity and same test aerosol 

particle size. 

2.2.5 Filtration Mechanism for a Single Fiber 

The reason that airborne particles can be captured by a fiber is due to a number of physical 

mechanisms. Large particles are blocked on the filter surface due to the sieve effect. The 

reason that causes particles smaller than the surface-pores captured by a fiber is mainly 

caused by five basic mechanisms: diffusion, inertial impaction, interception, gravitational 

settling, and electrostatic attraction. These effects are shown in Figure 2.1 [5]. Very fine 

particles can also be captured due to Brownian motion.  

 

Figure 2.1: particle deposition mechanisms [5] 
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Because of the inertia effect, larger particles are unable to adjust so quickly to the curve path 

of the gas streamline near the fiber, so they hit and are captured by the fiber [6]. This 

mechanism becomes the main deposition mechanism for larger particles and higher velocities. 

The single fiber efficiency for impaction EI is expressed as: 

EI = (Stk) J/2Ku2                                                   (2.10) 

Where R is a dimensionless parameter, given as:  

R = dP/df                                                           (2.11) 

Ku is the Kuwabara hydrodynamic factor, expressed as: 

Ku = - lnα/2 – 3/4 + α-α2/4                                        (2.12) 

J = (29.6 -28α 0.62) R2 – 27.5R2.8                                    (2.13) 

,when R is smaller than 0.4. If not, we can estimate J as 2.0.  

Because aerosol particles have random Brownian motions, when they collide with the fiber, 

particles can be deposited on the fiber in the aspect of diffusion mechanism. This kind of 

deposition is particularly remarkable when particle has small diameter, like less than 0.1 µm. 

The single fiber efficiency due to diffusion ED, is 

ED = 2Pe-2/3                                                    (2.14) 

Where Pe is a dimensionless Peclet number: Pe = dfU0/D, and D is the particle diffusion 

coefficient. 

In aspect of the interception mechanism, if the gas streamline is within one particle radius of 

the fiber surface, and a finite size particle follows this streamline, the collection may occur. 

With the increasing particle size, the collection efficiency increases. Interception becomes 
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the main deposition mechanism for particles in the 0.1-1 µm. The single fiber efficiency for 

interception, ER, can be expressed as: 

  ER = (1-α) R2/Ku(1+R)                                             (2.15) 

And due to the diffusion effect, the interception deposition has been enhanced. This 

interaction term can be expressed as: 

EDR = 1.24R2/3/(Ku Pe) 1/2                                                                (2.16) 

The existence of the gravity also can influence deposition effect. The single fiber efficiency 

for gravitational settle EG, is 

EG ≈ G (1+ R)                                                     (2.17) 

if U0 and VTS are in the same direction. If they are in the opposite direction, then 

EG ≈ -G (1+ R)                                                    (2.18) 

Where G is a dimensionless number, 

G = VTS/U0                                                         (2.19) 

If electrical charges are on either the particle or the filter, or both, then this can create 

attractive electrostatic forces to attract the particle to the fiber surface. And this kind of 

mechanism is electrostatic-deposition [7]. Increasing the charge or reduce the face velocity 

can increase the collection efficiency. It is difficult to quantify due to the variance of the 

charge on fibers and particles. 

Above all, the total single fiber efficiency EΣ can be expressed as 

EΣ = 1 – (1-ER)(1-EI)(1-ED)(1-EDR)(1-EG)                               (2.20) 

Or  

EΣ ≈ ER + EI + ED + EDR + EG                                        (2.21) 
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The overall efficiency of a filter can be determined by: 

P = 1-E=exp (-4αEΣt/πdf)                                           (2.22) 

However, in reality, only one mechanism will play the most important role in the capturing 

process. In this case, the efficiency of this kind of mechanism can be used alone to replace 

the overall single fiber efficiency. 

2.3 Traditional Filter Types 

The types of filters can usually be divided into four categories: fibrous membrane filters, 

porous membrane filters, capillary pore membrane filter and fabric filters. Fibrous filters use 

fine fibers arranged perpendicular to the direction of airflow. They have porosities from 70 to 

more than 99%. Particles can be removed when they collide and attach to the surface of the 

fibers. They are usually used to remove air containing suspended particles. Porous membrane 

filters has porosities ranging from 50% to 90%. The path of gas flowing though the filter is 

irregular and particles are removed when they deposit on the pore structure. They have high 

collection efficiency and smaller pressure drop. The capillary membrane filter has uniform 

microscopic cylindrical holes perpendicular to the surface of the filter. While fabric filtration 

has low collection efficiency, they may become higher when the layers build up on the 

surface [1]. The dust removal efficiency of this kind of filter is generally from 99 to 99.9% 

[3]. There are many different kinds of fabric filters due to the different constructions, 

processing methods, and raw materials used. In terms of the formation methods, there are 

woven fabric, nonwoven fabric and knitted fabrics. And many different aspects are needed to 

consider when evaluating a filter: pressure drop, filtration velocity, filtration efficiency, 

cleaning techniques and filter stabilization [8]. 
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Woven fabric may use twisted continuous filament yarns, short staple fiber yarns or a 

combination of both as raw material. Weave patterns can be variable, such as twills or satin. 

Due to the different material used and different structures applied, the surface smoothness, 

the resistance to flex fatigue and the resistance to stretch of woven fabrics may be different 

[9]. These characters determine the resistance of filters to the gas flow and the capture 

efficiency and should be considered when designing a filter. Woven fabrics are surface filters. 

Dust layers will build up on the surface of the filter as filtration process goes on. The 

filtration efficiency will be increased due to the dust layers [10]. 

Knitted fabric uses the same kinds of yarns as woven fabrics. But the fabric flexibility is 

higher. And they have variable constructions such as single jersey, rib, and interlock 

structures. Advanced structures and shapes can also be produced during the process by 

different kinds of knitting machines. One of the most desired shapes of knitted fabrics over 

other fabrics is the seamless tubular form. So the problems of having weaker areas in the 

filter and the reduction in air-permeability at the seam place are solved. The possibility of 

developing advanced knitted filters is considerable. 

While nonwoven fabrics are the most widely used textiles in industry. Nonwovens have 

relatively low weight and low cost. They have high permeability, larger surface area and high 

surface to volume ratio due to the high porosity structure. Pleating of the material can further 

enhance these properties [11]. So the filtration efficiency is high. Besides, the limitation of 

fibers used is low. Both nature fibers (cotton, wood) and synthetic fibers can be used. Also, 

there are fewer requirements of the length and diameter of fibers. Fiber diameters of 

nonwoven fabric can range from micrometer to millimeter, thickness is from micrometer to 
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centimeter while basis weight can vary from 1 to 2000 g/m2 [12]. Different methods can be 

used to produce nonwoven filter, such as drylaid (needle punch, hydroentanglements, thermal 

bond process), wetlaid and extrusion processes (meltblown, spunbond, electrospinning). So 

fiber cross-section shapes can be much different. It can be circular, irregular, multilobal-

shape, or even peanut shape [9]. With all these variances, nonwovens can offer adjustable 

properties and can be adapted to different filtration requirements.  

2.4 Plasma Textile Used as Filters  

2.4.1 Plasma Properties 

Since textiles have been widely used as filters, combining them with plasma can increase the 

filtration properties significantly. Due to the influence of high temperature, electric or 

magnetic fields, movements of gas particles become faster, which leads to more intensive 

collisions between particles. Ionization occurs when the thermal kinetic energy exceeds the 

bonding energy.  There are the same number of negatively charged electrons as positively 

charged ions resulting in a neutrally charged gas.  The electrostatic force in a plasma is a 

long-range Coulomb force instead of short-term Van der Waals forces.  The degree of 

ionization is a typical parameter of a plasma. It measures the proportion of ionized particles. 

It can be expressed as α= ni/(ni + nn), where ni is the number density of ions and nn is the 

number density of neutral particles. Due to the existence of the charged particles in plasma, it 

can generate electrical currents with magnetic fields when it moves. Because of this property, 

even though plasma has no definite shape, under the influence of a magnetic or electric field, 

it may form structures like filaments, beams and double layers. 
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According to the temperature of the electrons and ions, the plasma can be divided into 

thermal plasma and non- thermal plasma. Thermal plasmas have electrons and ions at the 

same temperature, while non-thermal plasmas are comprised of partially ionized gas with 

higher electron temperatures than ion temperatures. Since the early 1980s, non–thermal low-

pressure plasmas have been widely used to modify textile surfaces because most fabrics are 

made of heat sensitive polymers. When textile surfaces are expose to a plasma, the free 

radicals and electrons of the plasma will collide with the surface, and the covalent bonds at 

the surface will be broken to create free radicals. In this way, the activated selected gas can 

be bonded to the surface to make textiles acquire desired surface properties [13]. After 

plasma treatments, the hydrophilic property of a fabric can be increased and the dyeing and 

printing properties can also be improved [14].  

Plasma can be generated artificially by applying electric or magnetic fields. The main 

principle of all these methods is that there should have enough energy input to support the 

production of ions [15]. When a dielectric gas is charged, due to the existence of a potential 

difference and the influence of an electric field, electrons will be pulled toward the anode, 

while positive ions will be generated around cathode [16]. With the increase of the applied 

electric field strength, the electric polarization is enhanced, the resistance of the electric 

insulator (gas) is decreased, and finally the dielectric limit of the dielectric gas is reached, 

marked by an electric spark, which means the gas transforms from an insulator to a conductor. 

The voltage applied at this time is called the breakdown voltage. The plasma only can be 

ignited when the breakdown voltage is exceeded. The breakdown voltage depends on the 
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electrode spacing d and the pressure p. It is described as Paschen’s law discovered by 

Friedrich Paschen in 1889 [17,18]. It can be expressed as: 

Vb = B (p*d)/ln [A(p*d)]- ln[ln(1+1/γse)]                             (2.23) 

Where A and B are constants, γse is the secondary electron emission coefficient of the 

cathode. 

 

 

Figure 2.2: relations between breakdown voltage and electrode spacing, pressure [19] 
 

Paschen has given a curve showing the relationship between breakdown voltage, electrode 

spacing and pressure, as shown in Figure 2.2 [19]. It can be observed that above 10 cm·Torr, 

the breakdown voltage increases monotonically, which means that the voltage needed to 

initiate a plasma increases when either the pressure or the spacing between the electrodes 

increases. 
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The methods used to generate artificial plasmas can be divided into low-pressure discharge 

plasmas and atmosphere pressure discharge plasmas. Low-pressure plasmas have been 

widely used in etching, material processing, thin film deposition, and manufacturing 

semiconductor devices. Under the low pressure, plasma can be generated in a large volume 

uniformly over a large area [20]. Low pressure plasmas have many other distinct advantages: 

their breakdown voltage is low, is about 0.2-0.8 kV; they can keep stable status between 

spark ignition and arcing; they can generate high concentrations of reactive species to etch 

and deposit thin films at relatively high rates; they have high electron temperature but low 

neutral temperature below 150°C, which will not damage sensitive substrates [21].  

2.4.2 Low-Pressure Plasma 

2.4.2.1 Glow Discharge Plasma 

The most common low-pressure plasma is glow discharge plasma. Glow discharge plasma is 

generated by applying a DC or low frequency RF (<100 kHz) electric field between two 

metal electrodes in a glass tube filled with a low-pressure gas. When the applied voltage 

exceeds the breakdown voltage, the gas will be ionized and becomes conductive with a 

certain color glow. The color depends on the types of gas used. The plasma status varies 

along the length between planar electrodes as show in Figure 2.3 [22,23]. There are both dark 

and glow regions. Glow regions emit light while dark regions do not. Right beside the 

cathode is the cathode dark space (‘Crookes’ or ‘Hittorf dark space’). where electrical 

potential drops drastically. The negative glow is the brightest part. A well-defined boundary 

between a negative glow and the cathode region can be noticed. Following the Faraday dark 

space is the positive column region. It stretches all the way to the anode and has the anode 
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glow at the end of it. If the distance between electrodes becomes larger, then the positive 

column may become striated with alternating dark and bright regions. While smaller distance 

will result in fewer regions, like no positive column with same negative glow region, or even 

no positive column.  

 

 

Figure 2.3: plasma status along the length between planar electrodes [22] 
 

 
 

Francis, G. (1956) has given a curve showing the relationship between voltage and current of 

a low pressure DC glow discharge at 1 Torr, as shown in Figure 2.4 [23]. It described the 

operation of generating artificial plasma. The discharge consists of four stages: 1) the “dark” 

or “Townsend discharge” before the ignition of plasma; 2) “normal glow” where the gas is in 

the transition to become conductive plasmas. In this stage, the voltage does not change or just 
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slightly decreases with the increasing of the current; 3) “abnormal glow” where the discharge 

process tends to become stable, voltage increases with current; and 4) “arc discharge” where 

the discharged gas becomes highly conductive and arc occurs [21]. Stage 2) and 3) are the 

effective stages that low pressure plasma can be used as material treatment. However they 

tend to shrink with increasing pressure. So under high pressure, arcing occurs directly after 

the spark ignition. 

 

 

Figure 2.4: voltage varies with current of a low pressure DC glow discharge [23] 
 
 

 

2.4.2.2 Capacitively Coupled Plasma 

Capacitively coupled plasmas (CCPs) have been widely used for several decades for the 

etching and thin films deposition in the semiconductor processing industry. CCPs apparatus 

typically consists of two circular disc-shaped parallel electrodes with radius ranges from 0 
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∼0.2m. Distances between electrodes are usually 3-5 cm [24]. Radio-frequency (RF) power 

supply will be applied to sustain the discharge, typically at 13.56 MHz. One of two 

electrodes is connected to the RF power supply, and the other one is connected to the ground. 

Gas pressure usually varies from 1 to10
3 Pa [22]. Atoms in between the electrodes will be 

ionized due to the existence of electric filed. By collisions, more electrons will be produced. 

When the electric field is strong enough, the electron avalanche will occur and the gas 

becomes conducive. Figure 2.5 [24] shows a schematic of symmetrical capacitively coupled 

plasma. The electrodes are covered by two time varying sheath regions with thicknesses sa (t) 

and sb (t), just like the cathode dark space in a dc glow discharge. The thickness of sheath ‘a’ 

will increase while sheath ‘b’ will reduce at the same time during one half RF circle. 

Between the sheath regions, there are plasmas generated [22,24].  

 

 

Figure 2.5: a schematic of symmetrical capacitively coupled plasma [24] 
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2.4.2.3 Inductively Coupled Plasma 

Types of ICP reactors are various according to the different shapes and places of the coils, 

such as helical coupler, helical resonator, spiral coupler, immersed coupler and transformer-

coupled plasmas [25]. The simplest model of the ICP is the transformer model. The 

schematic of a transformer model is shown in Figure 2.6 [26]. In this model the primary 

transformer winding connects with a RF source, the generated varying RF current forms a 

time varying magnetic filed. This changing magnetic field induces an electric field in which 

the plasma electrons are accelerated. This high-density plasma works as a single-turn 

secondary winding. The coupling coefficient, K, between the primary and secondary 

windings determines the effectiveness of the transformer.  

 

 

Figure 2.6: a schematic of a transformer model of the ICP [28] 
 

 

However, low-pressure plasmas cost a lot due to the expensive equipment and maintenance 

of the reactors. And the size of the treated object is limited to the size of vacuum chamber. 

Atmosphere pressure plasmas overcome these problems. It is cheaper to operate near or at 
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atmospheric pressure. And requirements for equipment are reduced. But some problems still 

exist under this situation. It is difficult to maintain a stable glow discharge. Besides, higher 

voltages are needed to apply to overcome gas breakdown stage. And due to high voltages, 

arcing is more easily to occur. In terms of these drawbacks, some new generation methods 

have already been developed. 

2.4.3 Atmosphere Pressure Plasma 

2.4.3.1 Arc Discharge 

 

 

Figure 2.7: A simple schematic of DBD [27] 
 

If a higher current is continued to apply to a glow discharge, then an arc will occur. Or a 

drawn arc can be initiated by drawing apart two contacting electrodes without the high-

voltage glow discharge. Compared with the glow discharge, the voltage applied in an arc 

discharge is much lower with higher current density. Electrons and positive ions in arc 

plasma have same temperatures while ions of glow discharge plasma have less thermal 
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energy than electrons. Besides, the arc has a negative resistance characteristic, which means 

the voltage between tow electrodes decreases as the current increases.  

2.4.3.2 Dielectric Barrier Discharge 

Dielectric barrier discharge is also called “silent” and “atmospheric-pressure-glow” discharge. 

A schematic of DBD is shown in Fig 2.7 [27]. It consists of two metal electrodes, one or both 

of which are coated with a dielectric layer. The geometries of the electrodes can be variable, 

such as point-to-plane, plane-to-plane, packed-bed, concentric cylinders, co-planar surface 

discharge and multi-wires [28]. The gap between electrodes is on the order of several mm 

and the pressure applied is 1 atm. Micro arcs with diameters of the order of some 100 µm 

will be formed to generate plasma when strong enough voltage applied, around 20 kV. The 

micro discharges cannot last long, usually on the order of 100 ns or less [7,21]. Both the 

diameter and the lasting time are determined by the gas used and the pressure applied. All the 

current flows are within the filaments. There are four phases during one life circle of such 

micro discharge: At the beginning, the amount of electrons increases exponentially, but does 

not influence the original electric structure. This phase is called “Townsend phase”. Then a 

conducting filament starts to form to connect two electrodes with further ionization. This 

second phase is called the “ionization or streamer phase”. With the amount of electrons 

generated increased, the current achieves its maximum value. The current density at this time 

is comparable with the density obtained in low-pressure glow discharges. And electrons will 

be deposited on the cathode forming a “cathode sheath”. As the discharge developing, more 

electrons are deposited at the surface of the dielectric barrier, which will reduce the electric 

field between two electrodes, leading to the die out of the micro discharge [27].  
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2.4.3.3 Corona discharge 

Highly curved regions on electrodes can cause corona discharge, such as sharp corners, 

projecting points, edges of metal surfaces, or small diameter wires, because electric field 

strength and potential gradient around these sharp points are higher than anywhere else. 

When these electrodes are being charged and the potential gradient is large enough, the gas 

around that point will be ionized and become conductive and increase the apparent size of the 

conductor. The ions and electrons generated near the electrode will collide with other 

particles in lower potential area nearby, and in this way, charges are passed. Finally, at a 

certain distance from the electrode, electric field cannot provide enough energy to ionize 

atoms when colliding. Beyond this range, no more other ions or electrons will be produced, 

and the charged particles will find their way to be neutralized. 

 
 

Figure 2.8: a schematic of a common point-to-plane corona apparatus [21] 
 

The electrode of a corona discharge may be a positive or negative discharge. This depends on 

the polarity of the voltage on the high curvature electrode. If the higher curved electrode is 

charged positively, then it has a positive corona, otherwise, forming negative corona. The 
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mechanisms for the formation of positive and negative corona is different, however, both 

types may exist in one sample. In a positive corona, electrons produced under the force of 

electric field are attracted to the anode. They collide inelastic with other neutral atoms to 

create new electrons. These new produced electrons are also attracted to the anode, thus can 

form a uniform, glowing plasma region around the electrode. However a negative corona is 

unstable. After the electron avalanche, electrons produced are pushed away from the cathode 

due to the electric force, and thus cannot produce more electrons to sustain the corona. Due 

to high-energy photons from excited atoms and the photoelectric effect, more electrons can 

then be liberated [19,29].  

Figure 2.8 shows a schematic of a common point-to-plane corona apparatus [22]. The metal 

tip has a radius of around 3 µm, and the planar electrode has a distance of 4–16 mm from the 

tip [30]. Plasma is generated 0.5 mm out from the metal point. And the drift region is the 

diffusion of charged particles, which has lower electron density. There are also wire to 

cylinder, wire to plate and parallel wires apparatus. Forms of the plasma generated are 

different according to the different shape of electrodes and the strength of voltage applied. 

Figure 2.9 [31] shows plasma status at different stages both for positive and negative corona 

discharge in a point-plate electrode apparatus. For positive corona, initially, burst pulse 

corona forms. With the voltage increases, discharged particles proceeds to streamer corona, 

glow corona, and spark discharge due to the influence of the electric filed. For negative 

corona, Trichel pulse corona is generated first. Then pulseless corona forms. And finally at a 

large enough voltage, spark discharge occurs. However, the situation is different for a wire-

cylinder or wire-plate electrode apparatus. For positive corona discharge, plasma is generated 
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around the electrode as a glowing sheath region or as a streamer moving away from the 

electrode. Corona generated at negative electrodes appears like rapidly moving glow or 

stable small glowing spots [31]. In cases of parallel wires apparatus, all wires should be 

parallel in order to obtain stable plasma. According to the differences of diameters of wires, 

different types of corona will be achieved.  

 

 
 

Figure 2.9: plasma status at different stages both for positive and negative corona discharge 
in a point-plate electrode apparatus [31] 

 

If all wires were of the same diameter, wires charged positive voltage would obtain a positive 

corona, while grounded wires will from a negative corona. If wires were of unequal diameter, 

a positive corona would be formed in the whole system when thinner wires were charged 
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positively. When thinner wires are grounded, a negative corona will be achieved. This is 

because that high curvature has high corona power, and thinner wires have high curvature. 

Besides, wire has larger curvature at the end of it, so electric breakdown occurred first at 

those parts.  

2.4.4 Corona Discharge  in Textiles 

Corona discharge is the most commonly used method for electrostatic charging of filtration 

media. There have been several studies [29, 32-38] on the various methods of applying 

corona discharge onto a fabric. Oda and Ochiai [34] have studied the surface potentials 

property of tested fabric after being charged. Horenstein [35] has applied a pin to plane 

corona discharge to charge the fabric. Fabric were laid over a 20 cm x 30 cm aluminum 

ground plane and a linear array of stainless steel pins were hold on a 20-cm long, 6-mm 

diameter brass rod, charged with a positive dc voltage from 4 kV to 9 kV. These pins are 1-

cm long and spaced every 1.2 cm. The rod moved horizontally at a constant speed to charge 

the fabric below it by unipolar corona ions produced. And this may induce the back discharge. 

As ions collected on the fabric accumulate, the surface electric potential of the fabric 

increases compared to the ground. When the difference becomes big enough, the electric 

filed will eventually initiate gas breakdown in the air channels inside the fabric. In this way, 

back discharges occurred. If the dielectric layer is permanently electrified by corona charge, 

then back corona forms [32,35]. And that is the reason why the electric potential at the 

surface of the samples has a maximum value. Horenstein’s study has compared the current-

voltage characteristics obtained with and without the PP fabric at the surface of the grounded 

electrode to evident this.  
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Plopeanu, Dascalescu and etc. [36] used dual wire-cylinder electrode and triode-type 

electrode set to study both positive and negative corona discharge property of PP nonwoven 

fabrics. Figure 2.10 shows the set up of this experiment. The electrode is a tungsten wire with 

a diameter of 0.2 mm. It is suspended from a 26mm metallic cylinder by two metallic rods. 

The wire is 34 mm from the metallic cylinder’s symmetric axis, 30 mm from the grounded 

metallic plate and 15mm from the grid. The tungsten wire is 112 mm long. Samples are put 

on the grounded plate. There are no grid between the wire and ground if using dual wire-

cylinder system. A special designed printed circuit board (PCB) plate with seven probes is 

used to measure the corona current density repartition at the surface of the grounded 

electrode. The strip probes are electrical isolated from each other. 

 

 
 

Figure 2.10: set up of triode-type electrode used in corona discharge [36] 
 

Kuznetsov et. al.  [29] developed a plasma textile to filter bacteria using a woven fabric.  

Corona plasmas were generated using multifilament and monofilament electrodes.  By 

varying the applied voltage, they determined the minimum and maximum voltages needed to 
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initiate and sustain a plasma on the surface of the woven fabric.  Peek’s law [37] has given an 

equation used to estimate conditions needed to initiate a visible corona between two parallel 

wires:  

V=mvgvδrln (S/r)                                                    (2.24) 

 

 

Figure 2.11: the schematic of the test chamber [38] 
 

Where V is voltage applied when a visible corona discharge occurs, mv is the irregularity 

factor of the wire, gv is the visual critical potential gradient, δ is the factor related to air 

density, r is the radius of the wires, and S is the distance between wires. From the 

experimental results, a large difference in curvature between the two wires obtained largest 

stable corona region. Using the same diameter wires, the best effects were achieved with one 

centimeter spacing [29]. They found that the optimal filtration efficiency to filter particles 

ranging from 7 to 300nm was at 6kV with a negatively charged corona. In this situation, over 
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96% of particles were filtered. In terms of bacteria filtration, the effect is significant, but 

more research is needed to be done to find the minimum residence time required in the 

corona region to totally deactivate bacteria. 

 

 
 

Figure 2.12: penetration for particles with different diameters under different voltages of a 
corona discharged textile [38] 

 

Rasipuram, Wu and etc. [38] studied the filtration properties of a woven textile in an aerosol 

stream. The test chamber used in this research is shown in figure 2.11. Three different 

diameters of stainless steel electrodes were studied. A wire with a diameter of 0.05mm was 

located in the center, while two parallel thicker wires both with a 1.6 mm diameter are placed 

on either side. The distance between two thick wires was 20mm. This electrode system was 

placed on the surface of the fabric to form the filter media. A negative potential was applied 

to the thick wires to generate the positive corona while grounding the thin wire.  They used 
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an atomizer to generate a test aerosol stream from 0.1g/L sodium chloride solution. 

Diameters of particles generated were from10 to 300 nm. By measuring particles 

concentration and particle numbers using a condensation particle counter and electrostatic 

classifier, the filtration efficiency of woven fabric, corona and corona/textile can be obtained 

respectively using the equation, F = 1 − N/N0. 

 

 

Figure 2.13: penetrations for woven fabric, corona discharge and corona/textile [38] 
 

Figure 2.12 shows penetration effect for particles with different diameters using a corona 

textile under different voltages. They concluded that particle penetration decreased with an 

increase in applied voltage, and that the filtration is enhanced for all particle sizes. Figure 

2.13 compares the penetration effects among woven fabric, corona discharge and 
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corona/textile. The corona/textile filter decreases penetration by four orders of magnitude 

compared with the woven fabric and by two orders of magnitude when compared with the 

corona alone. 

Corona discharge plasma textile can be widely applied as a filter because of its excellent 

filtration properties for particles of all sizes. And the experiment environment is easy to 

achieve, just in the ambient temperature and pressure. It can be used to filter harmful dusts in 

air, deactivate bacteria and so on. More researched about plasma textiles could be done, such 

as integrating wire with fabric together to make simple apparatus, to reduce power input and 

to get larger produced current.   
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3. KNIT PLASMA TEXTILE DESIGN 

Knitted fabrics can be produced by a large variety of patterns and knitting stitch methods, 

such as loop knit, tuck, miss, and plating. The most common structure used is single jersey. 

However this kind of structure has some shortcomings such as curling and high extensibility. 

In this study, different knitting methods have been used together to achieve a stable knitted 

fabric. In order to develop a plasma textile, it is necessary to integrate conductive yarns 

within a knitted fabric in such a way as to produce a sustained plasma. 

3.1 Equipment 

3.1.1 SWG 021 N Knitting Machine 

Common industrial V-bed and circular knitting machines do not offer the flexibility needed 

in manufacturing a plasma textile, and so a Shima Seiki whole garment computerized flat 

knitting machine, SWG 021 N, was chose to knit the fabric.  This machine is capable of 

producing a wide range of knit and wear garments including gloves, socks, hats, mufflers, 

neckties and other small items with no sewing or linking required by the design of Apex3 

software.  

This machine (figure 3.1) has many advanced properties. First, it uses compound slide needle 

instead of conventional latch needles. This two-piece slider splits and extends beyond the 

needle hook, which has the potential to eliminate the transfer clip and keep needles in the 

center of the needle groove to obtain high quality fabrics. Second, a one-touch threading 

system can detect knots easily during the knitting process. This is essential in the production 

of the designed plasma textile because it is very easy to form knots in the conductive yarns 

because of their low elasticity, which will lead to yarn and needle breakage if the knots are 
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not found in time. When a knot is detected, the machine will stop automatically for the 

operator to fix the knots.  Three different yarns are needed in the design: one non-conducting 

and two conducting yarns. 

 

 
 

Figure 3.1 SWG021N Flat Knitting Machine 
 

3.1.2 Power Source 

In order to generate plasma on the designed textiles, a high-voltage power supply is needed 

to charge the electrode.  A Model PS/FC30R (Glassman High Voltage Inc.) was used as a 

high voltage DC power supply. The voltage was measured by a digital voltmeter 

incorporated in the power supply and a milliampere meter to measures the current. 
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Figure 3.2: Synthetic yarns used, PET 150 Denier (left), PP 300 Denier (right) 
 

3.2 Raw Material  

The requirements for the yarn used in plasma textiles are: 1) high electric resistivity; 2) the 

ability to withstand high voltages; 3)  the ability to withstand moderately high temperature or 

combustion when subjected to sparks.   Thus,  PET (150 Denier, two plies) and PP (300 

Denier, one ply) (Figure 3.2) were chose as the yarn material to produce two kinds of 

samples. The effects of plasma generated using those two kinds of synthetic yarns have been 

compared respectively to tell which is the better choice. 
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Figure 3.3: Conductive yarns used: multifilament yarn with diameter 0.401 mm (right), 
monofilament yarn with diameter 0.1 mm (middle), monofilament yarn with diameter 0.05 

mm (left) 
 

Three different kinds of conductive yarns have been used as electrodes（Figure 3.3).  All of 

them are made of stainless steel, but the structure and process methods are different. One is a 

continuous multifilament yarn coated with a polymer, which has a diameter 0.401 mm. The 

other two are monofilament yarns. The thicker one has a diameter of 0.1 mm, the thinner one 

is 0.05 mm. Their capabilities to generate plasma have also been measured in this research. 

3.3 Patten Design 

Due to the advantages of corona discharge and large radius of curvature of the yarns, wire-to-

wire corona discharge method is desired to be use in this research to generate plasma. It is a 

practical way to generate plasma on a soft material using soft electrodes. Three isolated 
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knitting systems are needed to combine together in one fabric: a basic knitting pattern that 

connects the two electrodes, one positive electrode conductive yarn and one grounded 

electrode conductive yarn.  The two sets of conductive yarns cannot touch each other in order 

to avoid shorts or sparks. They should be posited parallel course to course in a certain 

distance. Each conductive yarn should not be broken during the knitting process.  

 
Figure 3.4: Schematic of designed conductive textile shows the initial pattern model designed.  

 

In order to obtain a stable knit fabric that is not easily deformed, different knitting stitch 

methods have been applied. In the Apex3 software program, different color numbers are used 

to present different knit methods. 

In this design, color number 3 (Front/back knit), No. 11 (Front tuck), No.16 (No needle 

selection), No. 51 (Front knit without links process), No. 52 (Back knit without links process) 

are used together to design the program.  
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 Figure 3.5 Tuck stitch    
 
 

     
                 

Figure 3.6 Miss stitch 
 

Front/back knit (double jersey) is performed with the needle beds in the 1/4 pitch left 

position. Figure 3.5 shows a schematic of a front tuck stitch. No needle selection means then 

needle is not activated and the structure is made with jumping the yarn. The floating yarn 

with a miss goes through the back of the old loops. Figure 3.6 shows a miss structure. Figure 

3.7 is the program used to produce the fabric sample and Figure 3.8 is the amplified repeated 



 

 37 

part of it. Yellow spots mean color number 3, red means No.51, green means No. 52, pink 

represents No. 11, and cyan is No. 16. 

In our first attempt in design the fabric, sparks were found to occur at the ends of each 

conducting course.   Three different programs were developed with different end lengths at 

each course of the conductive yarns to determine the optimal length: missing 8 needles, 12 

needles and 16 needles respectively (Figure 3.7, 3.9, 3.10) 

 

 
 

Figure 3.7 Pattern program with 8 missing needles at course end 
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Figure 3.8 Amplified repeated pattern 
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Figure 3.9 Pattern program with 12 missing needles at course end 
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Figure 3.10 Pattern program with 16 missing needles at course end 
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Figure 3.11: Experiment setup for testing current 
 
 
 

3.4 Experiment Setup 

Figure 3.11 shows the setup for testing the effect of applied voltage on the discharge current.  

 

 

Figure 3.12: Conductive yarn course ending with 8, 12 and 16 missing needles from the edge 
(from left to right). 

 



 

 42 

3.5 Experiment Results and Discussions 

Table 3.1 shows the measured voltage and current for the knit fabric with 8 missing needles 

integrated with a thinner monofilament stainless steel wire (0.05 mm), a thicker wire (0.1 

mm) and a multifilament yarn (0.401 mm). The knit fabric integrated with a multifilament 

stainless steel yarn as electrode has the best ability to generate plasma compared with the 

monofilament wires. The current is much higher for the same applied voltage and it is more 

sensitive to changes in voltage.  Sparks were observed to occur t at the ends of each 

conductive yarn course, so two more patterns (ending with 12 missing needles and 16 

missing needles) were designed to improve its ability to withstand high voltages without 

arcing.  (Figure 3.12). 

Table 3.1: Current varies with voltage applied for 3 kinds of electrodes in corona discharge 

 
Voltage (kV) Current (mA) 

0.05 mm wire 0.1 mm wire 0.401 mm yarn 

2 0.02 0 0.01 

3 0.03 0.01 0.01 

4 0.04 0.01 0.03 

5 0,05 0.02 0.08 

6 0.07 0.02 0.25 

7 0.08 0.02 0.76 

8 Spark 0.03 Spark Spark 
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In order to test the filtration property of the designed fabric, samples were produced to match 

the square dimensions of the testing chamber. Narrow samples had to be developed by 

modifying the program. Fabric samples with PET and PP yarns respectively were produced 

(figure 3.13) to find out whether these yarns were suitable. It turns out that the filler base 

yarn material has little influence on generating plasma. Therefore, PP yarn was chose for 

further studies because its high heat resistance and low cost. 

 

 

Figure 3.13: Narrow testing samples using PP yarn (left) and PET yarn (right). 
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4. FILTRATION PROPERTY TESTS 

4.1 Experimental Setup 

The experimental setup, shown in Figure 4.1 is comprised of an atomizer, diffusion dyrer, 

test chamber, electrostatic classifier, and condensation particle counter. Figure 4.2 shows a 

schematic of the test proceedure. Compressed air at 20 psi is supplied to the atomizer that 

generates a salt spray from a 0.01 g/L NaCl deionized water solution.  Moisture from the 

air/salt aerosol is removed using a diffusion dryer containing a silica gel desiccant to produce 

an aerosol of NaCl nanoparticles with diameters ranging from 10 to 300 nm.  The aerosol 

then passes through a plenum to stabilize the stream and bring it to atmospheric pressure.  

 

 

Figure 4.1: Experimental setup for filtration test 
 
 

 

Figure 4.2: Schematic of the setup flow chart 
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The aerosol was then passed though the test chamber at a flow rate of 1 lpm.  It was observed 

that the flow rate varied by as much as 10 percent due to the salt particles deposited on the 

impactor with time goes by.  The inlet particle stream or unfiltered particles then flowed out 

of the test chamber and into the Electrostatic Classifier, where only particles with specified 

electrical mobility (or diameter) exited the instrument and were counted by the CPC 

(Condensation Particle Counter).  By varying the voltage on the plates in the classifier, 

particles in a range of 30 to 300 nm can be studied.  The CPC counts the number of particles 

in a given volume per unit time to determine upstream and downstream particle counts. 

4.2 Experiment Apparatus 

 
 

Figure 4.3: schematic of the operation principle for the atomizer Model 3076[39] 
 



 

 46 

4.2.1 Atomizer 

The atomizer used in this experiment is a constant output atomizer TSI Model 3076. The 

mean particle size of the generated aerosol varies between 0.02 to 0.3 micrometers. 

Compressed air (20 psi) enters an orifice, and due to the Bernoulli effect, causes liquid in the 

reservoir to be drawn into the airstream (figure 4.3). The liquid is atomized by the air jet.  

Large droplets are removed and recycled back to the liquid reservoir by impaction while the 

fine spray leaves and goes into the diffusion dryer. 

4.2.2 Diffusion Dryer 

Figure 4.4 shows a schematic of the desiccant diffusion dryer TSI Model 3062. This dryer 

consists of two concentric cylinders. The inner cylinder is made of a wire screen and the 

outer cylinder is made of Plexiglas. Silica gel desiccant is filled in the space between them, 

which is used to absorb the moisture in the aerosol without obvious solid particles loss. The 

silica gel is changed before each experiment with a moisture free desiccant that has been 

heated in an over at 120 C for at least 12 hours.  

 

 
 

Figure 4.4: the schematic of the desiccant dryer tube of Model 3062 diffusion dryer [40] 
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4.2.3 Test Chamber 

A 150 mm diameter polycarbonate test chamber was fabricated to hold the test sample, apply 

a high voltage to create a plasma in the textile fabric, and allow an aerosol to flow through it.  

The actual test sample is placed on a supporting structure that covers a 43mm x 93mm 

rectangular opening.  It is used to support the fabric during the fabric filtration tests. The 

opening allows the aerosol, which comes from the desiccant dryer to pass though the test 

fabric and enter the electrostatic classifier.  

4.2.4 Electrostatic Classifier 

An Electrostatic Classifier TSI Model 3080 is used together with a Long Differential 

Mobility Analyzer 3081 (DMA) to classify particles from a range of 10 to 1000 nm. When an 

aerosol passes through a radioactive krypton neutralizer, particles acquire a Boltzmann 

charge distribution. Then in the DMA, these charged particles are separated according to 

their electrical mobility in an electric field.  Particle size can be calculated from the mobility 

distribution.  

The impactor is used to remover particles above a certain size. With time goes by, particles 

will deposit on the impactor, which will influence the pressure drop across the nozzle. 

Therefor, the surface of the impactor needs cleaning very 5-50 operation hours. It is cleaned 

every testing day with a soft material soaked with alcohol. And a very small amount of 

vacuum grease is applied to the impactor surface after cleaning. 

4.2.5 Condensation Particle Counter  

A TSI Model 3785 CPC is a water-based condensation particle counter. Aerosol particles are 

detected by a laser and optical detector. When the aerosol enters the sample inlet, it will be 
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surrounded by wetted media. Aerosol particles work as nuclei and water vapor will be 

deposit on the particles to amplify particle sizes so that particles can be detected by the 

optical system. 

4.2.6 Aerosol Instrument Manager (AIM) Software and Scanning Mobility Particle Sizer 

(SMPS) Spectrometer 

AIM is used to collect and store sample data from instruments connecting to the computer.  It 

can display data in graphs and tables and gives statistical information. The SMPS system 

measures the size distribution of aerosols in the size range from 2.5 nm to 1000nm. SMPS 

classifies particle sizes with an Electrostatic Classifier, counts particle concentrations with 

CPC, and analyzes data with AIM though a personal computer. Table 4.1 shows the settings 

for the SMPS used in this experiment.  

Table 4.1 SMPS settings 

 
Classifier	  Model	   3080	  

DMA	   3081	  

Impactor	  Type	   0.071	  cm	  

CPC	  Model	   3785	  

DMA	  Flow	  Rate	  (lpm)	  -‐	  Sheath	   10	  times	  the	  aerosol	  flow	  rate	  

DMA	  Flow	  Rate	  (lpm)	  -‐	  Aerosol	  
Current	   actual	   aerosol	   flow	   rate	  

shows	  on	  Classifier	  screen	  
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Table 4.1 Continued 
 

Size	  Range	  Bounds	  (Diameter)	  
The	   range	  of	  particle	   sizes	   to	  be	  

allowed	  to	  pass	  through	  

Scan	  Time	  (sec.)	  
Up	  (default)	  –	  120	  

Retrace	  (default)	  –	  60	  

Scans	   per	   sample	   (under	   the	  

Scheduling	  Tab)	  

Number	   of	   scans	   required	   per	  

sample	  

Number	   of	   samples	   (under	   the	  

Scheduling	  Tab)	  
Number	  of	  samples	  required	  

Diffusion	   correction	   (under	   the	  

Physical	  properties	  tab)	  

Diffusion	   correction	   is	  

recommended	   for	   particle	   sizes	  

less	  than	  50	  nm	  

Particle	   density	   (under	   the	  

Physical	  properties	  tab)	  
Based	  on	  the	  particle	  used	  

 

4.3 Experiment Process and Data Analysis 

One of the goals of this research is to characterize the filtration efficiency of a polypropylene 

knit fabric when it produces a room temperature plasma.  Before testing can begin, the whole 

system needs to be brought to steady state which takes about 3 hours.  After steady state is 

reached, it takes another three minutes to obtain data from a single scan, which consists of 

data showing particle concentrations for a particular size ranging from 10 to 300 nm.   Before 

experiments can begin, 60 scans are acquired with an empty test chamber.  Then the knit 
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fabric is placed in the test chamber to get the number of particles that have passed though the 

filter. When the fabric is not charged, the filtration efficiency is a result of the knit fabric 

only. However, if the fabric is charged with a large enough voltage to sustain a room 

temperature plasma, the filtration efficiency of corona discharge textile is measured. After 60 

minutes, 20 sets of scans are acquired.  Then the system acquires data for another 60 minutes 

with an empty chamber to get the inlet particle numbers after the sample testing.  We select 

the last five scans of the first 60 scans and last five scans of the final 20 scans for the empty 

chamber, then average them to obtain the expectation of inlet particle numbers, Nin. This 

forms our best estimate of the upstream particle density entering the test chamber.  In 

addition, the standard deviation for these ten sets of data is calculated.  In a similar manner, 

the results from last five scans of the downstream particle count, Nout is determined.  Nout is 

the average value of particle density (particles per cubic centimeter) leaving the filter. The 

standard deviation for these five scans are also calculated. 

Filtration efficiency, E, is then defined as the percentage of particles captured by the filter or: 

E = (Nin – Nout)/Nin                                                   (4.1) 

or in terms of penetration, P = 1 – E.   Filtration efficiencies were calculated as the applied 

voltage to the fabric varied from 0 to 8.5 kV.  

And the error bar for the filtration efficiency can be obtained from equation:  

             (4.2) 

Error  bar = Average  Concentration_OUT
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It indicates the variation in experiments over time and illustrates the maximum and minimum 

bounds for the filtration efficiency. Then we can get a plot for the filtration efficiency with 

different particle sizes. 

4.4 Experiment Results and Discussions 
 
4.4.1 Corona Discharge Ignition Voltage Study and Current – Voltage Relation in the Corona 

Discharge 

The ignition voltage of the corona discharge is defined in this research as the voltage at 

which a current has been measured (0.01 mA). Repeated experiments have been done five 

times each for two samples to measure the ignition voltage of this kind of corona discharge 

textile. Figure 4.5 shows the testing results. The initial voltage varies slightly each time, but 

all around 5 kV. 

 
 

 
 

Figure 4.5: Distribution of ignition voltage of corona discharge 
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Above the ignition voltage, the air breakdown voltage has been reached, and plasma is 

generated on the fabric. Since the charged electrode and grounded electrode used in this 

research have the same diameter, so both positive and negative corona discharge exist in this 

corona textile. In a positive corona, new produced electrons are attracted to the anode, thus 

can form a uniform, glowing plasma region around the electrode. However in a negative 

corona, after the electron avalanche, electrons produced are pushed away from the cathode 

due to the electric force, and thus it is unstable and forming multiple glowing plasma beads 

distributed along the electrode.  

 

 
 

Figure 4.6: Relation between the current and voltage applied 
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How the current varies with voltage is described in figure 4.6. After the ignition, the current 

increases non-linearly with the voltage increases, reaching approximately 0.8 mA at 9 kV 

before sparks occur. Also the variability of the current produced at different voltage for two 

samples has been studied in this research (figure 4.7, 4.8). 5 times measuring experiments 

have been done for each sample. When applied a voltage larger than the ignition voltage on 

the corona textile, a current can be measured, but it will increase a little bit and varies in this 

range. This maybe the reason that the producing charged particles need time to pass their 

charge to neutral particles that they collided. And with more electrons and ions have been 

produced, the current increases accordingly.  So the variability of the minimum and 

maximum current have been recorded and analyzed respectively at variable voltages. The 

gauge R&R that got indicates that the variations of repeatability and reproducibility of this 

measurement system is small and most part of the variance is due to the part variation. The 

variation of repeatability is larger than reproducibility, which means that the corona textile 

that has been produced have stable ability to generate plasma.  
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Figure 4.7: Variability gauge analysis for minimum current obtained at every voltage 
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Figure 4.8: Variability gauge analysis for maximum current obtained at every voltage 
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4.4.2 Particle size distribution 

Hinks has given a detailed description of aerosol particle size distribution [1]. Lots of 

distribution can be fit for aerosol particle size distribution, such as exponential, power law, 

Khrgian-Mazin and so on. However, these are limited to special situations. Normal 

distribution has been widely applied to many fields, but it does not fit for the aerosol particle 

size distribution because it exhibits a long tail at large particle size and it requires negative 

sizes, which is not physically possible. So the lognormal distribution is selected to applied for 

most single source aerosol size distributions for it is well fit for the skewed shape and 

convenient for future studies like moment distributions and moment averages studies even 

though there is no fundamental theoretical reason.  

 
 

 

Figure 4.9: Fitted lognormal distribution for salt aerosol 



 

 57 

In this research, the distribution of the generated salt aerosol has been tested using the data 

collected (figure 4.9, 4.10). It can be observed from figure 4.10 that lognormal are best fitted 

for this distribution due to smaller AICC values compared with other distributions. So 

lognormal distribution is selected to apply in this research. 

 

 

Figure 4.10: Compare distributions for salt aerosol particle sizes 
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Figure 4.11 shows a typical statistical distribution obtained of the generated salt aerosol with 

the particle diameter ranging from 7 to 300 nanometers.  The dependent variable, particle 

concentration, is expressed as a raw count dN per cubic centimeter. For a log normal 

distribution, the arithmetic mean is equal to ln (dg), where dg is the geometric mean of the 

original distribution. There are two parameters that determine the characters of the lognormal 

distribution: the count median diameter or CMD, and the geometric standard deviation δg or 

GSD.  They can be expressed as: 

CMD = ln dg = Σni ln di / N                                                (4.3) 

GSD = ln δg = (Σni (ln di – ln dg ) 2 /(N-1))1/2                                   (4.4) 

Where N is the total number of particles, ni is the number of particles with diameter di. 

 

 
 

Figure 4.11: A typical statistical distribution of the generated salt aerosol. 
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Table 4.2 shows the particle size statistics of the generated salt aerosol. It can be observed 

that the statistics for volume and mass are equal. This is because that for spherical particles 

of equal density, the mass is proportional to volume. The count is a function of diameter or dg, 

the surface area is proportional to dg
2 and the volume or mass is proportional to dg

3. 

 

Table 4.2: A typical particle size statistics of generated salt aerosol 

 Number 

Particle Size 

Diameter 

Particle 

Size 

Surface 

Particle Size 

Volume 

Particle Size  

Mass 

Particle 

Size 

Median(n

m) 

74.1 103.2 134.3 163.9 163.9 

Mean(nm) 85.4 113.1 141.2 166.4 166.4 

Geo.Mean(

nm) 

73.0 99.2 127.7 154.6 154.6 

Mode(nm) 79.1 113.4 145.9 187.7 187.7 

Geo.St.De

v 

1.77 1.70 1.60 1.50 1.50 

Total 

Conc. 

1.99e+06(#/

cm3) 

169.7(mm/

cm3) 

6.03e+10(nm2

/cm3) 

1.42e+12(nm3

/cm3) 

3.07e+03(µ

g/cm3) 
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4.4.3 Filtration Efficiency at Different Voltages 

4.4.3.1 Filtration Efficiency for Knit Fabric 

Figure 4.12 shows the aerosol penetration as a function of particle diameter for the knit fabric 

plotted with particle diameters of 30, 55.2, 82, 105.5, 131, 156.8, 187.7, 209.1, 231.9, 259.5 

and 278.8 nm.  And the error bar is shown in the chart, which exhibits the variable range of 

the penetration. It can be observed from the figure that the filtration efficiency for small 

particles are better than larger ones as for knit fabric. It can filter out around 60 percent of 

particles with diameter of 30 nm but only 30 percent of particles with a diameter of 280 nm. 

The reason that these particles smaller than the surface-pores captured by the fabric is mainly 

caused by three basic mechanisms: diffusion, inertial impaction and interception. For 

particles smaller than 100 nm, diffusion mechanism plays the main role, as shown in figure 

4.13. Particles with Brownian motion will collide and deposit on fibers. With particles in 

sizes from 100 to 300 nm, interception and impaction will have some effects. However, the 

diffusion still counts for the main deposition reason. So for the testing aerosol particles in this 

research, the smaller are particles, the higher is efficiency. 
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Figure 4.12: The aerosol penetration varies with diameter of knit fabric. 
 

 

 
 

Figure 4.13: The effect of different deposition mechanism for different particle sizes [41] 
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4.4.3.2 Filtration Efficiency for Knit Fabric at voltage from 1 kV to 4 kV 

Under voltages between 1 to 4 kV, even though the corona discharge is not triggered, due to 

the existence of the electric filed on the fabric filter, the filtration efficiency has been 

improved. When the aerosol particles enter the electric filed, they will distort the filed due to 

the difference between the relative dielectric constant of the charged fabric and the air. In 

order to remain the filed line perpendicular to the equipotential, it is distorted. And the 

aerosol particles are polarized. At the same time, the knit fabric is polarized. In the 

consequence of the dipole induced on the aerosol particles and knit fabric by the non-uniform 

electric filed, more aerosol particles are attracted on the fabric filter. 

 

 
 

Figure 4.14: Particle penetration of knit fabric when charged at 1 kV. 
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Figure 4.15: Particle penetration of knit fabric when charged at 2 kV. 
 
 
 

 
 

Figure 4.16: Particle penetration of knit fabric when charged at 3 kV 
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Figure 4.17: Particle penetration of knit fabric when charged at 4 kV. 
 
 
 

Figure 4.14 – 4.17 shows the aerosol penetration with error bar for knit fabric at 1, 2, 3 and 4 

respectively. Figure 4.18 compares the penetration for all particle sizes measured in the 

experiments at 0, 1, 2, 3 and 4 kV. As shown in figures, with higher voltage applied, the 

penetration decreased obviously for all particle sizes. But it is more significant for larger 

particle sizes. When applied 1 kV, particles in size around 80 nm have the lowest penetration 

rate. At this time, the filtration mechanism is a combination of electrostatic force and the 

diffusion. And the electrostatic force mainly effects more than diffusion for particles smaller 

than 80 nm. With voltage applied increased continuously, the penetration decreased with 

particle sizes increase, which indicates that electrostatic force is more effective for larger 

particles to assist the filtration.   
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Figure 4.18: Penetration for all particle sizes measured in the experiments at 0, 1, 2, 3 and 4 
kV. 

 
 
 

4.4.3.3 Filtration Efficiency for Corona Discharge Textiles 

When the electrodes of knit fabric are charged high enough voltage that has reached the 

breakdown voltage of the air, corona discharge will be produced. In this way, many electrons 

and ions have been produced near the electrodes. When aerosol particles collide with these 

electrons or ions, they will be charged. In the same method, the knit fabric is charged. The 



 

 66 

charged aerosol particles are deposited on the fabric due to the combination of different kinds 

of electrostatic attraction, such as the Coulomb attraction of the oppositely charged electrode 

or fabric, the dipole attraction between charged aerosol particle and the dipole that this 

charge induced on the filter, and the dipole attraction between the charged filter and the 

dipole induced upon the aerosol particle. So the filtration efficiency has been enhanced.  

The corona discharge was initiated at approximately 5 kV for the designed corona textile in 

this research.  

Figure 4.19 shows the aerosol penetration with error bar for corona textile at 5, 6, 7, and 8 kV. 

With the corona discharge, the penetration for all particle sizes is decreased significantly. 

And a decreased trend has been observed that the penetration decreased with the particle size 

increases. But if the voltage is high enough so that the corona discharge has large strength (at 

8 kV), the penetration rates are decreased to the same level for all particle range. And the 

filtration efficiency is close to 100%. In this case, the error bar for the minimum penetration 

is more likely close to 0. So the figure just shows the upper limit range of error bar at 8 kV. 

The corona discharge ability has limited the maximum voltage applied in the electrostatic 

filtration system. When the fabric charged above 8 kV, a spark is more likely to occur, which 

will lead to electrode material etching, forming a large amount of submicrometer paricles and 

unstable current. So the maximum voltage applied that used to test the filtration efficiency in 

this research is 8 kV. 
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Figure 4.19: Particle penetration of corona textile when charged at 5, 6, 7, and 8 kV. 
 

 

Figure 4.20 compares the penetration rate for knit fabric charged with 0, 4, 7 and 8 kV using 

a logarithmic scale. Particle penetration was largest when the filter is knit fabric only. The 

corona textile has decreased the particle penetration by 3 to 5 orders of magnitude compared 

with knit fabric alone. The effect of voltage on the filtration efficiency for the corona textile 

has also been analyzed for particles with a diameter around 150 nm (156.8 nm). It can be 
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observed directly from figure 4.21 that after the ignition of the corona discharge, the particle 

penetration has been decreased greatly.  

 

 
 

Figure 4.20: Comparison of particle penetration of knit fabric when charged at 0, 4, 7 and 8 
kV. 
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Figure 4.21: Penetration for particles in size around150nm at variable voltages 
 
 
 

From figure 4.22, by comparing the filtration efficiency of the plasma textile at 0, 4 and 8 kV, 

it can be observed that this plasma textile does not show a most penetrating particle size. It 

has same effects for all particles in range 30 to 300 nm. 
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Figure 4.22: Filtration efficiency of plasma textile at 0, 4 and 8 kV  
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5. CONCLUSIONS 
 
 

In this research, a kind of knit fabric integrated with three kinds of electrodes: monofilament 

stainless steel wire with diameter 0.05 mm and 0.1 mm, multifilament stainless steel yarn 

with diameter 0.401 mm has been developed. Their ability of generating plasma has been 

tested by measuring the current produced when charged with variable voltages. The 

experiment results show that using multifilament yarns as electrodes can generate larger 

current when charging with the same voltage compared with the other two kinds of 

electrodes. And the variance of current is larger when changing the voltage by the same 

amount.  

The ignition voltage of the corona textile with multifilament yarns produced in this research 

is around 5 kV. And only above this voltage, the current can be measured. It has been 

observed that the current has increased with the increasing of voltage in a non-linear relation. 

An atomizer using salt deionized solution has produced a sodium chloride aerosol to be used 

as filtration object. By measuring the change of aerosol concentration before and after 

passing the filter, the filtration efficiency in terms of penetration can be obtained for the knit 

fabric charged with variable voltages and the corona textile. The penetration rate increases 

with the increasing of the particle diameters of the knit fabric without charging. However, if 

the fabric has been charged, the filtration efficiency has been enhanced for all particle sizes 

but more significant for larger particles due to the polarization of the aerosol particles and the 

fabric. With plasma generated on the fabric surface, the penetration is up to 99.999% and has 

decreased by 4 orders compared with fabric without charging in corresponding to the 
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ionization of the air and charging of the aerosol particles. With the assistance of the 

electrostatic force, the aerosol particles are deposited on the fabric and being filtered. If the 

corona discharge is stable and large enough, it has been observed that there is not a trend or 

optimal filtration efficiency for all particle sizes.  
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6. FUTURE WORK 
 

First of all, in order to achieve continuous filtration ability, the influences of the filtered 

aerosol particles that have been deposited on the fabric on the filtration efficiency needs to be 

tested. Also, the stability of the plasma that has been generated is a main factor that 

determines the filtration efficiency. So how long the plasma could maintain the stability 

status is desired to be valued.  

Second, because the fungi could grow in moist environment, which is not a desirable product，

so this new developed filter can be used to filter fungi. Their ability to filter the fungi could 

be measured in the future to make this new product have a practical meaning. 

What is more, nowadays bacteria are main concern in many fields. So this corona textile 

filter could be used to kill and filter bacteria. Thus how could this corona discharge filter kill 

the bacteria that going though it to a desired level needs to be figure out in the future. 
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Appendix A: Summary of current changes with voltages for different samples 

Table A.1 Max and min currents at variable voltages for different samples 

Sample Voltage (kV) Min Current (mA) Max Current (mA) 
1 5.5 0.02 0.02 
1 6 0.03 0.03 
1 6.5 0.06 0.07 
1 7 0.12 0.12 
1 7.5 0.19 0.22 
1 8 0.32 0.34 
1 8.5 0.45 0.49 
1 9 0.76 0.78 
1 5.5 0.03 0.03 
1 6 0.04 0.04 
1 6.5 0.07 0.07 
1 7 0.11 0.12 
1 7.5 0.18 0.18 
1 8 0.28 0.29 
1 8.5 0.42 0.44 
1 9 0.69 0.77 
1 5.5 0.01 0.01 
1 6 0.03 0.03 
1 6.5 0.05 0.06 
1 7 0.1 0.11 
1 7.5 0.17 0.17 
1 8 0.28 0.29 
1 8.5 0.44 0.46 
1 9 0.69 0.81 
1 5.5 0.02 0.02 
1 6 0.03 0.03 
1 6.5 0.05 0.05 
1 7 0.09 0.1 
1 7.5 0.16 0.16 
1 8 0.24 0.26 
1 8.5 0.39 0.43 
1 9 0.69 0.77 
1 5.5 0.01 0.02 
1 6 0.03 0.03 
1 6.5 0.06 0.06 
1 7 0.09 0.1 
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1 7.5 0.19 0.19 
1 8 0.27 0.28 
1 8.5 0.39 0.41 
1 9 0.62 0.68 
2 5.5 0.02 0.02 
2 6 0.03 0.03 
2 6.5 0.07 0.08 
2 7 0.13 0.14 
2 7.5 0.21 0.21 
2 8 0.33 0.37 
2 8.5 0.54 0.56 
2 9 0.82 0.87 
2 5.5 0.01 0.01 
2 6 0.02 0.03 
2 6.5 0.06 0.06 
2 7 0.1 0.1 
2 7.5 0.19 0.19 
2 8 0.3 0.32 
2 8.5 0.46 0.52 
2 9 0.75 0.81 
2 5.5 0.01 0.01 
2 6 0.02 0.02 
2 6.5 0.05 0.05 
2 7 0.08 0.09 
2 7.5 0.16 0.18 
2 8 0.27 0.29 
2 8.5 0.42 0.45 
2 9 0.72 0.8 
2 5.5 0.01 0.01 
2 6 0.02 0.02 
2 6.5 0.05 0.05 
2 7 0.08 0.08 
2 7.5 0.16 0.16 
2 8 0.27 0.28 
2 8.5 0.44 0.46 
2 9 0.68 0.82 
2 5.5 0.01 0.01 
2 6 0.02 0.02 
2 6.5 0.04 0.04 
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Table A.1 Continued 

 
2 7 0.08 0.08 
2 7.5 0.15 0.15 
2 8 0.27 0.29 
2 8.5 0.44 0.47 
2 9 0.71 0.84 
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Appendix B: Summary of penetration for aerosol particles at variable voltages 

Table B.1: Penetration for all particle sizes at variable voltages 

Particle 
Size 

Penetration at 
0 kV 

Penetration at 
1kV 

Penetration at 
2 kV 

Penetration at 
3 kV 

Penetration 
at 4 kV 

30 0.370043827 0.319090947 0.304180939 0.29400488 0.279016804 
31.1 0.379749085 0.312249408 0.301904732 0.284577637 0.276393008 
32.2 0.39270884 0.30306471 0.298039217 0.271029906 0.272859302 
33.4 0.402233299 0.297277416 0.295404435 0.271216929 0.266505295 
34.6 0.404371247 0.289541715 0.291338517 0.272237379 0.26103026 
35.9 0.400107858 0.28297393 0.284657815 0.268546348 0.255807353 
37.2 0.404933129 0.280444277 0.276911019 0.258193136 0.248851591 
38.5 0.414223464 0.275234159 0.277255279 0.257545642 0.246016407 

40 0.42604091 0.271699823 0.26733521 0.254320406 0.242876918 
41.4 0.432249301 0.261085234 0.256974434 0.247034191 0.237685723 
42.9 0.438135082 0.256286701 0.251735945 0.244675276 0.234866465 
44.5 0.437721785 0.251643899 0.248595459 0.237193903 0.23175243 
46.1 0.440596388 0.246282812 0.246281511 0.231787536 0.225202078 
47.8 0.45117161 0.241478718 0.240049762 0.226052548 0.218360915 
49.6 0.459262971 0.236443556 0.235606628 0.220449631 0.212705109 
51.4 0.462421893 0.230720738 0.233013613 0.212580806 0.20656203 
53.3 0.471067721 0.224581028 0.2297097 0.207260724 0.200820901 
55.2 0.481286848 0.220365618 0.221370558 0.201677313 0.196054498 
57.3 0.499540722 0.217464226 0.214449885 0.195255605 0.192805246 
59.4 0.503122182 0.214181636 0.210919416 0.192227111 0.186823601 
61.5 0.501958592 0.213227595 0.205848654 0.190347793 0.183076634 
63.8 0.511305177 0.208345936 0.199215102 0.18448346 0.176702144 
66.1 0.52086565 0.202176388 0.19413794 0.178147413 0.168922385 
68.5 0.521759337 0.198658302 0.189587063 0.172827598 0.166255576 

71 0.521495015 0.19928757 0.184623673 0.168600509 0.162949833 
73.7 0.533584723 0.197236696 0.180451241 0.165304183 0.157954732 
76.4 0.545613038 0.194877616 0.175592657 0.160713379 0.154588323 
79.1 0.549016824 0.194055754 0.173201319 0.15914672 0.148995833 

82 0.551788264 0.194244809 0.167918776 0.155970497 0.145988708 
85.1 0.552050057 0.192059712 0.163544048 0.15201498 0.141022225 
88.2 0.553877992 0.189010474 0.161243119 0.148002086 0.137306104 
91.4 0.558202841 0.189751207 0.158539843 0.145192322 0.133957149 
94.7 0.560086755 0.1904249 0.155942133 0.142684983 0.131467795 
98.2 0.563780704 0.188878549 0.153636877 0.139379967 0.128833039 

101.8 0.569472849 0.190489898 0.149995224 0.13651809 0.126090694 
105.5 0.576492116 0.192265201 0.148989174 0.13526835 0.123091158 
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109.4 0.580384998 0.193260606 0.147475603 0.133134565 0.121360459 
113.4 0.582437683 0.197612466 0.145404408 0.131074952 0.119195145 
117.6 0.587145858 0.198938131 0.142411271 0.128512707 0.117405972 
121.9 0.586804163 0.199151329 0.139873928 0.126919582 0.115619561 
126.3 0.589849208 0.199702755 0.137636662 0.124395869 0.113572147 

131 0.597580312 0.20264459 0.135785963 0.122180339 0.110840643 
135.8 0.603314066 0.203934532 0.134776378 0.121598749 0.109241015 
140.7 0.606700981 0.204353375 0.133840528 0.120018652 0.10792393 
145.9 0.608872939 0.209290891 0.133253485 0.120142923 0.107283042 
151.2 0.609676398 0.2125408 0.133072959 0.118896117 0.105670263 
156.8 0.611134954 0.21637668 0.132711298 0.117247814 0.105337503 
162.5 0.619368843 0.21830403 0.132398163 0.11508974 0.103047419 
168.5 0.623116307 0.220683958 0.131651538 0.112475454 0.10273712 
174.7 0.62627056 0.223824281 0.131825641 0.113000377 0.102007026 
181.1 0.629949321 0.226586595 0.131158957 0.112288766 0.101382107 
187.7 0.630234937 0.230456978 0.131112569 0.112813474 0.099871371 
194.6 0.635505541 0.233958678 0.132430955 0.111728086 0.099372238 
201.7 0.637777365 0.238039289 0.132495498 0.113441161 0.099070276 
209.1 0.638649372 0.241731919 0.133605688 0.113353013 0.098270088 
216.7 0.641399069 0.246255722 0.134104479 0.113595722 0.098867026 
224.7 0.6402442 0.251996155 0.137409719 0.11285952 0.099305252 
232.9 0.643348319 0.255485614 0.138076708 0.113903081 0.098896257 
241.4 0.64452869 0.258294699 0.140818774 0.114857092 0.097628981 
250.3 0.654118189 0.263887829 0.14264342 0.11475009 0.099104152 
259.5 0.657389623 0.266943984 0.14607214 0.114659531 0.097095443 

269 0.663638271 0.276058419 0.145568866 0.115874074 0.101897726 
278.8 0.660091418 0.27719776 0.148537885 0.115091101 0.100748086 

 

Table B.1 Continued 

Particl
e Size 

Penetration at 5 
kV 

Penetration at 
6 kV 

Penetration at 
7 kV 

Penetration at 8 
kV 

30 0.370043827 0.319090947 0.304180939 0.29400488 
31.1 0.379749085 0.312249408 0.301904732 0.284577637 
32.2 0.39270884 0.30306471 0.298039217 0.271029906 
33.4 0.402233299 0.297277416 0.295404435 0.271216929 
34.6 0.404371247 0.289541715 0.291338517 0.272237379 
35.9 0.400107858 0.28297393 0.284657815 0.268546348 
37.2 0.404933129 0.280444277 0.276911019 0.258193136 
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38.5 0.414223464 0.275234159 0.277255279 0.257545642 
40 0.42604091 0.271699823 0.26733521 0.254320406 

41.4 0.432249301 0.261085234 0.256974434 0.247034191 
42.9 0.438135082 0.256286701 0.251735945 0.244675276 
44.5 0.437721785 0.251643899 0.248595459 0.237193903 
46.1 0.440596388 0.246282812 0.246281511 0.231787536 
47.8 0.45117161 0.241478718 0.240049762 0.226052548 
49.6 0.459262971 0.236443556 0.235606628 0.220449631 
51.4 0.462421893 0.230720738 0.233013613 0.212580806 
53.3 0.471067721 0.224581028 0.2297097 0.207260724 
55.2 0.481286848 0.220365618 0.221370558 0.201677313 
57.3 0.499540722 0.217464226 0.214449885 0.195255605 
59.4 0.503122182 0.214181636 0.210919416 0.192227111 
61.5 0.501958592 0.213227595 0.205848654 0.190347793 
63.8 0.511305177 0.208345936 0.199215102 0.18448346 
66.1 0.52086565 0.202176388 0.19413794 0.178147413 
68.5 0.521759337 0.198658302 0.189587063 0.172827598 

71 0.521495015 0.19928757 0.184623673 0.168600509 
73.7 0.533584723 0.197236696 0.180451241 0.165304183 
76.4 0.545613038 0.194877616 0.175592657 0.160713379 
79.1 0.549016824 0.194055754 0.173201319 0.15914672 

82 0.551788264 0.194244809 0.167918776 0.155970497 
85.1 0.552050057 0.192059712 0.163544048 0.15201498 
88.2 0.553877992 0.189010474 0.161243119 0.148002086 
91.4 0.558202841 0.189751207 0.158539843 0.145192322 
94.7 0.560086755 0.1904249 0.155942133 0.142684983 
98.2 0.563780704 0.188878549 0.153636877 0.139379967 

101.8 0.569472849 0.190489898 0.149995224 0.13651809 
105.5 0.576492116 0.192265201 0.148989174 0.13526835 
109.4 0.580384998 0.193260606 0.147475603 0.133134565 
113.4 0.582437683 0.197612466 0.145404408 0.131074952 
117.6 0.587145858 0.198938131 0.142411271 0.128512707 
121.9 0.586804163 0.199151329 0.139873928 0.126919582 
126.3 0.589849208 0.199702755 0.137636662 0.124395869 

131 0.597580312 0.20264459 0.135785963 0.122180339 
135.8 0.603314066 0.203934532 0.134776378 0.121598749 
140.7 0.606700981 0.204353375 0.133840528 0.120018652 
145.9 0.608872939 0.209290891 0.133253485 0.120142923 
151.2 0.609676398 0.2125408 0.133072959 0.118896117 
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156.8 0.611134954 0.21637668 0.132711298 0.117247814 
162.5 0.619368843 0.21830403 0.132398163 0.11508974 
168.5 0.623116307 0.220683958 0.131651538 0.112475454 
174.7 0.62627056 0.223824281 0.131825641 0.113000377 
181.1 0.629949321 0.226586595 0.131158957 0.112288766 
187.7 0.630234937 0.230456978 0.131112569 0.112813474 
194.6 0.635505541 0.233958678 0.132430955 0.111728086 
201.7 0.637777365 0.238039289 0.132495498 0.113441161 
209.1 0.638649372 0.241731919 0.133605688 0.113353013 
216.7 0.641399069 0.246255722 0.134104479 0.113595722 
224.7 0.6402442 0.251996155 0.137409719 0.11285952 
232.9 0.643348319 0.255485614 0.138076708 0.113903081 
241.4 0.64452869 0.258294699 0.140818774 0.114857092 
250.3 0.654118189 0.263887829 0.14264342 0.11475009 
259.5 0.657389623 0.266943984 0.14607214 0.114659531 

269 0.663638271 0.276058419 0.145568866 0.115874074 
278.8 0.660091418 0.27719776 0.148537885 0.115091101 
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Table B.2: Penetration and error bar for selected particle sizes at variable voltages 

Particl
e Size 

Penetration 
at 0 kV 

Error bar at 
0 kV 

Penetration 
at 1 kV 

Error bar at 
1 kV 

Penetration 
at 2 kV 

Error bar 
at 2 kV 

30 
0.37004382

7 
0.04748242

7 
0.31909094

7 
0.03594112

9 
0.30583044

3 
0.0368808

18 

55.2 
0.48128684

8 0.01825024 
0.22036561

8 
0.01067219

5 0.22236463 
0.0139532

22 

82 
0.55178826

4 
0.01792589

8 
0.19424480

9 
0.00569294

1 
0.16814762

7 
0.0065424

37 

105.5 
0.57649211

6 
0.01707620

1 
0.19226520

1 
0.00448067

4 
0.14893371

7 
0.0056374

52 

131 
0.59758031

2 
0.01461666

6 0.20264459 
0.01092549

5 
0.13603683

7 
0.0025811

22 

156.8 
0.61113495

4 
0.02150760

9 0.21637668 
0.02296641

2 
0.13235243

7 
0.0042996

63 

187.7 
0.63023493

7 
0.04183173

5 
0.23045697

8 
0.03684334

2 
0.13047457

3 
0.0070908

96 

209.1 
0.63864937

2 
0.05057450

5 
0.24173191

9 
0.04588890

9 
0.13285554

9 
0.0093291

54 

232.9 
0.64334831

9 
0.05925482

6 
0.25548561

4 
0.05794715

4 
0.13684302

7 
0.0114716

06 

259.5 
0.65738962

3 
0.06872332

6 
0.26694398

4 0.06755714 
0.14469628

9 
0.0140502

51 

278.8 
0.66009141

8 
0.07341327

7 0.27719776 
0.07377767

1 
0.14683841

4 
0.0158064

64 
 

Table B.2 Continued 

Particle 
Size 

Penetration 
at 3 kV 

Error bar at 
3 kV 

Penetration 
at 4 kV 

Error bar at 
4 kV 

Penetration 
at 5 kV 

Error bar 
at 5 kV 

30 0.29400488 
0.02738219

3 
0.27901680

4 
0.03024365

3 
0.17364000

8 
0.0202077

61 

55.2 
0.20167731

3 
0.00739949

5 
0.19605449

8 
0.00925223

5 
0.09607428

1 
0.0063673

13 

82 
0.15597049

7 
0.00367961

7 
0.14598870

8 
0.00457535

4 
0.05760756

7 
0.0038358

1 

105.5 0.13526835 
0.00453635

4 
0.12309115

8 
0.00177442

3 
0.04455661

7 
0.0029372

19 

131 
0.12218033

9 
0.00882337

5 
0.11084064

3 
0.00636224

6 
0.03764465

7 
0.0030560

92 

156.8 
0.11724781

4 
0.01327411

2 
0.10533750

3 
0.01100468

1 
0.03366119

6 
0.0023661

5 
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187.7 
0.11281347

4 
0.01873575

7 
0.09987137

1 
0.01590986

4 
0.02995037

2 
0.0028736

92 

209.1 
0.11335301

3 
0.02190977

7 
0.09827008

8 
0.01874595

4 
0.02897140

1 
0.0027554

8 

232.9 
0.11390308

1 
0.02539672

4 
0.09889625

7 0.02244208 0.02783062 
0.0037739

84 

259.5 
0.11465953

1 
0.02883308

3 
0.09709544

3 
0.02443822

8 
0.02793892

1 
0.0033185

09 

278.8 
0.11509110

1 0.03056432 
0.10074808

6 
0.02695669

4 
0.02724358

9 
0.0031978

84 
 

Table B.2 Continued 

Particl
e Size 

Penetration 
at 6 kV 

Error bar at 
6 kV 

Penetration 
at 7 kV 

Error bar at 
7 kV 

Penetration 
at 8 kV 

Error bar 
at 8 kV 

30 0.03443258 
0.00421282

4 
0.00191849

3 
0.00084208

6 0.00010454 
0.0001151

86 

55.2 
0.00517445

3 
0.00072400

3 
0.00039622

3 2.9222E-05 4.695E-06 
4.69404E-

06 

82 
0.00108660

7 
0.00028700

7 
0.00021861

7 3.06422E-05 
6.16508E-

06 
5.00121E-

06 

105.5 
0.00053291

5 
0.00011002

5 
0.00015251

9 1.45098E-05 
5.06132E-

06 
3.90629E-

06 

131 
0.00040439

2 
0.00012543

7 
0.00012532

9 2.08709E-05 
1.78682E-

06 
2.15596E-

06 

156.8 
0.00028169

7 
0.00010998

1 
0.00010445

7 2.68248E-05 
8.49908E-

06 
1.13128E-

05 

187.7 0.00019608 8.72923E-05 9.14261E-05 3.78445E-05 
7.37133E-

06 
1.11457E-

05 

209.1 
0.00025365

8 
0.00011174

2 8.16557E-05 3.76647E-05 
1.07276E-

05 
1.61963E-

05 

232.9 
0.00018227

3 8.55071E-05 4.91734E-05 3.63329E-05 0 0 

259.5 
0.00021325

8 
0.00011950

9 4.87735E-05 3.50806E-05 2.5655E-05 
3.9084E-

05 

278.8 
0.00014676

7 4.59846E-05 6.42388E-05 1.69764E-05 
6.35995E-

06 
1.43848E-

05 
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Table B.3: Penetration and error bar for particles in size around 150 nm at variable voltages 

Voltage (kV) Penetration Error bar 
0 0.611134954 0.021507609 
1 0.21637668 0.022966412 
2 0.132352437 0.004299663 
3 0.117247814 0.013274112 
4 0.105337503 0.011004681 
5 0.033661196 0.00236615 

5.5 0.001177169 0.00046222 
6 0.000281697 0.000109981 
7 0.000104457 2.68248E-05 

7.5 1.17967E-05 4.29759E-06 
8 8.49908E-06 1.13128E-05 

  


