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Figure 6.11:  Normalized electric field strength and gradient force on conducting 

spheres in the x-y plane. 

 

 As expected, the electric field is maximum directly between the posts and falls off 

quickly in the x-direction.  Note that the electric field strength falls to approximately 20% 

of its maximum value in the x-z plane at a displacement of only 20 times the width of the 

post 
  
x 20w 0.2l( ) .  The gradient force is maximized at a displacement of 

approximately 2.9 times the width of the post and falls to 20% of its maximum value at 

about 10 times the width of the post 
  
x 10w 0.1l( ) .  This implies that the gradient 

force from a high aspect ratio post may have a very limited range.  Using the optimistic 

dimensions of the simulation, Table 6.1 lists the resulting maximum gradient forces on 

various sized spherical particles along with the required force to overcome the frictional 

force when a coefficient of friction of 1 is used.  The Lifshitz constant is 9 eV. 
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Particle Dia. (m) 10
-4

 10
-5

 10
-6

 10
-7

 10
-8

 

Friction Force (N) 2*10
-5

 2*10
-6

 2*10
-7

 2*10
-8

 2*10
-9

 

Gradient Force (N) 6*10
-2

 6*10
-5

 6*10
-8

 6*10
-11

 6*10
-14

 

Table 6.1:  Required force to overcome the frictional force and the maximum 

gradient force on various sized conducting spherical particles. 

 

 The table indicates that the gradient force should be capable of moving particles on 

the order of tens of microns and larger, but will not be capable of moving particles on the 

order of microns and smaller.  This analysis, along with the limited range of the gradient 

force, suggests the use of high aspect ratio posts alone to generate a gradient force to 

transport particles along a planar surface may not be sufficient.  But, it is possible that 

this method could be combined with another method, such as mechanical or acoustic 

vibration.  The following subsection presents a brief proof-of-concept experiment for the 

post method discussed here. 

 

6.2.3.3. Experimental Setup 

  To experimentally investigate the method of transporting dry spherical particles 

along a planar surface by way of the gradient force generated by high aspect ratio posts, 

the system depicted in Figure 6.12 was constructed with 10 cm aluminum electrodes.  

The aluminum post extending from the bottom electrode has a length of 8.5 mm and a 

diameter of 1.0 mm.  Surrounding the post is a highly resistive material, Lexan
TM

 

polycarbonate, which provides the planar surface for the particles to be transported 

across.  Since the Lexan
TM

 material is not infinitely thin as was assumed in the analysis, it 

does affect the shape and strength of the electric field and, therefore, the gradient force.  

But, this experiment is only used as demonstration of transporting particles with the 

gradient force and is not intended to provide any accurate measurements. 
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Figure 6.12: Experimental setup to prove the feasibility of transporting spherical 

particle by way of the gradient force generated by a high aspect ratio post. 

 

 The goal of the experiment is simply to demonstrate the transport of both conducting 

and insulating spherical particles across an insulating planar surface by way of the 

gradient force generated by a high aspect ratio post.  It is performed by placing the 

particle in contact with the Lexan
TM

 surface next to, but not in contact with, the 

aluminum post as shown in Figure 6.12.  Next, the upper electrode is secured in place to 

provide the correct uniform electrode gap, which is regulated by an insulating spacer to 

range from approximately 11 mm to 23 mm.  The electric potential between the 

electrodes is applied to generate the strong non-uniform electric field, which imposes the 

gradient force on the particle and pulls the particle to the area of highest field strength, 

which exists at the tip of the post.  The movement of the particle is monitored and 

recorded using a high-speed camera.  The experiment was performed using various sized 

aluminum and nylon particles with diameters ranging from approximately 800 μm to 2.9 

mm. 
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6.2.3.4. Experimental Results 

 Figure 6.13 is a series of frames from the high-speed camera showing the process of 

transporting a 1.6 mm aluminum particle across the planar surface by way of the gradient 

force, which was generated by the non-uniform electric field resulting from the high aspect 

ratio post.  Note that all of the proof-of-concept experiments performed with various 

particle sizes and materials had similar outcomes, but no direct measurements of the 

gradient forces were made.  The dimensions of the post are given in Section 6.2.3.3, the 

electrode gap is approximately 26 mm, and the applied electric potential is approximately 

19 kV.  The gap dimension and applied voltage were chosen so that the maximum electric 

field at the post tip is slightly less than the breakdown of the air, which was determined 

experimentally.  Using the maximum allowable field strength provides the greatest force 

on the particle given by Equation (6.22).  Frame (a) shows the particle at rest on the 

Lexan
TM

 and slightly to the right of the post before the electric field was applied.  The 

particle begins to roll across the Lexan
TM

 surface towards the post due to the gradient 

force as shown in frame (b).  The particle continues to roll across the surface until it 

finally contacts the post in frame (c).  Recall from Chapter 2 that when a conducting 

particle contacts a source electrode in the presence of an electric field, it becomes 

charged in order to cancel out all internal electric fields.  Once the particle is charged, the 

electrostatic force on the particle is much greater than the gradient force, and the particle 

is accelerated along the electric field lines as shown in frame (d). 
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Figure 6.13: Series of frames showing the transport of an aluminum spherical 

particle by the gradient force, which is generated by a high aspect ratio post. 

 

 The series of frames shown in Figure 6.13 confirms the feasibility of transporting 

particles by way of the gradient force when generated by a high aspect ratio post.  But, 

note that the particle is transported over a distance of only a couple times the diameter of 

the post.  Moving the particle over a greater distance is not possible using this setup due 

to the limited range of the gradient force presented in Figure 6.11.  All of the particles 

tested were successfully transported, but no measurements of the gradient force were 

made.  The largest noticeable difference between the transport of the aluminum and the 

nylon particles was in the ability to charge the particles once they contacted the post.  

While the aluminum particles were charged and lifted in the vertical direction as shown 

by frame (d) of Figure 6.13, the nylon particles did not charge fast enough to be lifted. 

 The experimental results presented in this subsection along with the theoretical 

predictions from Section 6.2.3.3 indicate that using high aspect ratio posts to create 

strong gradient forces to transport micro- and nano-particles across a planar surface is 

possible, but may not be reasonable due to the required electric field strengths and the 

limited range of the gradient force around the post. 
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6.3. Particle Transport Through Micro- and Nano-Sieves 

 This section investigates the feasibility of a simple method of transporting the dry 

particle propellant as a dense clumped powder and then forcing the powder through an 

ultra-fine sieve to separate the it into individually isolated particles prior to charging and 

acceleration.  Figure 6.14 is a simplified model of the sieving configuration for use with 

dry particles and consists of a particle storage reservoir directly against the ultra-fine 

sieve.  Beneath the storage reservoir is a control piston that supplies pressure to help 

force the particles through the sieve, which is aided by a vibrational source and a lateral 

translational puck (not shown). The sieve size is matched to the particle size with the 

hope that only one particle is capable of passing through each sieve orifice at a time, 

which breaks the clumped powder into individually isolated particles.  Above the sieve 

are the stacked charging and acceleration grids.  Electric potentials are applied across the 

conducting sieve and the stacked grids to generate the charging and accelerating electric 

fields used to charge and accelerate the individual particles that pass through the sieve. 
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Figure 6.14:  Simplified model of sieving delivery system for dry particles. 

 

 This section presents a proof-of-concept experiment with the goal of demonstrating 

the feasibility of this delivery system, which will provide direction for future research and 

development.  The main goals of the proof-of concept experiment are to demonstrate the 

functionality of the prototype by demonstrating continuous operation and confirming that 

particles are charged, accelerated and ejected individually. 

 

6.3.1. Experimental Setup 

 To experimentally investigate the method of delivering individual dry spherical 

particles through an ultra-fine sieve prior to charging and accelerating, the prototype 

depicted in Figure 6.15 was constructed.  Picture (a) is a schematic of the system and 

picture (b) is the actual prototype.  The sieve was made from a stainless steel cloth with 

orifice diameters of approximately 20 μm and was tested with hollow aluminum 
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spherical particles with diameters ranging from 5 μm to 20 μm.  A 1 ml syringe that has 

an inner diameter of approximately 4.7 mm is mounted beneath the sieve and acts as the 

particle reservoir.  The syringe’s plunger is driven by a linear actuator to help feed the 

particles through the sieve.  A measurement of the force applied by the linear actuator 

with a piezoelectric force sensor and the displacement of the actuator are used along with 

a LabVIEW control program to regulate the applied pressure and displacement.  Applied 

pressures ranged from approximately 0.3 to 0.6 N/mm
2
.  A mechanical vibrational source 

is mounted to vibrate the entire system on the order of tenths of a g to aid with particle 

delivery.  In addition, a lateral translational puck, as shown in Figure 6.15, is placed 

between the particle reservoir and sieve.  The translational puck is made from polyvinyl 

chloride (PVC) into a cylindrical shape with a circular orifice the same size as the syringe 

orifice through its center.  The particles pass through the puck’s orifice as they are fed 

from the syringe to the sieve.  The translational puck is driven laterally with a solenoid at 

a displacement of approximately 2 mm, which provides lateral movement of the particles 

against the sieve surface to help prevent the particles from jamming.  Note that future 

prototype designs will most likely implement piezoelectric devices to replace both the 

vibrational source and the translational puck.  Mounted on the topside of the sieve is the 

charging grid, which is approximately 15 mm from the sieve surface, and has a single 5 

mm orifice to allow the passage of particles.  Above the charging grid is the collection 

anode used to collect all ejected particles.  The entire system is mounted on a tripod 

fabricated from 80/20. 
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Figure 6.15:  (a) Schematic and (b) photograph of the sieving delivery system 

prototype. 

 

 The sieve is electrically connected to ground while the charging grid and the 

collection anode are biased positively using a high voltage power supply to generate the 

charging electric field.  Note that this prototype does not include any additional 

accelerating grids, but stacking additional grids above the charging grid is possible.  To 

confirm particle emission, a high-speed camera images the ejected particles as they 

transit the gap between the charging grid and the collection anode.  A 15 mW, 632 nm, 

Helium-Neon laser is used to illuminate the particles.   An additional verification 

technique collects the emitted particles on a copper slide placed just above the orifice in 

the charging grid and images the collected particles using a scanning electron microscope 

(SEM). 
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6.3.2. Experimental Results 

 Figure 6.16 is a photograph from the high-speed camera showing what appear to be 

individually emitted particles as they transit the gap between the charging grid and the 

collection anode, which confirms the operation of the prototype.   

 

 
Figure 6.16: Photograph showing individual micron particles as they transit the 

gap between the charging grid and the collection anode. 

 

Figure 6.17 is an SEM image of the glass slide after bombardment of the aluminum 

particles for a short impulse. 

 

 
Figure 6.17:  Images showing individual aluminum particles collected on a glass 

slide after bombardment. 
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Figure 6.17 supports the idea that the particles are ejected individually as all the particles 

collected by the glass slide are individually isolated.  In additional, the prototype 

successfully demonstrated continuous emission of approximately 1 gram of particles over 

a period of approximately 3 minutes. 

 The application of the vibrational source did not appear to affect the operation of the 

prototype, but the translational puck was essential.  Without the translational puck, the 

particles became jammed and continuous emission was not possible.  But, with the 

translational puck operating, particle jamming was significantly reduced, and the rate of 

emission appeared to correlate with the oscillation rate of the puck.  The proof-of-concept 

experiment presented in this subsection suggests that the sieving delivery method is 

capable of continuously ejecting individually isolated particles.  It is recommended that 

future work continue improving this prototype and characterize its performance to gain 

additional insight. 

 

6.4. Conclusion 

 Two possible methods of transporting dry micro- and nano-particles were 

investigated for use with micro- and nano-particle thrusters.  The first method takes 

advantage of the gradient force on uncharged spherical conducting particles when 

subjected to non-uniform electric fields.  In addition to transporting the particles, it was 

shown that the gradient force might be capable of maintaining particle separation during 

transport as long as the particles are kept in the same plane that is perpendicular to the 

applied electric field.  Two approaches of generating the gradient electric fields were 

presented and discussed.  The first approach generated high amplitude standing waves 
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and the second approach used high aspect ratio posts to focus and shape the electric 

fields.  Both approaches appear to be feasible for particles larger than approximately 10 

μm, but may not be effective on their own for particles much smaller.  A simple proof-of-

concept experiment validated the use of high aspect ratio posts to generate the non-

uniform electric fields required to induce the gradient force and transport spherical 

particles in the millimeter range. 

 The second method of transportation forces the particles in a clumped powder 

through an ultra-fine sieve to break the powder into individually isolated particles before 

charging, accelerating, and ejecting the propellant.  A simple proof-of-concept 

experiment with the first sieving prototype indicates that this is a viable method for 

transport and is capable of continuously emitting single particles at the micron scale. 

 The discussions and results presented in this chapter give promise to the feasibility of 

the no liquid configuration, especially through the use of the sieving design.  Although, 

many more experiments are required to validate additional aspects of the method, it is the 

recommendation of the author to continue research and development to fully understand 

the sieving design and to reduce the particle size. 
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Chapter 7 

 

7. Conclusions and Recommendations for Future Research 
 

 

 

 In this dissertation, a concept of utilizing charged, conducting micro- and nano-

particles accelerated to high energies and velocities for the purpose of in-space electric 

propulsion has been investigated.  Several potential critical obstacles were identified and 

thoroughly studied.  In some instances, the potential obstacles proved to be realistic 

constraints that required modification of the overall system design.  In other situations, 

the potential obstacles were overcome using alternate approaches.  One area that is 

expected to help advance this concept is the ability to fabricate complex thee-dimensional 

structures using MEMS/NEMS technologies.  It should also be noted that high energy 

and velocity particles might be beneficial to other terrestrial applications such as 

materials processing, nano-printing, and biomedical engineering. 

 

7.1. Summary and Conclusions of Research 

 The nano-particle field extraction thruster (nanoFET) research team at the University 

of Michigan was the first to study the concept of a micro- and nano-particle thruster in 

depth.  The research presented in this thesis developed an understanding of the physics 

pertaining to the advanced thruster concept through theoretical and experimental work. 
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7.1.1. Particle Charging 

 A method of charging both spherical and vertically oriented cylindrical conducting 

particles when in contact with an electrode surface and subjected to an applied electric 

field were investigated for use with micro- and nano-particle thrusters.  The models 

developed in this thesis suggest that the attainable charge-to-mass ratios of both spherical 

and cylindrical particles are increased when the particle diameters are decreased.  Further, 

the charge-to-mass ratio of a spherical particle is shown to be greater than the charge-to-

mass ratio of a cylindrical particle with the same diameter if the maximum electric field 

strength focused at the particle tip is maintained (although it is easier to achieve the 

maximum electric field with cylindrical particles with high aspect ratios due to their large 

field-focusing factors).  In addition, simulation results suggest that it may be possible to 

increase the charge on a spherical particle by nearly a factor of two by charging it on a 

high aspect ratio charging posts. 

 To investigate the particle charging models, various particle shapes, sizes, and 

materials were studied.  The tests agreed reasonably well with the models when the 

particles remained in contact with the source electrode much longer than the particle 

charging time constants.  But, the charge acquired by the some particles was less than 

predicted when the particles were removed from the source electrode sooner than 

required by the particle charging time model.  It is possible that the these particles were 

not charged as predicted due to a higher electrical contact resistance, which may result 

from an oxide layer on coating the surfaces and the small contact area between the 

particle and the electrode.  Nonetheless, the results suggest that using micro- and nano-
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particles charged electrostatically by high strength electric fields is feasible from the 

charging standpoint assuming charging time is properly managed. 

 

7.1.2. Liquid Instability 

 The initiation of an instability on a liquid surface by way of an applied high strength 

electric field was investigated in both earth-gravity and zero-gravity environments.  The 

required threshold electric field was shown to be a function of the liquid’s properties and 

the allowable size of the liquid perturbation.  Controlling the size of the liquid 

perturbation was suggested as a method to suppress and control the liquid instability.  

The liquid’s conductivity does not have an effect on the threshold electric field required 

to initiate the instability, but it does affect the time required for the instability to occur.  

Experimental results of inducing a liquid surface instability on both insulating and 

conducting liquid surfaces in an earth-gravity environment agreed with the theoretical 

predictions. 

 

7.1.3. Particle Extraction 

 Extracting spherical and cylindrical conducting particles from an insulating liquid 

with an applied electric field was investigated, theoretically and experimentally, for use 

with micro- and nano-particle thrusters.  The theoretical models suggest particle 

extraction is possible, and the experimental results confirmed the prediction and proved 

the feasibility.  The required strength of the extraction electric field was shown to be 

dependent on particle size, particle charge, and the surface tension of the liquid.  But, the 
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strength of the extraction electric field is limited by the tendency of the liquid surface to 

become unstable, which in turn restricts the size of extractable particles. 

 Current models suggest that the smallest extractable cylindrical particles from 

silicone oil are on the order of several tens of nanometers in diameter, when keeping the 

cylindrical particle aspect ratio less than 80.  When these particles with a density of 1,000 

kg/m
3
 are accelerated with a potential drop of 40 kV, the maximum obtainable specific 

impulse is on the order of 40 seconds, which is much less than required for use with an 

electric propulsion system. 

 The limited ability to extract particles from an insulating liquid with an applied 

electric field was shown to be a significant limiting factor for the insulating liquid 

configuration as a micro- and nano-particles thruster. 

 

7.1.4. Particle Adhesion and Cohesion 

  The adhesion and cohesion forces affecting micro- and nano-particles were presented 

and their affects on the operation of micro- and nano-particle thrusters were investigated.  

For conducting particles in a dry environment, the dominant adhesion and cohesion force 

is the van der Waals force, which scales directly with the particle size.  A method of 

overcoming the adhesion between a spherical particle and the source electrode with the 

application of a high strength electric field was presented.  The resulting electric force 

responsible for particle removal scales directly with the square of the particle size, 

suggesting that as the particle size decreases, the required electric field for removal 

increases.  The developed models predict that particles with diameters down to tens or 
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hundreds of nanometers can be removed from a planar electrode depending on the 

effective Lifshitz constant. 

 To investigate the particle removal model, eight test cases, involving 4 particle sizes 

and 2 electrode materials, were studied.  The tests agreed reasonably well with the model 

when using values of the Lifshitz-van der Waals constants within the expected ranges for 

all materials.  But, the values evaluated from the experimental data disagree with 

published values for the specific material combinations.  But, recall that many authors are 

not in agreement on the published values.  In addition, the spread in the electric fields 

required to remove particles was very large.  The error in the Lifshitz-van der Waals 

constants and the large spread of the electric fields may be attributed primarily to the 

surface roughness and deformation of both the particles and the electrode.  

 

7.1.5. Dry Particle Transport 

 Two potential methods of transporting dry micro- and nano-particles across a planar 

surface were investigated for use with micro- and nano-particle thrusters.  The first 

method takes advantage of the gradient force on uncharged spherical conducting particles 

when subjected to non-uniform electric fields.  In addition to transporting the particles, it 

was shown that the gradient force might be capable of maintaining particle separation 

during transport as long as the particles are kept in the same plane that is perpendicular to 

the applied electric field.  Two approaches of generating the gradient electric fields were 

presented and discussed.  The first approach generated high amplitude standing waves 

and the second approach used high aspect ratio posts to focus and shape the electric 

fields.  Simulation results suggest that both approaches appear to be feasible for particles 
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larger than approximately 10 μm, but may not be reasonable on their own for particles 

much smaller.  A simple proof-of-concept experiment validated the use of high aspect 

ratio posts to generate the non-uniform electric fields required to induce the gradient 

force and transport spherical particles in the millimeter range. 

 The second method of transportation forces the particles in a clumped powder 

through an ultra-fine sieve to break the powder into individually isolated particles before 

charging, accelerating, and ejecting the propellant.  A simple proof-of-concept 

experiment with a prototype indicates that this is a viable method for the transport of 

particles with diameters around 10 microns and is capable of emitting single particles. 

 

7.1.6. Thruster Performance 

 The results and conclusions from this thesis help to estimate the possible performance 

of a nano-particle thruster.  For example, when using a background electric field of 100 

MV/m to change a spherical particle with a density of 1,000 kg/m
3 

on a planar electrode, 

and using an accelerating voltage of 40 kV, it may be possible to provide specific 

impulses upwards of 500 seconds.  Note that there may exist methods of increasing the 

obtainable specific impulse to the 1,000 to 2,000 second range.  Some methods include 

decreasing the particle size, decreasing the particle density, and charging the particles on 

high aspect ratio posts. 

 In addition, this thesis helped to identify several advantages of micro- and nano-

particle thrusters over current electrostatic propulsion technologies.  Unlike traditional 

electric propulsion systems, which ionize atoms, this concept electrostatically charges the 

particles, which allows the charge-to-mass ratio of the propellant to be adjusted.  
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Adjusting the charge-to-mass ratio provides the capability of tuning various operational 

parameters.  In addition, this concept appears to offer a way to eliminate life-limiting 

physical characteristics of present state-of-the-art ion propulsion systems by eliminating 

the need for a discharge chamber and reducing or eliminating charge-exchange (CEX) 

collision effects in the ion optics region.  Further, the use of MEMS technologies may 

provide an approach to achieve scalability and system simplification by creating scalable 

“flat panel” thrusters. 

 

7.2. Recommendations for Future Work 

 The overall development of the micro- and nano-particle propulsion system discussed 

in this thesis has the goal of finalizing the system design and fabricating a flight ready 

thruster.  To accomplish this goal, many aspects of the system require additional research 

and development.  The following subsections briefly discuss the next areas of interest 

recommended by the author.  

 

7.2.1. Scale Particle Size Down into the Nanometer Range 

 To date, all experiments have been performed with particles at or above the micron 

level.  It is important to continue scaling down the particle size into the nanometer regime 

to determine if the models presented in this thesis are still applicable.  It is suspected that 

at some particle size, the particles will stop behaving as macroscopic bodies and effects at 

the molecular level will need to be addressed.  For example, the particle charging model 

presented in Chapter 2 predicts that particles with diameters on the order of a few 
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nanometers will become charged with a value less than the elementary charge, which is, 

of course, not possible. 

 

7.2.2. Further Research and Development of the Sieving Delivery System 

 It is the author’s belief that the no-liquid configuration, which utilizes an ultra-fine 

sieve to break the particle propellant into individual isolated particles prior to charging, 

accelerating, and ejecting, to be the most promising configuration.  It offers a simple and 

elegant solution compared to both of the liquid design configurations.  But, there are still 

potential roadblocks that may limit the feasibility of this system.  As stated in the 

previous subsection, it is critical to continue scaling down the particle size to determine if 

this sieving method will continue to work with smaller and smaller particles.  In addition, 

present off-the-shelf particle sieves have been found to go down to only the single micron 

level.  It is important to the development of the sieving method to fabricate much smaller 

particle sieves, which will most likely require MEMS expertise.  

 

7.2.3. Use of a Vibrational Source 

 Current research lead by Liu,
62,112

 a member of the nanoFET team at the University of 

Michigan is investigating the use of a piezoelectric device as a vibrational source to help 

overcome the adhesion and cohesion of micro-particles.  The incorporation of a 

vibrational source may significantly ease the removal of particles from the source 

electrode and ease the passage of the particles through the sieve.  It is expected that the 

application of a vibrational source will be become more important as the particle size 

scales down and the adhesion and cohesion forces become even more significant. 
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7.2.4. Develop Better Understanding of the Adhesion and Cohesion Forces 

 The models and experimental results from Chapter 5 suggest that the adhesion and 

cohesion forces become more dominant as the particle size is reduced, which will 

complicate the design of a micro- and nano-particle thruster.  But, it was suggested that in 

addition to the particle size, the adhesion and cohesion forces have strong dependencies 

on the materials and/or the surface characteristics of the bodies in contact.  Therefore, it 

is possible that choosing a proper material combination or modifying the surface 

characteristics may reduce the adhesion and cohesion forces. 

 

7.2.5. Keep Building Prototypes 

 The significant advances in the development of the micro- and nano-particle thruster 

have come by way of experimental results.  It addition, these results have provided 

direction for the development process.  It is the author’s recommendation to continue 

building simple prototypes to test the potential roadblocks and to help guide and redirect 

research efforts. 
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Appendix A:  Matlab Code 

Appendix A 

 

Matlab Code 
 

 

 

 The computer code utilized in Chapter 2 to calculate the charge of both spherical and 

cylindrical particles was written in Matlab
TM

 version 7.4.0 and is presented here.  The 

program uses the output voltage from the current measuring circuit discussed in Section 

2.3 along with values of the feedback resistor, the feedback capacitor, and the offset 

voltage to calculate the current.  The current is integrated to calculate the total charge 

acquired by the particle. 

 

qm = i t( )dt  (A.1) 

 

A second method calculates the charge of the particle using the average particle current, 

velocity, and the electrode gap separation for confirmation. 

 

qm =
iavg s

uavg
 (A.2) 
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function [Q1 Q2 Tcharging] = ChargeMeasurement_Final() 

 

% Clear current variables and close all figures 

clear 

clc 

close all 

 

% The user is prompted to enter experimental parameters 

R_feedback = input('Enter the value of the feedback resistor (Ohms) (positive value): '); 

clc 

V_offset = input('Enter the voltage offset (Volts): '); 

clc 

C_feedback = input('Enter the value of the feedback capacitor (F): '); 

clc 

Gap_Width = input('Enter the width of the electrode gap (m): '); 

clc 

 

% Load the measured voltage (V) as a function of time (s) 

load TimeAll.mat TimeAll 

load VoltageAll.mat VoltageAll 

 

 

% Compute the time step between measurements 

delta_t = TimeAll(2)-TimeAll(1); 

 

% Compute the total current through the feedback resister 

Current_R = -(VoltageAll+V_offset)/R_feedback; 

 

% Compute the total current through the feedback capacitor 

for(n = 1:1:length(VoltageAll)) 

 if(n < 2 | n > length(VoltageAll)-1) 

        dV(n) = 0; 

 else 

        dV(n) = VoltageAll(n+1) - VoltageAll(n-1); 

 end 

end 

dV(1) = dV(2); 

dV(length(VoltageAll))=dV(length(VoltageAll)-1); 

dVdt = dV./(2*delta_t); 

Current_C = -C_feedback*dVdt; 

Current_C = transpose(Current_C); 

 

% Compute total current from both feedback resistor and capacitor 

CurrentAll = Current_R+Current_C; 

 

% Plot output voltage as a function of time 

figure(1) 

plot(TimeAll, VoltageAll) 

title('Output Voltage') 

xlabel('Time(s)') 

ylabel('Voltage (V)') 

 

% Plot total current as a function of time 

figure(2) 

plot(TimeAll, CurrentAll) 

title('Current Through Experimental Cell') 
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xlabel('Time(s)') 

ylabel('Current (A)') 

 

% Plot current through resistor as a function of time 

figure(3) 

plot(TimeAll, Current_R) 

title('Resistor Current') 

xlabel('Time(s)') 

ylabel('Current (A)') 

 

% Plot current through capacitor as a function of time 

figure(4) 

plot(TimeAll, Current_C) 

title('Capacitor Current') 

xlabel('Time(s)') 

ylabel('Current (A)') 

 

% Using inputs from user, determine stages of current 

kk = 0; 

k = 1; 

while(kk == 0) 

    Point1(k) = input('Enter start time (s) for particle charging: '); 

    clc 

    Point2(k) = input('Enter the time (s) when the particle leaves the 1st electrode: '); 

    clc 

    Point3(k) = input('Enter the time (s) when the particle arrives at the 2nd electrode: '); 

    clc 

 if(Point2(k) == Point3(k)) 

        kk = 99; 

 end 

    k = k+1; 

end 

     

 

% Isolate desired oscillation 

for(p = 1:1:k-2) 

TimeStart = Point1(p); 

Coord_Start = find(TimeAll == TimeStart); 

clc 

TimeEnd = Point3(p); 

Coord_End = find(TimeAll == TimeEnd); 

clc 

TimeSection = TimeAll(Coord_Start:1:Coord_End) 

CurrentSection = CurrentAll(Coord_Start:1:Coord_End) 

 

% Determine base current level (will be subtracted out of total current) 

TimeStart_Base = Point1(p); 

Coord_Start_Base = find(TimeAll == TimeStart_Base); 

clc 

TimeEnd_Base = Point2(p); 

Coord_End_Base = find(TimeAll == TimeEnd_Base); 

clc 

CurrentBase = 

sum(CurrentAll(Coord_Start_Base:1:Coord_End_Base))/length(CurrentAll(Coord_Start_Base:1:Coord_En

d_Base)); 
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% Determine particle current during chosen oscillation 

ParticleCurrent = CurrentSection - CurrentBase; 

AvgParticleCurrent = sum(ParticleCurrent)/length(ParticleCurrent); 

 

% Plot the particle current as function of time for single oscillation 

figure(p+4) 

plot(TimeSection, ParticleCurrent) 

title('Particle Current During Particle Transport') 

xlabel('Time(s)') 

ylabel('Current (A)') 

 

% Determine average particle velocity during chosen oscillation 

AvgVel = Gap_Width/(TimeEnd - TimeStart); 

 

% Calculate particle charge by integrating 

Q1(p) = AvgParticleCurrent*Gap_Width/AvgVel; 

 

% Calculate particle charge using average values 

Q2(p) = trapz(ParticleCurrent)*delta_t; 

 

% Calculate charging time of particle 

% Total time in contact with electrode 

Tcharging(p) = Point2(p)-Point1(p); 

 

end 

 

return 
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Appendix B:  COMSOL Multiphysics® 

Appendix B 

 

COMSOL MultiPhysics 
 

 

 

 COMSOL Multiphysics® was used in Chapters 2, 3, and 5 as a tool to analyze the 

magnitude and direction of electric fields in the vicinity of complex structures.  In this 

thesis, the complex structures of interest were spherical and cylindrical particles as well 

as spherical liquid perturbations.  An understanding of the electric fields around these 

structures provided methods of calculating the surface charge densities, the total charge, 

and the net force acting on the structures.  This appendix presents a brief overview of 

COMSOL Multiphysics® and how it was implemented to calculate the required electric 

fields. 

 COMSOL Multiphysics® is a finite element simulation package designed for many 

different physics and engineering applications, which include electromagnetics, 

acoustics, chemical, heat transfer, materials, and many more.  The user can build 

structures in a CAD-like environment or import actual CAD files into the COMSOL 

software.  After completing the structures, the user specifies physical boundary and initial 

conditions.  Then, the software breaks the structure down into finite elements (mesh), 

which can be regulated by the user.  Next, the software solves the systems over the 

specified mesh using predefined or user entered partial differential equations (PDEs) 
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along with the boundary and initial conditions.  Finally, COMSOL offers many methods 

to display the results through a variety of plots. 

 Here an example of a COMSOL structure used in Chapter 2 to determine the total 

charge acquired by spherical particles in contact with a planar electrode and subjected to 

an applied electric field is presented.  Recall that the model for charging spherical 

particles (Figure 2.1) assumes two parallel electrodes with a single conducting spherical 

particle in contact with the upper surface of the bottom electrode.  An electric potential 

bias, V, is applied across the electrodes to generate the electric field within the gap.  The 

geometry from Figure 2.1 was created in COMSOL in a 2-dimensional environment with 

axial symmetry and meshed as shown in Figure B.1. 

 

 
Figure B.1:  Meshed COMSOL structure used to determine the electric field at the 

surface of a spherical particle when charged in contact with a planar electrode and 

subjected to an applied electric field. 

 

The structure in Figure B.1 shows the particle just above the origin in a cylindrical 

coordinate system, where the entire 3-dimensional structure is realized by rotating the 

image around the z-axis.  The boundary conditions maintain the conducting bottom 



 245 

electrode and particle at ground potential, and the top electrode at potential V.  The 

boundary at z = 0 is chosen as “axial symmetry,” and the boundary at z = 5 is chosen as 

“zero charge/symmetry.”  The background medium within the electrode gap is chosen as 

vacuum. 

 The dimensions on the r- and z-axes are normalized, and the dimensions of the 

structures are only dependent on their relative size to each other.  When building the 

structure, it was recommended by Smith et al
28

 that the width of the electrodes should be 

on the order of ten times the electrode gap to eliminate edge effects.  Note the structure in 

Figure B.1 has an electrode width of only five times larger than the electrode gap, which 

was done here to improve the readability of the image, but Smith’s recommendation was 

followed for the simulations used in the thesis. 

 After creating the structure, it was divided into approximately 50,000 finite elements.  

COMSOL initially chooses the number and size of the elements.  Generally, smaller 

elements are used around complex structures, such as the particle.  The user then has the 

option to decrease the size of the elements, which increases the number of elements.  The 

element size was chosen through an experimental process that solved the system many 

times using a different number of elements.  This process was used to assure that the 

solution was completely independent of the element size.    For the simulations used in 

this thesis, it was determined that using elements as much as 100 times smaller than the 

particle diameter at the surface of particle was sufficient.  Figure B.2 is a close-up image 

of the particle showing the finite elements around the particle surface. 
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Figure B.2: Close-up image of the particle when charging against a planar electrode. 

 

 After dividing the structure into an appropriate mesh, the system is solved using 

predefined PDEs that are part of COMSOL’s electrostatic module.  Once solved, the 

relative magnitude of the electric field everywhere in the system is displayed in the 

surface plot shown in Figure B.3. 

 

 
Figure B.3: Relative magnitude of the electrical field everywhere in the system. 
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The electric field magnitude shown Figure B.3 has been normalized to the strength of the 

background electric field within the electrode gap.  As expected, the electric fields within 

the conducting electrodes and particle are zero.  The majority of the fields within the 

electrode gap are not affected by the presence of the particle.  But, the fields in the 

vicinity of the particle surface are significantly affected.  It is shown that the field 

strength at the top surface of the particle is approximately 4.2 times stronger than the 

background field.  Moving from the top of the particle to the bottom of the particle, the 

electric field at the surface decreases to zero.  Plots of the normalized electric field at the 

particle surface are included in Chapter 2, which were used to determine the total particle 

charge. 

 COMSOL Multiphysics® proved to be an easy to use software tool essential to this 

thesis. 
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